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Abstract

A hybrid (CSP/CPV) spectrum splitting solar collector for power generation
by
Bennett K. Widyolar
Doctor of Philosophy in Environmental Systems (E.S.)
University of California, MERCED

Professor Gerardo Diaz, Chair

This work investigates a novel form of spectrum splitting as a potential pathway for reducing the
levelized cost of electricity generated by a hybrid concentrating solar power (CSP/CPV) plant for the
purpose of increasing dispatchable solar-to-electric capacity on the grid. While the deployment of solar-
to-electric capacity is occurring today at rates never before seen, most installations are variable generators
and produce electricity while the sun is shining but have no effective means of storing this energy for
nighttime or time-shifted generation. CSP systems are easily paired with cost-effective thermal energy
storage (TES), but the plants themselves (solar field and power block) are still too expensive to
incentivize rapid deployment. Spectrum splitting has been identified as a technique which would allow
pairing of cheap, high efficiency PV with expensive, low efficiency CSP in a hybrid system to increase
overall net electric generation efficiency and thus potentially reduce the levelized cost of electricity
generated by hybrid plants below that of standalone CSP.

This dissertation is focused on the development of a novel two-stage collector which incorporates
spectrum splitting using back-reflecting solar cells integrated into the secondary concentrator. Several
different solar cell candidates are investigated as candidates and modelled against existing systems (PV,
CSP, and hybrid). The economics of hybrid systems are compared to a side-by-side standalone PV and
CSP plant. An early stage prototype was developed and tested on-sun up to 360 °C, after which several
major challenges, obstacles, and complications were identified. The optical performance of a CPC profile
approximated by segments was explored and developed, ultimately culminating in an optimized design
for a secondary with integrated solar cells. Several other manufacturing and assembly techniques were
developed and utilized in a second generation prototype which was assembled and tested on-sun up to 600
°C using a suspended particulate heat transfer fluid (HTF). The second generation collector had much
better results and has highlighted areas for further development and research.

The concepts, designs, and experimental works in this thesis contribute to the continuous development of
solar collectors and systems towards lower cost, higher efficiency, and broader applications.
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1. Introduction

1.1 Motivation

The collection and conversion of sunlight into useful energy is a potential solution to the current issues
associated with fossil-fuel based power generation. Combustion of fossil fuels releases greenhouse gases
and pollutants into the atmosphere which contribute to climate change. Furthermore, the global demand
for energy coupled with the regional availability of fossil fuels has created a complex system of
geopolitics which contributes to instability around the globe. Sunshine is both a global and renewable
commodity and efficient harvesting of this energy puts us all on a path toward stability.

Human utilization of the solar resource dates back to antiquity (Perlin 2013). In 1878, conical solar
reflectors were used to drive a Rankine cycle and pump water (Delgado-Torres 2009). Since then they
have been developed for heating, cooling, pumping, desalination, power generation, and more. In 1954,
researchers at Bell Telephone Laboratories demonstrated the first photovoltaic (PV) solar cell with an
efficiency of 6% (Zondag et al. 2006).

The development of solar collectors did not become a major focus in the United States until the 1970s
when the OPEC embargo caused an energy shortage and a shift in policy towards development of
domestic energy resources. This resulted in the beginning of heavy R&D programs in the U.S. which
culminated in the installation of solar electric generating capacity on the grid in the 1980s and 1990s.

Figure 1.1 — Solar Electric Generating Systems (SEGS) Plant

Today, solar research is driven by a growing awareness of the issue of climate change, as solar
technologies represent key solutions for a 100% carbon-neutral future (Jacobson et al. 2015).
Simultaneous maturation of commercial flat plate PV (which has dropped in price by more than %2 in the
past 5 years) and increased state and federal response is driving unprecedented levels of installed solar
generating capacity on the grid.

As this continues, a major problem becomes what to do with the excess electricity generated during
daylight hours. The variable nature of solar PV has already manifested effects such as the “Duck Curve”
in California where the price of energy drops during the day due to excess production and a huge ramp in
electric production is required in the evening to offset the thousands of megawatts of solar PV that
simultaneously go offline.



California Load Profiles - 10/22/2016

»s | Demand

Demand — (Wind + Solar Gen)

10

Gigawatts (GW)
=
wu

e O e N Wind + Solar Gen

5 e \\(
0 —f/ N
012 3 456 7 8 9101112131415161718192021222324
Time (hr)

Figure 1.2 — The California “Duck” curve

Current battery systems are expensive enough to limit their economic viability, even under aggressive
cost assumptions. While all this may change as industries move toward electrification and more
manufacturing capacity comes online, there are other options.

Thermal energy storage (TES) systems are a cost-effective method for storing and dispatching thermal
energy. When combined with concentrating solar power (CSP) plants (which use solar generated heat to
produce steam and drive a Rankine power cycle), they enable nighttime or time-shifted solar electric
production. The main problem preventing this solution is the high cost of the CSP plant, especially
relative to the lost cost of PV which makes the two options (system + storage) roughly comparable on
cost (CSP + TES is slightly lower).

Low-Cost PV High-Cost Battery High-Cost CSP Low-Cost TES

($0.03/kwh,) ($0.10/kwh,) ($0.07/kwh,) ($0.03/kWh,)

Figure 1.3 — Cost of solar-to-electric capacity and storage (Branz et al. 2015, Jorgensen et al. 2016,
quoted prices at SHC / SWC 2017)

The two technologies operate on fundamentally different principles. PV systems are typically high
efficiency, and spectrally dependent (i.e. only make use of a portion of the solar spectrum) whereas CSP
systems are low efficiency, but spectrally independent (see Figure 1.4).

This disparity allows hybrid systems, through spectrum splitting techniques, to direct a portion of the
solar spectrum to a PV subcomponent where it is converted at optimal efficiency and send the remaining
poorly converted photons to a CSP subcomponent for additional conversion. By essentially gaining bonus
solar-to-electric conversion through the addition of a low cost PV component, hybrid systems may
provide low enough levelized costs of energy (LCOE) to incentivize their installation (where pure CSP
has stalled) and enable the deployment of thermal energy storage systems for dispatchable power
production (Branz et al. 2015). This was a motivating factor behind the U.S Department of Energy’s
(DOE) Advanced Research Projects in Energy (ARPA-E) release of the FOCUS solicitation, to develop
advanced hybrid and spectrum splitting solar collectors for power generation.
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Figure 1.4 — Spectral conversion efficiencies.

In this dissertation, a novel hybrid (CSP/CPV) spectrum splitting collector is developed for the purpose of
power generation which (1) integrates spectrally selective back-reflecting solar cells into a secondary
concentrator to provide spectrum splitting and (2) achieves high concentration ratios on the CSP
subcomponent for high temperature operation under partial (spectral) illumination.

1.1.1 Dissertation Outline
In Chapter 1, the solar resource and techniques used by collectors for efficient capture are described,
followed by a literature review on CSP, PV, and spectrum splitting technologies.

In Chapter 2, a comparative model is developed to simulate performance of single and two-stage
parabolic troughs incorporating ideal, typical interference, and solar cell optical filters.

In Chapter 3, a first generation prototype using GaAs cells is designed, developed, and experimentally
tested up to 360 °C using Therminol VP-1.

In Chapter 4, the optics of segmented CPCs are investigated to simulate the constraint of integrated flat
solar cells. A segmented (non-ideal) CPC can still achieve either (i) maximal flux concentration on the
absorber or (ii) maximal optical efficiency, but not both.

In Chapter 5, a second generation prototype using dual junction InGaP/GaAs cells and an optimized
secondary is designed, developed, and experimentally tested up to 650 °C using a particulate heat transfer
fluid.

Chapter 6 summarizes the dissertation, novelties, and learnings to date. It also discusses future areas for
research, some of which will be developed as the project continues.



1.2 The Solar Resource
1.2.1 Sun-Earth Geometry

Earth Sun

Figure 1.5 — Solar half-disk angle

Rays from the sun strike the Earth within the angle cone prescribed by the sun-earth geometry known as
the solar half-disk angle (oy,,) ~ ¥°. This has implications with regards to solar concentration and must
be considered when designing the acceptance angle of solar collectors.

Radius of Sun (rsyn) 6.96 x 108 meters
Radius of Earth (rgrtn) 6.40 x 10° meters
Distance between Sun and Earth (dgyn—eqren) | 1.50 X 101! meters
Solar half-disk angle +0.266°

Table 1.1 — Sun-Earth geometries

The angle at which these (+0.266°) ray bundles reach us here on earth is called the solar declination angle
(8) and is calculated based on the day of the year (n, where n = 1 on December 21st, the winter solstice)
according to equation 1.1. The maximum angle occurs on the summer and winter solstices when the sun
is +/-23.45°.

sind = —sin(23.45) cos (360°w)

365.25 (1'1)

Figure 1.6 — Sun-Earth geometry

The hour angle (w) accounts for the daily rotation of the Earth and is described by equation 1.2. At solar
noon, the hour angle is equal to 0, which is halfway between sunrise and sunset and when shadows point
due (solar) south. Here t is the hour counted from noon (t = 0 at noon, t > 0 after noon, t < 0 before noon).

360°
w =
24

(1.2)



With equations 2 and 3, the vector pointing from the earth to the sun (1) is written as iy =
(siné, cosdsinw, cosdcosw).

1.2.2 Solar Spectrum
The solar resource is wavelength dependent and very closely matches the emission spectrum one would
expect from a 5777 K blackbody according to Planck’s law.

2

By =S (13)
e kBT _1q

As solar radiation travels through the atmosphere, certain spectral bands are absorbed by various
molecules (H20, CO;, O, O3, CH4, N2O) causing portions of the extra-terrestrial solar spectrum to be
missing in terrestrial measurements. Rayleigh scattering by small molecules in the atmosphere (O2, Na)
preferentially scatters light at shorter wavelengths, causing the sky to appear blue. Because of these
effects, by the time the solar radiation reaches the surface of the Earth it has a direct (directional)
component and a scattered (non-directional) diffuse component.

T T g e '

= Extra Terrestrial Irradiance
w=Global Irradiance

Direct Normal Irradiance
w5777 K Blackbody Emission
w5400 K Blackbody Emission

Solar Irradiance W/m?2-nm

H
(] 500 1000 1500 2000 2500 3000 3500 4000
Wavelength [nm]

Figure 1.7 — Solar Spectra

The direct component (direct normal irradiance, or DNI) strikes the Earth at the angle based on the sun-
earth geometry and within an angle cone given by the solar half disk angle. The diffuse component is a
combination of light which is scattered by the atmosphere (gases, aerosols, clouds) and has no strong

directional or angular component. Global irradiance is used to describe the combination of direct and
diffuse components.

Gglobal =DNI + Gdiffuse (1.4)

The American Society for Testing and Materials (ASTM) G173-03 reference solar spectra are plotted in
Figure 1.7. You can clearly see the atmospheric absorption bands which are present in extra-terrestrial
(satellite) measurements but not in ground-based measurements. Most of the difference between global



and direct irradiance is at shorter wavelengths due to Rayleigh scattering. Also plotted the blackbody
emission curves for a 5777 K and 5400 K blackbody using Eq. 1.3.

DNI 900 W/m?
Global 1000 W/m?
Extra-Terrestrial 1348 W/m?

Table 1.2 — Relative solar fluxes

Integrating over these spectra from 1-4000 nm yields the different fluxes in Table 1.2. The solar resource
is commonly quantified as 1 KW/m?,

1.2.3 Potential
The total solar power reaching the top of the earth’s atmosphere at any given moment is ~174,000 TW
with about ~129,000 TW reaching the surface. Typically a good portion of the globe is shrouded by
clouds and even assuming 75% cloud cover, 32,000 TW global solar flux is available at the surface.

Solar Insolation

WA

Figure 1.8 — Cross-section of Earth

In 2015, annual global primary energy consumption reached 161,507 TWh, equivalent to an annually
averaged (24/7) power consumption of 18.4 TW. Assuming 20% solar to electric conversion (achievable
by both PV and thermal systems), harvesting less than 0.3% of global irradiance (even under 75% cloud
cover) would more than satisfy current global power demand. Thus it should not be impossible for a
significant portion of the world’s energy to be generated by clean, renewable solar.

In 2016 the United States consumed about 28,545 TWh. A similar 20% solar to electric system installed
under ~3000 kWh/m? annual solar irradiance in the American Southwest would generate 680 KWh/m?,
Assuming a packing factor of % to account for effects such as shading and land-use (i.e. power block
stations, roads, facilities), meeting the U.S. domestic energy demand would require a solar plant 308 x
308 km, or ~1% of the total U.S. land area. A 300 km x 300 km square is drawn in Figure 1.9 for
illustration.
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Figure 1.9 - Direct solar resource in the United States and land area required for 100% solar
generation.

There are three main techniques for converting solar irradiance to electric power: (1) Concentrating Solar
Power (CSP), (2) Photovoltaics (PV), and (3) Concentrating Photovoltaics (CPV). The solar resource is
variable by nature. As solar energy systems are becoming more developed, an emerging need is the ability
to store the captured solar energy for later use. This dispatchability is a major motivating factor for this
work.

1.3 Solar Collectors

As seen in the previous chapter, the solar flux has an angular component (o5,,,,), a directional component
() which is also tied to the direct and diffuse components of the solar resource, and a spectral
component (G (4)). A solar collector’s job is to take advantage of these properties for the collection and
conversion of solar irradiance (radiation flux) into a more useful form of energy (light, heat, electricity).

In this section we discuss the principle of concentration (1.2.1), the principles governing efficient
operation of solar thermal collectors (1.2.2), and the spectrally dependent properties of photovoltaic solar
cells (1.2.3).

1.3.1 Concentration
Optical devices can be used to concentrate the relatively dilute solar flux (~1000 W/m?) to a much higher
flux density. The concentration ratio (C) of a device is simply the ratio of its entrance aperture area to its
exit aperture area.

C — Aentrance aperture (1.5)

Aexit aperture

The limiting case for maximum concentration is given by conservation of etendue, which is a geometric
quantification of the angular and spatial extent of an aperture. It is based on the principle that physical
space can be broken into a finite number of discrete positions, each with a finite number of discrete



directions (ray bundles). For two-dimensional systems, etendue is the product of angular extent (sin )
and spatial extent (4) and since etendue is conserved, any lossless optical device which provides
constriction of the spatial extent (concentration) must provide a corresponding expansion in the angular
extent. This is described in much more detail in the book High Collection Nonimaging Optics by W.T.
Welford and R. Winston.

Al sin 01 = Az sin 92 (16)

Ay _ sin 6, (1.7)

Ay sin 64

Since the maximum angular extent exiting an optical concentrator is +90° (i.e. sin 8, = 1) and

=4
C = . (1.8)

The maximum concentration allowed for a two-dimensional system is given by

1
sin 6

(1.9)

Cnax =

sin(0,) Entrance
Aperture

T~

1
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Figure 1.10 — Conservation of etendue

This is the maximum concentration allowed by the 2™ law of thermodynamics, and prevents an optical
device from increasing the temperature of a receiver above the source. As a result, the limit to solar
concentration (for an index of refraction = 1) on earth (o,,=0.266°) for a line-focus (two-dimensional)
concentrator is 215X, and 46,396X for a point-focus (three-dimensional) concentrator (which turns out to
be the square of equation 1.9).

In real applications the acceptance angle of a collector (£86) is enlarged over the solar disk angle to
accommodate angular error introduced to the optical system from manufacturing tolerances and
installation misalignment which reduces the concentration ratios achieved in practice.

Furthermore, not all concentrators are capable of reaching maximal concentration. Imaging concentrators
produce an image of the source at the exit aperture. While this is incredibly useful for many applications,
it is an unnecessary constraint (image mapping) when it comes to pure radiation transfer. Nonimaging
concentrators are thermodynamically efficient and can reach maximal concentration through optimal
utilization of phase space. They are, however, very non-compact for small acceptance angles which limits
their practical use.



The most common concentrators used in the collection of solar energy are imaging systems, such as
parabolic trough (2D), dish (3D), or Fresnel-based linear reflector / lens (2D) or solar tower / lens (3D)
systems. Typical concentration ratios for 2D systems are on the order of 20-30X and 500-1000X for 3D
systems, much lower than the thermodynamic limit.

Concentration of the solar flux is desirable in both thermal and photovoltaic applications, but is achieved
by restricting the acceptance angle (8) of a collector which has two important implications:

(1) Since the sun follows a daily prescribed motion (1), restricting the acceptance angle requires the
collector be placed on a tracking device to follow this motion. Tracking systems add complexity
and cost (installation and O&M) to solar collector systems.

(2) The solar resource is made of direct (directional) and diffuse (isotropic) components. Limiting the
acceptance angle of a collector reduces the amount of sky the collector “sees”. This eliminates
availability of the diffuse component for high concentration collectors, which in some places can
be quite high.

1.3.2 Thermal Collectors
The “game” of a solar thermal collector is to collect and convert incoming solar flux into useable heat
without losing it to the environment. There are several techniques for accomplishing this, namely

e Insulation (vacuum, aerogel)
e Optical concentration
e Selective coatings

The complexity of a solar thermal collector is a function of the desired operating temperature, and the
number of techniques required for efficient operation.

A{DNI * ptay — A,eoT* — A,W(T — To) = Nenermat * A1 DNI
| ) J
f (1.10)
Qsolar Mo Q[oss,rad Qloss,convection chermal

Generally speaking the performance of a solar thermal collector can be described by equation 1.10.
Incoming solar power (Qs0:4,-) Multiplied by the optical efficiency (n,) and subtracting the thermal losses
from radiation and convection (Qyoss raa: Quoss,convection) 1S €qual to the net thermal power produced
(Qthermar)- Here Ay is the primary aperture area in m2, DNI is the incoming solar power in W/m?,
p, T, a,y are the reflectance, transmittance, absorptance, and intercept factor, A, is the absorber area in
m2, € is the emittance of the selective coating at the operating temperature, o is the Stefan-Boltzmann
constant, T is the operating temperature in Kelvin, h is the heat transfer coefficient in W/m2-K and T, is
the environmental temperature. n¢nermar 1S the effective thermal efficiency of the collector.

Vacuum insulation is a standard technique for eliminating convective loss (h — 0) from a hot absorber
surface to the environment. It is applied to almost all solar collectors with the exception of low
temperature flat plate and rubber pool heating systems. If we eliminate the convective loss term in

equation 1.10, divide both sides by Qs,;4r, and substitute the concentration ratio C, = %, we can describe
2
the thermal efficiency of a collector much more compactly using equation 1.11.
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h [ -
therma CxDNI

e (1.11)

Mo radiative loss

The optical efficiency (n,) is the maximum possible efficiency of a collector in which all losses are the
result of the optical system alone. This occurs when the collector is at ambient temperature and there is no
temperature gradient to drive thermal loss mechanisms. High optical efficiency is achieved through the
use of highly reflective (p) reflectors, highly transparent (7) envelopes, and highly absorptive (@)
absorbers. The intercept factor (y) is a measure of the shape efficiency of real systems which accounts for
geometric losses (rays that miss the absorber) due to angular/tracking tolerance and collector design (non-
idealities).

As a collector heats up, a temperature gradient between the absorber and the environment is established
and, in an evacuated collector, results in absorber radiation loss. Optical concentration (C,) reduces these
losses by reducing the absorber surface area (A,). The use of selective coatings imparts both a high
absorptance («) for high optical efficiency and a low emittance (¢) which reduces radiation loss at high
temperatures.

Evacuated Evacuated Compound Compact Parabolic Two-Stage Solar
Tube Flat Plate Parabolic Linear Trough Parabolic Tower
Collector (VFP) Concentrator Fresnel Collector Trough (PTC | (STC)
(ETC) (XCPQC) (CLFR) (PTC) w/ secondary)
C 1/n 1 14 20 25 50 1000
1y | 0.85 0.85 0.77 0.77 0.77 0.73 0.625

Table 1.3 — Approximate concentration ratio and optical efficiency of solar collectors

Equation 1.11 is plotted for some approximated solar thermal collectors in Figure 1.11 based on the
parameters in Table 1.3. Also plotted in Figure 1.11 are the performance ratings of some commercial
collectors.

Thermal Performance of Typical Solar Collectors (800 W/m? DNI, 200 W/m? Diffuse)
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Figure 1.11 — Thermal performance of typical solar collectors
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Several collectors exist and can operate efficiently at <200 °C without tracking. To reach higher
temperatures with any reasonable efficiency requires concentration. The main players in the field are line-
focus Fresnel and parabolic trough systems and point-focus parabolic dish and power tower systems.

1.3.3 Photovoltaics
PV systems generate electricity by a different, wavelength-dependent quantum process. A PV
semiconductor is responsive to sunlight photons with energy greater than or equal to its bandgap energy.
Photons with energy greater than the bandgap that are absorbed generate electrons and holes, thus
producing a usable current and voltage (or chemical potential difference). Sub-bandgap energy photons
are either not absorbed or else they may be absorbed in non-reflective metal electrodes and end up
generating waste heat. The excess energy of the electrons (holes) created by absorption of the above
bandgap photons is also converted to heat through a process known as hot carrier relaxation, which is a
result of carrier-phonon scattering. Thus, there is a tradeoff: for a given solar spectrum there is an optimal
bandgap energy that results in the best power conversion efficiency in the context of a single bandgap
device (single quantum threshold). When the bandgap energy is too small, the photogenerated current
density is large but the voltage is too small whereas when the bandgap energy is too large, the voltage is
large but the current density is too small. Solar cell power conversion efficiency is a function of both the
current density and voltage and so this is why an optimal choice of bandgap energy emerges. Fortunately,
this optimum is not a delta function and thus near-peak power conversion efficiency under the
polychromatic sunlight spectrum is relatively broad. Under the internationally accepted air mass 1.5
global (AM1.5G) simulated solar spectrum at 25 °C, the peak theoretical power conversion efficiency is
33.7% (corresponding to a bandgap energy of ~1.35 eV) (Shockley & Queisser 1961). Today, the limit
for single-junction (single bandgap) solar cells is closely approached by 1.42 eV GaAs and 1.12 eV
silicon (Si) solar cells which have demonstrated laboratory efficiencies of 28.8% and 26.7% respectively
(Green et al. 2017 Good quality commercially available Si modules are typically about 20% efficient
(Smith et al. 2013).

Multi-junction solar cells (more than one quantum threshold) under sunlight concentration have achieved
flash lamp-tested efficiencies up to 46% [7], a feat which is made possible by stacking cells with
incrementally larger bandgaps (from bottom to top) in order to more optimally convert the polychromatic
solar radiation into electricity. This technique may be thought of as a type of spectral beam splitting
(SBS); each subcell in the multi-junction stack more effectively converts a relatively small portion of the
incident sunlight into electricity thus mitigating hot carrier relaxation loss.

The solar spectra are plotted in Figure 1.12 along with the bandgap wavelengths of some common cells.
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Figure 1.12 — Solar Spectra and Solar Cell Bandgaps

The spectral response (External Quantum Efficiency) curves, open circuit voltages, and fill factors for
champion cells under the global AM1.5 spectrum at 25 °C (Green et al. 2013, 2016, 2017) and
temperature coefficients (f) (Silverman et al. 2013, Virtuani et al. 2010, Nishioka et al. 2005) are
summarized in Table 1.4 for crystalline silicone (c-Si), cadmium telluride (CdTe), gallium arsenide
(GaAs), and indium gallium phosphide (InGaP).

Semiconductor material Bandgap B Voc FF Neell

c-Si 1117 nm 0.41 %/°C 0.74 | 0.83 | 26.26%
CdTe 827 nm 0.21 %/°C 0.87 0.79 20.61%
GaAs 886 nm 0.08 %/°C 1.12 0.86 28.96%
InGaP 667 nm 0.04 %/°C 1.49 0.87 21.83%

Table 1.4 — Characteristics of some common solar cells

When testing the performance of a solar cell, a cell is exposed to monochromatic light and the short
circuit current response ( J5-(4)) is measured. This is then converted to the external quantum efficiency
(EQE) according to equation 1.12 which is commonly reported as it allows quick comparison between
cells. Here g, h, ¢, and A are the elementary charge, Planck’s constant, speed of light, and wavelength,
respectively. The EQEs of 4 common cells are plotted in Figure 1.13 and the short circuit spectral
response is plotted in Figure 1.14 against the global AM1.5 solar spectrum.

Jse() = q - EQE(A) (1.12)
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The spectral efficiency of a cell (1..;; (1)) is determined by multiplying the short circuit current with the
open circuit voltage (V) and fill factor (FF) of the cell and is the cell’s effective efficiency as a function
of wavelength. These are plotted in Figure 1.15.

Neeu(A) = Jsc(A) Voc FF (1.13)

The efficiencies of the cells in Table 1.4 are calculated from equation 1.14. These are within 0.1% of the
efficiencies reported in the solar cell efficiency tables (Green et al. 2017) with error introduced by
extracting the curve data.

I ncettD)Gairect(V)
1.14
nce” f Gdlrect(l) ( )

As a solar cell heats up its efficiency is reduced based on its temperature coefficient (). Concentration
tends to improve the efficiency of a solar cell.

These results are for small area cells. To get the current out, typical commercial cells are covered in grid
contact “fingers” to reduce the diffusion distance of an electron through the semiconductor material. The
metallic grid contact fingers are in contact with tabbing wires, which are then in contact with bus wires,
all of which incrementally increase in size to reduce electronic resistance. Grid contact “fingers” prevent
irradiance from reaching small portions of the cell and contact, tabbing wire, and bus wire resistance adds
some voltage drop and reduces the ultimate power output of a module. Finally, an inverter must convert
the DC output to AC output which adds another efficiency to the total equation.
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Figure 1.15 — Spectral efficiencies

The total solar-to-electric (AC) efficiency of a module can be described by equation 1.15, which
incorporates these effects.

nelectric,PV = 77cell(1 - ,B(Tcell - Tref))anncell—to—moduleninverter (1-15)

Crystalline silicone (c-Si) is the most commercially mature technology, followed by Cadmium Telluride
(CdTe) which has a lower efficiency but performs better in hotter environments (low temperature
coefficient). Gallium Arsenide (GaAs) and Indium Gallium Phosphide (InGaP) cells are still quite

expensive to produce, but are used in satellite and concentrating photovoltaic applications for their high
efficiency.

1.4 Solar to Electric Conversion (Literature Review)
There are two main methods for converting solar energy into electricity, including (1) Concentrating
Solar Power (CSP) and (2) Photovoltaics (PV) or Concentrating Photovoltaics (CPV).

1.4.1 Concentrating Solar Power (CSP)
CSP systems generate electricity in a similar fashion to typical power plants, using concentrated solar
radiation to generate useful temperatures in a heat transfer fluid (HTF) which is delivered to a steam
Rankine cycle.

Historically, most plants have used parabolic trough collectors (PTCs) (Zhang et al. 2013) operating with
thermal oils near 400 °C to achieve instantaneous solar to electric conversion efficiencies around 20%
(Price et al. 2002). Between 1984 & 1990, 9 CSP plants (SEGS I-1X) were built in the California Mojave
Desert which were until recently the largest installed CSP capacity (354 MW) in the world. The
feasibility of the technology has been demonstrated since the 1980s with hundreds of megawatts in
operation (Fernandez-Garcia et al. 2010) and due to this extensive track record is considered the most
bankable solar technology.

The technical limitation of these systems comes from the mineral oil HTF, which reaches a maximum
operating temperature of 400 °C (Therminol VVP-1) and requires the power cycle to operate at less than
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ideal efficiencies (~37%) (Price et al. 2002). More recent systems employing molten salt HTFs are able to
reach higher temperatures (580 °C) (Maccari et al. 2016) and power block efficiencies (~42%), but are
still temperature limited by the molten salt chemistry and the thermal efficiency of the parabolic collector
itself (Kearney et al. 2003).

The conversion of heat to work in a CSP plant is limited by the maximum Carnot efficiency (n¢arnot).
described by equation 1.16, which increases with the temperature difference between the hot (Ty) and
cold (T¢) reservoirs.

Ncarnot = 1 — (1.16)

As a result, the main drive in CSP research today is toward the development of high concentration
systems (power towers with concentration ratios > 1000) capable of generating temperatures > 700 °C,
where power blocks (specifically dispatch-ready supercritical CO, Brayton cycles) achieve high (>50%)
thermo-electric conversion efficiencies (Mehos et al. 2017). The champion technology behind this push is
the solar power tower, which harnesses thousands of heliostats to concentrate sunlight (in some cases
more than 1000X) on a high temperature centralized receiver (Behar et al. 2013). In 2014, the Ivanpah
(tower) power plant was commissioned and is now the world’s largest CSP plant (392 MW).

Operation at elevated temperatures (>580 °C) requires new HTFs of which the most likely candidates are
molten salt, solid particles, and CO- or Helium gases. None of these, however, exist without unique
technical challenges (corrosive attack, poor heat transfer, high temperature and pressure fatigue) and
unique receiver designs (Mehos et al. 2017).

Though today such systems are more expensive than their photovoltaic (PV) counterparts, they provide an
opportunity to integrate cost-effective thermal energy storage (TES) systems which add value by allowing
time-shifted renewable electric generation (Denholm et al. 2013). During my most recent conference
(Solar World Congress / Solar Heating and Cooling, October 2017) in Abu Dhabi, the lowest quoted
levelized cost of energy for CSP including molten salt storage was $0.073/kWh (for a plant with 300 MW
PTC capacity and 100 MW Tower capacity).

1.4.2 Photovoltaics (PV)
Early work for practical solar to electric conversion focused on CPV systems since the solar cells
themselves were too expensive to be used for non-concentrating PV.

In the 1990s two-dimensional parabolic trough concentrators focusing to silicon cells were actively
studied. These efforts culminated in the EUCLIDES prototypes (several generations) in Spain which
ultimately reached 14% efficiency (Sala et al. 1996) at a projected install cost of $3.40/W. (Vivar et al.
2012). This was approximately half the cost of flat plate silicone at the time (Luque et al. 1997). The cells
were passively cooled and thermal contact between the cells and heat sink was identified as a critical
component to maintaining efficiency (Vivar et al. 2006).

In 2005, a similar system (CHAPS) using active water cooling was demonstrated in Australia and
achieved solar to electric efficiencies between 10-13% depending on the water temperature (Coventry et
al. 2005). A major problem identified was non-uniform flux incident on cells in series which caused a
current bottleneck in the least-illuminated cell.
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The 2000s also saw an interest in three-dimensional concentrating systems which could reach much
higher concentrations and enable the use of expensive but high efficiency triple junction solar cells. The
first systems using point-focus Fresnel lenses demonstrated efficiencies ~14% with silicon solar cells
(70X Bentley et al. 2010, 250X Stone et al. 2004). The use of triple junction cells quickly improved solar
to electric efficiencies to 25% (Kinsey et al. 2011) and projected costs dropped to less than $2/W. (Kurtz
2009).

In the late 2000s and early 2010s, the race toward higher concentration systems began. A 460X Fresnel
lens (28% efficiency, van Riesen et al. 2011), 500X cassegrian (26% efficiency, Horne et al. 2006), and
finally a 1100X dual stage refractive optical system were all demonstrated, with the latter reaching 35%
solar to electric efficiency (Ghosal et al. 2014).

Systems reported in the literature are summarized in Table 1.5. By 2010, a cumulative capacity of 21 MW
of CPV had been installed globally and the lowest reported installed cost was $3/W. (Mokri and Emziane
2011).

System Concentrator Type Solar Cell Type | Efficiency (%0)* Reference
EUCLIDES PTC (32X) mono c-Si 14% Sala et al. 1996
CHAPS PTC (37X) mono c-Si 13% Coventry et al. 2005
Whitfield Fresnel Lens (70X) mono c-Si 13% Bentley et al. 2010
AMONIX Fresnel Lens (250X) mono c-Si 14% Stone et al. 2004
AMONIX Fresnel Lens (250X) Triple Junction 25% Kinsey et al. 2011
SolFocus Cassegrian (500X) Triple Junction 26% Horne et al. 2006
Concentrix Fresnel Lens (460X) Triple Junction 28% van Riesen et al. 2011
SEMPRIUS Glass Lens (1100X) Triple Junction 35% Ghosal et al. 2014
Solar Systems Dish Dish (500X) Triple Junction 22.8% John Lasich, 2009
Multi-Focus Dish Multi-Focus Dish (1375X) | Triple Junction 23.2% Max Schmitz 2017

Table 1.5 — CPV Efficiencies

Though CPV systems achieve high efficiencies, they are limited to direct light and thus are confined to
regions of high DNI where they can exhibit significant performance increases compared to traditional
silicon flat plate systems (Mikami et al. 2016). CPV systems are also sensitive to the effects of soiling in
the field (Vivar et al. 2008), which increase linearly with concentration and are higher in reflective
systems due to an increased number soil-able layers in the optical system (Vivar et al. 2010). Substantial
efforts to improve cell efficiency by a few percentage points in the lab can easily be wasted if care is not
taken to minimize soiling in the field and several different techniques, such as nighttime stowing of
panels upside down, were investigated for improving output and reducing O&M costs associated with
cleaning (Mikami et al. 2016).

Despite their high efficiencies, a review of installed systems in Spain concluded CPV systems typically
produced the same output as fixed systems, and less than tracking flat plate systems (Gomez-Gil et al.
2012). While CPV systems have higher efficiencies, they have reduced input irradiance (direct only) and
higher performance losses due to degradation whereas flat plate systems suffer from cosine losses but
gain diffuse radiation and have minimal effects from soiling.

From 2010 to 2013, price of utility scale fixed flat plate PV dropped from $4.57 to $2.04 and is today
<$1.03 in the United States (Fu et al. 2017). Today, most (if not all) CPV companies which formed
during the 2000s are gone as they are unable to compete with the low cost of flat plate PV. During my
most recent conference (Solar World Congress / Solar Heating and Cooling, October 2017 in Abu Dhabi)
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current levelized energy costs for new flat plate systems installed in Dubai were $0.024/kWh for 800
MWoy.

1.4.3 Hybrid (CSP/CPV) Spectral Beam Splitting (SBS) Systems
Hybrid systems combine photovoltaic and thermal technologies into a single device. Most hybrid systems
operate on the principle of waste heat recovery (WHR) and capture the waste heat generated by the solar
cell. In doing so most of the solar energy can be harvested, but these systems are typically limited to low
temperatures since the conversion efficiency of a solar cell decreases with temperature.

Spectral beam splitting (SBS), in which the solar spectrum is selectively controlled through an optical
filter, thermally decouples the cell and thermal subsystems in a hybrid PV/T collector. This decoupling
enables each subsystem to operate at optimal conditions for conversion without hindering the other, and
more specifically allows the thermal subsystem to operate at high temperature where it can be used to
provide dispatchable thermal power.

Spectral beam splitting allows control over the solar spectrum and can be accomplished using a number of
techniques. The most common technique is through the use of interference filters, where thin layers of
dielectric material provide constructive or destructive interference to selectively reflect or transmit
different spectral regions. Absorptive filters have also been developed which selectively absorb certain
spectral regions typically in a flowing HTF and transmit the remainder to a solar cell component. Beam
splitting can also be performed by solar cells (as in the multi-junction cell) which are absorptive of
photons with energies above the band gap and transmissive of low energy photons.

Early work on beam splitting systems began in the 1980s, with theoretical and experimental
investigations into the basic approaches to beam splitting (Osborn et al. 1986, Soule et al. 1986). Thin-
film multilayer filters were easily tailored to match the spectral response window of silicon, but were
sensitive to incidence angle (DeSandre et al. 1985). Liquid absorptive filters were identified as a
potentially lower cost approach but required further investigation to identify materials with proper
spectral matches (Chendo et al. 1987). In simulations, band-pass configurations (Soule et al. 1985)
performed better than single-pass systems (D. Johnson 1983) since poorly utilized high energy photons
could be redirected to the thermal subsystem. Most of this early work is summarized in the review by
Imenes and Mills (2004).

In the 2000s SBS research expanded with the development of high concentration dish (Laisch et al. 1994)
and tower (Segal et al. 2004), (Mills et al. 2002) configurations, and the introduction of high efficiency
I11-V cells (Vorobiev et al. 2006). Different materials were explored for the fabrication of interference
filters (Wang et al. 2013, Shou et al. 2012, Peters et al. 2010), and new design methods enabled wider
angle incidence (Imenes et al. 2006). More sophisticated models looked at optimal filter placement
location for dish (Jiang et al. 2009) and trough systems (Jiang et al. 2010). The addition of nano-particles
allowed spectral tuning in absorptive fluid filters (Otanicar et al. 2009) and several different materials
were investigated (Taylor et al. 2012, 2013). Detailed simulations explored new and optimized absorptive
filter receiver designs (Zhao et al. 2010, Otanicar et al. 2011). This phase of beam splitting research is
reviewed by Mojiri et al (2013).

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 penetration and manifesting effects such as the “Duck Curve” in California which
reduces the value of additional PV (and variable) capacity on the grid (Palmintier et al. 2016). Time-
shifted energy production is possible through the deployment of battery banks, but current costs and even
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aggressive research targets may not 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 of CSP systems.

In 2013, ARPA-E released the FOCUS solicitation to develop advanced hybrid solar converters which, by
employing SBS, could more optimally exploit the solar spectrum and reach higher conversion
efficiencies. By doing so they could reduce the levelized electricity cost from hybrid plants to a point
where such plants would be economically competitive, thus enabling the deployment of TES systems
(Branz et al. 2015). The program has revitalized research on SBS systems with an emphasis on
experimental work. It has also generated publications on various system level and experimental works on
beam splitting systems using interference filters (Raush et al. 2014, Yu et al. 2015, Orosz et al. 2016,
Weinstein et al. 2018), liquid absorptive filters (DeJarnette et al. 2015, 2016, Otanicar et al. 2016), semi-
transparent (Xu et al. 2016), and back-reflecting solar cells (Cygan et al. 2016, Abdelhamid et al. 20186,
Widyolar et al. 2016).

Research into absorptive filter systems continued concurrently with investigations into fluids (Vivar &
Everett 2014, Looser et al. 2014, Joshi et al. 2016), nano-particles (Crisostomo et al. 2015, 2017, Hjerrild
et al. 2016, An et al. 2015, 2016), and the development of more detailed absorptive receiver designs
(Mojiri et al. 2015, 2016, Stanley et al. 2016, Saroha et al. 2015). Additional research explored alternative
interference filter materials (Crisostomo et al. 2014, Hu et al. 2013, Sibin et al. 2017), and novel system
designs (Liu et al. 2014, Crisostomo et al. 2015). General performance models for absorptive fluids were
developed (Otanicar et al. 2015), along with methods for optimizing filter windows according to the
band-gap of a solar cell (Bierman et al. 2016).

Most beam splitting systems use either interference or liquid absorptive filters which are tuned to match
the spectral response of 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) make them less so for spectrum splitting systems (Widyolar et al.
2018). Linear Fresnel reflectors (Liu et al. 2014) and lenses (Yeh et al. 2018), 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 design solar-to-electric efficiencies between 20-30%, and the economics of trough
systems (drop-in retrofit and new) has been calculated to be somewhere between $1.0 — 2.30/W,jectric
(Duquette et al. 2012, Orosz et al. 2016).

Remaining challenges for interference filters include cost reduction, the ability to produce large-area
filters, and angular spectral control, whereas absorptive filter systems require further development with
regards to stability and high temperature operation. Spectrum splitting tends to reduce the operating
temperature of the thermal component, which limits the ability to charge thermal storage systems and
brings into question its usefulness if storage is a major selling point. The most recent review of SBS
systems (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.

The collector developed in this dissertation implements a novel form of spectrum splitting through the use
of back-reflecting solar cells. In this way the current challenges associated with interference and
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absorptive filters are bypassed. Furthermore, a new two-stage optical design provides high concentration
on the thermal absorber for high temperature operation and TES.

In the next chapter, a baseline model for comparing the different technologies and the new collector type
are developed. The economics of a hybrid beam splitting system are also compared to the economics of
side-by-side standalone PV and CSP plants.
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2. Spectrum Splitting in Parabolic Troughs

The contents of this chapter have been published in-part as the journal article:

Widyolar, B., Jiang, L. and Winston, R., 2018. Spectral beam splitting in hybrid PV/T parabolic trough
systems for power generation. Applied Energy, 209, pp.236-250.

In this chapter, a set of models are developed to provide a broad outlook on the net solar-to-electric
conversion potential in parabolic trough systems which incorporate spectrum splitting. Parabolic troughs
are specifically selected as they represent the most mature and bankable CSP technology to date. Several
different beam splitting techniques are investigated including:

o ideal (lossless) optical filter
o typical interference filter

e semi-transparent cell

e Dback-reflecting cell

Both single and two-stage parabolic trough systems are simulated. Four different solar cells are examined
including:

e Crystalline silicon (c-Si)

e Cadmium Telluride (CdTe)

e Gallium Arsenide (GaAs)

¢ Indium Gallium Phosphide (InGaP)

The spectral window (top and bottom window cutoffs) are optimized for each solar cell for the ideal
optical filter and typical interference cases. The operating temperature of the CSP subsystem for
maximum combined solar to electric efficiency is determined. The results provide a standardized
comparison between different configurations and show a range of conversion efficiencies which are likely
achievable in real systems. Lastly, the economics of a hybrid SBS system are examined as a case study
and compared to the economics of a side-by-side PV and CSP plant.

2.1 Optics of Parabolic Trough Systems

2.1.1 Single Stage
The geometric concentration ratio of a typical parabolic trough system concentrating to a cylindrical
absorber is described geometrically (Figure 2.1) by equation 2.1. Where ¢ is the half-rim-angle of the
parabola and @ is the half-acceptance-angle.

Crrc = ang @)
Parabolic systems are typically designed with half-rim angles close to 90° to maximize their
concentration. Any further concentration is limited by the amount of angular error which can be tolerated
before a significant amount of concentrated solar flux is de-focused. Although the solar half-disk angle is
~0.27°, the half-acceptance angle () of systems is enlarged in practice to the range of 0.6° - 0.8° to allow
for tracking error, mirror surface inaccuracies, and relaxation of manufacturing tolerances (Fernandez-
Garcia 2010). The half-acceptance angle, for example, of the widely adopted LS3 system is 0.68° (Gee et
al. 2010) and 0.8° for the SkyTrough collector (Adrian Farr and Randy Gee, 2009). For a typical (single-
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stage) system the effective concentration is somewhere in the range of 20-30X for a half-acceptance angle
of 6 =0.6°-0.8°.

Figure 2.1 — Geometry of a typical parabolic trough and cylindrical absorber.

The thermodynamic limit to concentration for a 2D system with a faraway source, however, tells us that it
should be possible to increase the geometric concentration ratio of typical parabolic trough systems by a
factor of =.

2.1.2 Two-Stage
One option for increasing the concentration ratio is to use of a secondary concentrator. A number of
secondary designs for pairing with primary parabolic troughs have been developed and are reported in the
literature review in Appendix Al. For this exercise we will assume the secondary is an ideal CPC
concentrator.

The concentration ratio of a first stage (C,) parabolic trough concentrating to a horizontal secondary

aperture is defined geometrically (Figure 2.2) by equation 2.2, where A;and A, are the primary and

secondary aperture areas in m? and r is the rim radius in meters.
Aq 2rsin¢ cos ¢ _ sin ¢ cos ¢

Cl:A_2: 2r0 0

(2.2)

Since the secondary is an ideal concentrator, the concentration ratio of the second stage (C,) is given by
equation 2.3 where the half-acceptance angle of the CPC is the half-rim angle of the primary.

_A3 _sin¢

c, (2.3)

The concentration ratio of the entire optical system (C;,¢4;) iS the ratio of the primary aperture to the
absorber area, and equivalent to the multiplication of the each stage’s concentration ratio (Equation 2.4).

A ¢
Crotar =5 = (16, = =5+ (2.4)

From equation 2.4 we can see the combined concentration ratio maximizes for small half-rim (¢) and
half-acceptance (6) angles. In practice, small half-rim angle configurations have very long focal lengths
and anything larger than ¢p=45° are likely not practical. Assuming a half acceptance angle 6 = £0.8°,
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similar to commercial PTCs, a two-stage trough-CPC collector can reach 50X solar concentration or
about double a typical trough.

Tw:)-Stage'Parabo;icTrou'gh ‘ I{bsorhe'r Concentration Ratio of Parabolic Trough Systems -g = 0.8°
3k With Ideal Secondary —> ' ! ‘ ‘ Cylinc‘lrical Al;sorbar‘ ' b
$=45°,f=3.02m, C,=51 /// 09 [onr e I Symmetric secondary w/ shading 644
25 // /¢ I Symmetric secondary wio shading
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4 1 07 \ 504
L v i ; ‘ i
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Vi o = 0.6 . azs
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m
Figure 2.2 - Geometries of a typical (blue) and two- ~ Figure 2.3 — Limits to solar concentration in
stage (red) parabolic trough for (6 = +0.8° and single (blue) and two-stage (red) parabolic
A, =5m) troughs.

The dimensions of a single and two-stage system are drawn to scale in Figure 2.2 and the theoretical
limits to concentration for single and two-stage systems (Equations 2.1 & 2.4) are plotted in Figure 2.3.
The concentration acceptance product (CAP) is the ratio of a system’s concentration ratio relative to the
maximum.

C

CAP = = (Csin6 (2.5)

max
2.2 Modelling Approach
A schematic of the variables involved in the modelling approach is presented in Figure 2.4 and the model
flow diagram is presented in Figure 2.5. The power at each interface (Qa1, Qaz, ...) is calculated in watts
based on optical, spectrum splitting, photovoltaic conversion, and thermal losses. The solar cells are
modelled under partial spectral illumination to estimate net AC power production from the cell
subsystem. The thermal stream is also modelled under partial illumination to estimate the net AC
generation from the thermal subsystem. These two are combined for a net solar-to-electric efficiency of
the system.

) .
Q\ncommg Incoming DNI ————— (Qircoming)

v ¥ v v Shading (n = 0.97)
Primary Reflection {p = 0.9) Q!
; rimary Reflection (p = 0.
., ThermalReceiver i + Q)
Qu )l Beam Splitting Fraction
=~ R —p
¢ Optical Filter CPV Subsystem | | CSP Subsystem
{p = 0.95) Filter Reflection Filter Transmission (t = 0.9)
Qg Q) e fciency in Beam Glass Transmission (x = 0.9)
thermal (n=1.1) Concentration Boost Secandary Reflection (p = 0.95)
(n=0.9) Cell to Module Absorber Absorption {a = 0.95), o\
(n = 0.96) Inverter Efficiency Radiative Loss (AeaT*) (Querns)
cels Plant Thermal Efficiency (n=09)
(Qca) Gross Powerblock Efficiency (n =§ Carnot)
. L Net Powerblock Efficiency (n = 0.9)
<—— Primary Parabolic Mirror
< Solar Cells
W Qe Net Solar to Electric Efficiency (1 .cuic)
Figure 2.4 — Model Diagram Figure 2.5 — Model flow diagram
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2.1.1 Primary Optics and Spectrum Splitting
The incoming power to the system (Qincoming) IS Calculated based on the ASTM G173-03 Direct
reference spectrum (Gy;rec:) @nd the unshaded aperture area of the collector (Aaperwure) Which is selected to
be 5 m? (5 m wide x 1 m long).

Qincoming = AapertureGdirect (2-6)

A; is calculated based on the concentration ratio and the primary aperture area. For a single stage system
A is the absorber area, and for a two stage system A; is the aperture area of the secondary concentrator.

Ay = Agperture/ Cprc fOr atypical single stage system

__Aagperture sin@ (27)
Ay = W for a two-stage system
The fraction of unshaded incoming radiation (fspqaing) is calculated based on A..
Az
Aaperture_? . ) ) )
fshading = —————= for asingle stage system with cylindrical absorber -
aperture |
A rture—A .
fshading = % for a two-stage system with secondary aperture A
aperture

The total radiant power striking the parabolic mirror (Q,4,) is calculated from the shading factor.

Qa1 = Qincomingfshading (2.9)

For these simulations, the optical filter is assumed to lie between the parabolic mirror and the thermal
receiver, but does not provide any shading of the trough. The amount of power incident on the optical
filter (Q42) is based on the reflectivity of the primary mirror (o,rimary)-

Qa2 = QAlpprimary (2.10)

At this point the spectrum is split into a spectral window bound by an upper (4,) and lower (A,) cutoff
wavelength. The fraction of incident power within the spectral window (f,yinaow) 1S calculated as follows

A
f _ fllz Gairect(1)
window deirect(/l)

2.1.1 CPV Subsystem
The amount of power incident on the solar cells (Qas) is the fraction of the spectrum within the window
multiplied by the reflectivity of the optical filter (o) Within the window.

(2.11)

Qa3 = QAwaindowpfilter (2-12)

To quantify the performance of a cell under partial illumination, the short circuit current density J¢.(1)
generated by a solar cell at each wavelength is determined from the external quantum efficiency (EQE) of
the cell.

Jse(A) = g EQE(A) (2.13)
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The spectral efficiency of the cell (n.¢;;(4)) is determined by multiplying the short circuit current with the
open circuit voltage (V) and fill factor (FF) of the cell.

Neeu() = Jsc (1) Vo FF (2.14)

The efficiency of the solar cell inside the spectral window (1cei; window) 1S determined by integration.

A
fllz NeettDGairect (D)

A
fllz Gairect(4)

Ncell,window = (2.15)
Power output from the cells (W,.,;5) is calculated from the cell efficiency within the spectral window,
adjusted for operating temperature (T,,;;) using the temperature coefficient () and the reference cell
temperature where the EQEs were taken (T..¢), cell to module efficiency (nmoauie), inverter efficiency
(Minverter), @nd efficiency gain from concentration (n¢,).

Weens = QasNcetwindow (1 — B(Teen — Tref))anncell—to—moduleninverter (2.16)

All of the incident power that is not converted into electricity is assumed to be converted into heat in the
term chlls-

Qcenis = Qaz — Weeuss (2.17)

2.1.2 CSP Subsystem
The amount of power absorbed by the thermal absorber (Q,,) is calculated according to the optical filter
and glass envelope transmittance (tr;zer,Tgiass) @Nd absorptance of the selective coating on the absorber
(aapsorver)- Single stage systems capture non-concentrated light which is incident on the absorber from
above, whereas two-stage systems lose this portion of light due to shading from the secondary reflector
and incur an additional reflection 10ss (psecondary)-

QA4 = (QAZ(l - fwindow)Tfilter+ Qincoming(1 - fshading))Tglassaabsorber
for a single stage system or

QA4 = QAZ (1 - fwindow)TfilterTglasspsecondaryaabsorber (2-18)
for a two stage system,

Net thermal generation (Q:rermar) 1S determined by subtracting the radiative loss (since the thermal
absorber is assumed to be encased in an evacuated glass tube).

Qthermar = Qas — Aabsgo-T;bs (2-19)

2.1.4 Combined Performance
Thermal and system cell efficiencies (¢nermai Msystem,cetrs) aré calculated according to the total
unshaded incoming light,

Q erma
Nthermal = —ethermal. (2.20)

Qincoming

_ Weells
nsystem,cells - (2.21)

Qincoming
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When analyzing hybrid systems we must select a metric to evaluate the combined electric and thermal
generation. Cogeneration efficiency has been used in the past, but does not take into account the different
qualities of the electric and thermal energies produced. Since the Carnot efficiency limit applies to the
conversion of heat into useful work (or electricity), solar-to-exergy efficiencies have been proposed as a
more practical measure of hybrid solar systems, especially for the purpose of power generation (Branz et
al. 2015). Exergy, defined as Q(1 — T¢/Ty), is the thermodynamic limit to the amount of useful work
that can be extracted from a quantity of heat Q at a temperature Ty. The energy and exergy content of
electricity are identical since there is no limit to the amount of electricity which can be converted into
useful work. In this way, the solar-to-exergy efficiency calculated in equation 2.22 is the maximum
possible efficiency of the hybrid system at converting the incoming solar energy into useful work. For
these calculations the cold reservoir temperature of the Carnot cycle T is assumed to be 37 °C and Ty is
the operating temperature of the thermal subsystem.

Wsystem,cells"’chermal (1 _TC/TH)

Nexergy =

= Nsystem,cells T Ncarnot-Nthermal (2.22)

Qsolar

In practice, inverter losses will reduce the CPV subsystem electric output during DC-to-AC conversion,
and additional plant, power block, and generator losses will reduce conversion of the CSP subsystem into
electricity. To account for these, a more realistic solar-to-electric efficiency of the system (1eeceric) 1S
calculated with equation 2.23. A 2/3 term is included since actual power block turbines typically reach
only ~66% of the Carnot efficiency. Two additional losses are considered to account for plant thermal,
storage, and heat exchange losses (nyx = 0.9), and for parasitic losses (pg ner = 0.9).

2
Nelectric = 77system,cells + 5nCarnotnthermalUHXUPB,net (2-23)

This net solar-to-electric efficiency is the metric by which the solar windows are optimized. The thermal
fraction (finermar) 1S the fraction of solar-to-electric conversion efficiency contributed by the thermal
subsystem.

_ MNelectric—Nsystem,cells (2 24)

thermal — ]
Nelectric

2.1.5 Parameters, Constants, and Optimization
The constants used in the model are listed in Table 2.1. The secondary reflector is assumed to be inside
the evacuated tube envelope, and since it is protected from the elements a reflectivity (0secondary) OF 95%
is assumed. The emissivity of the selective coating in Table 2.1 is estimated as a function of temperature
from commercially available selective coatings reported by Selvakumar & Barshilia (2012).

AL 5m? Pprimary 0.9

0 0.8° Psecondary 0.95

Tc 37°C Tglass 0.9

Teells 40 °C Olabsorber 0.95

Tref 25°C € 28'7(Tab52)+58_5Tabs+0.05
TNcell—to-module 0.90 NHx 0.9

Ninverter 0.96 NpB,net 0.9

Mcx 1.10

Table 2.1 - Constants

In addition to the %nCamot generic power block used in this model, Steam-Rankine and CO;
recombination Brayton power cycles are simulated according to the relationships determined by Dunham
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& lverson (2014) and are displayed for reference in the resulting efficiency graphs as ngankines Ngrayton-
All power block cycles are assumed to be wet cooled with a cold reservoir temperature of 37 °C.

Spectral conversion efficiencies calculated from Eq. 2.14 are presented for each cell in Fig 2.6 after being
adjusted to the modelling assumptions from Figure 2.5. Also shown are the rough percentages of solar
power at post-bandgap wavelengths for each cell, and the conversion efficiency for a PTC CSP system
operating at different temperatures (assuming an overall optical and thermal efficiency of 70% and
adjusted according to the modelling assumptions from Figure 2.5).

Direct Solar Spectrum and Adjusted Conversion Efficiencies

: Hormalized Direct Spectrum
l]_g ............... . Jb R C—Si CPV H
; ¢ | ——cdTe CPV
[LB ................ ................. . GaAs CPV H
07kl ...... T | == =—InGaP CPV
: : ———400 “CPTC CSP
06kl S T - :..| —+—-500°C PTC CSP

--------- 600 °C PTC CSP

60% ofESpec‘lrum : -

Conversion Efficiency (%)

4[[5“:11 of Spectrum

: : -
_ 20% of Spectrum bl

i i I
1000 1500 2000 2500
Wavelength (nm)

Figure 2.6 — Normalized direct solar spectrum (teal). Spectral efficiencies for each cell are plotted after

being adjusted according to the modelling assumptions. Also plotted are the conversion efficiencies of a

pure CSP system operating at different temperatures under the current model assumptions. The greater

conversion efficiency of the solar cells within certain spectral windows highlights the potential of beam
splitting systems.

Optimization is performed by running the simulation multiple times and adjusting the upper and lower
spectral window boundaries. These are initially set to be the upper and lower limits of the solar cell
spectral response (i.e. full cell response). The program is iterated while slowly squeezing the limits (first
the lower limit, then the upper limit) until a maximum is reached. The spectral windows are optimized for
both solar to exergy efficiency and solar to electric efficiency.

2.3 Simulation Results

2.2.1 Pure CSP Troughs
For pure CSP troughs, the fraction of power in the spectral window (f,,indow) 1S Set to 0 and the
transmission of the optical filter (75;;ce,) sét to 1. The performance results for a typical 90° half rim angle
PTC are shown in Figure 2.4a, and for a two-stage 45° half rim angle PTC with an ideal secondary in
Figure 2.4b. Also plotted are the optical efficiency, thermal efficiency, exergy efficiency, and electric

efficiency of the system as well as the solar to electric efficiencies using the estimated Rankine and
Brayton cycles.
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An optical efficiency (n,) of 77% is consistent with optical efficiencies reported elsewhere for typical
parabolic trough collectors (Fernandez-Garcia et al. 2010, Price et al. 2002, Blair et al. 2014). The
performance with temperature is slightly conservative (~53% @ 600 °C here compared to 57% @ 600 °C
in the state of the art — Mason and Reitze 2014). The system reaches a maximum solar-to-exergy
efficiency of 39% and solar-to-electric efficiency of 21% at 455 °C. Electric efficiencies near 20% are
consistent with instantaneous solar-to-electric conversion efficiencies of typical parabolic trough plants
operating at 390 °C.
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Figure 2.7 — Non-spectrum splitting troughs. Single (a) and Two-Stage (b).

For the two-stage system, a half-rim angle of 45° enables secondary concentration while maintaining

practical focal lengths. The two-stage system reaches a maximum exergy efficiency of 39% and solar-to-
electric efficiency of 21% at 535 °C.

2.2.2 ldeal Optical Filters
The spectral window in each system is optimized for maximum overall electric efficiency (Nelectric)-
Results for the ideal optical filter configuration (iter, prier = 1) are presented in Table 2.2. These are the
maximum achievable solar-to-electric efficiencies for a SBS PTC system under the current model
assumptions with no optical loss introduced by the beam splitter. The optimized spectral window and
overall conversion efficiencies are presented in Figure 2.8 for the c-Si case. The text in Figure 2.8(a)
describes the fraction of the spectrum within the spectral window and compares the efficiency of the
champion silicon cell under the full direct spectrum to the efficiency in the window.

Single Stage (C,, = 23)
Awindow ( f window) Nelectric (T) fthermal
CSP (100%0) 0.21 (455 °C) 1
c-Si 541-1117 nm (57%) 0.25 (375 °C) 0.33
CdTe 517-879 nm (46%) 0.24 (405 °C) 0.45
GaAs 431-877 nm (58%) 0.31 (375 °C) 0.26
InGaP 380-674 nm (39%) 0.29 (415 °C) 0.41

Table 2.2 - Ideal optical filter (ziter, Pjiter = 1)
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Figure 2.8 — SBS by an ideal (lossless) optical filter in a single stage PTC.

2.2.3 Typical Interference Filters
To better simulate typical interference filters (dichroic mirrors), a spectrally selective transmission Trier =
0.9 and reflection pfier = 0.95 were used. These values are typical of interference filters reported in the
literature. The performance of the c-Si SBS system is presented in Figure 2.9 and the results for all cell
types are presented in Table 2.3.
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of 23% is reached at 355 °C.
Figure 2.9 — SBS by a typical interference filter in a single-stage system.

The optimized spectral window and efficiencies for the two-stage ¢-Si SBS system are plotted in Figure
2.10.

Single Stage (C, = 23) Two Stage (C, = 51)
Awindow (fwindow) Nelectric (T) fihermal Awindow (fwindow) TNelectric (T) fthermal
CspP (100%) 0.21 (455 °C) 1 (100%) 0.21 (535 °C) 1
c-Si 504-1126 nm (63%) 0.23 (355 °C) 0.27 527-1122 nm (60%) 0.23 (425 °C) 0.30
CdTe | 486-881 nm (51%) 0.22 (385 °C) 0.39 496-880 nm (49%) 0.22 (455 °C) 0.41
GaAs | 420-878 nm (59%) 0.29 (365 °C) 0.24 420-877 nm (59%) 0.29 (435 °C) 0.24
InGaP | 375-674 nm (40%) 0.27 (405 °C) 0.39 375-674 nm (40%) 0.27 (475 °C) 0.42

Table 2.3 — Performance with a typical interference filter (tier = 0.9, priter = 0.95)
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of 23% is reached at 425 °C.
Figure 2.10 — SBS by a typical interference filter in a two-stage system

2.2.4 Integrated Solar Cell Filters
A PV semiconductor material is transparent to low energy photons and absorptive of sub-bandgap
photons. This allows the material to act as a semi-transparent/reflective optical interface (Figure 2.11). In
these configurations, the solar cell acts as the optical filter and any additional losses associated with the
optical filter are eliminated.

Secondary Reflector

Thermal Absorber

[~

I J‘ Semi-transparent Solar Cells
I | Full Spectrum . Full Spectrum

(a) (b)

Figure 2.11 — Spectral beam splitting by solar cells (purple) in semi-transparent (a) and back-reflecting
(b) configurations as part of a secondary concentrator. These method split the solar spectrum at the
semiconductor bandgap wavelength. High energy photons are absorbed and low energy photons are
either (a) transmitted into the secondary concentrator or (b) reflected towards the thermal absorber.

Back-Reflecting Solar Cells

Although a semiconductor material is theoretically 100% transparent to low energy photons, this is not
the case for real PV modules since cells are mounted on substrates, covered in grid-contacts, and
encapsulated. Out-of-band transmission in a semi-transparent triple junction cell was reported to be 87%
after ignoring grid contact shading losses (Ji et al. 2015) and out-of-band reflectance of a bare GaAs cell
was measured to be 92%, (probably closer to 83% with encapsulent losses). These properties are used to
simulate performance for a two-stage system with semi-transparent or back-reflecting solar cells (GaAs,
InGaP). Typical c-Si and CdTe cells maintain high absorption at post-bandgap wavelengths (Sun et al.
2017) making them unusable as spectrum splitting devices in their current production forms and as a
result are not included in the following simulations.
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In the first scenario, semi-transparent solar cells are assumed to cover the entrance aperture of the
secondary concentrator. All of the light striking the secondary aperture is incident on the cells, with 87%
of out-of-band light transmitted. Simulation results for the transmitting two-stage SBS system using GaAs
cells are shown in Figure 2.12.
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of 27% is reached at 415 °C.
Figure 2.12 — SBS by semi-transparent GaAs cells in a two-stage PTC

In the second scenario, back-reflecting solar cells are assumed to make up a portion of the secondary
reflector. Since some of the light will directly strike the absorber, only 50% of the light incident on the
secondary aperture is assumed to strike the solar cells. The back-reflecting solar cells are 83% reflective
for sub-bandgap light and results for a two-stage back-reflecting InGaP SBS system are shown in Figure
2.13. The InGaP semiconductor bandgap of 672 nm (red) absorbs 41% of the solar resource and converts
it according to its spectral efficiency (blue). The remaining 59% of solar power is redirected to the
thermal subsystem. Simulated results for each configuration are presented in Table 2.4.

Transparent Solar Cells (T¢eus,sub_banagap = 0-87) Back-Reflecting Solar Cells (oceuis,sub_bandagap =
0.83)
Awindow (fwindow) TNelectric (T) fihermal Awindow (fwindow) TNelectric (T) fthermal
CSP (100%) 0.21 (535 °C) 1 (100%) 0.21 (535 °C) 1
GaAs 876 nm (64%) 0.27 (415 °C) 0.21 876 nm (64%) 0.24 (485 °C) 0.56
InGaP 672 nm (41%) 0.25 (465 °C) 0.39 672 nm (41%) 0.23 (505 °C) 0.67

Table 2.4 — Solar cells as integrated beam splitters in two-stage PTCs (C, = 51)
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2.4 Discussion

Regardless of configuration, SBS systems show improvement over non-SBS systems. It was initially
believed that integration of the solar cell into the beam splitting device would improve efficiencies by
reducing optical losses associated with the added interference filter, but it turns out that reflection /
transmission of out of band light can be worse in a solar cell than in an interference filter. Furthermore,
band-pass configurations which are enabled by interference filters allow poorly utilized UV photons to be
directed to the thermal stream, whereas single-pass configurations where the spectrum is split by a solar
cell bandgap are stuck converting these poorly utilized (high energy) photons mostly into waste heat.

The spectral windows directed to each cell remained fairly independent regardless of system
configuration (single and two-stage, ideal and typical filter, and even between interference filter and solar
cell beam splitting methods). This is especially true for systems using high efficiency I11-V cells and
indicates standardized filters could be manufactured for pairing with each solar cell. When optimized for
solar to exergy efficiency, all spectral windows revert to 0, favoring a pure CSP system.

The baseline PTC CSP system operates with ~20% solar to electric efficiency under full spectrum
illumination. This decreases linearly under partial illumination as shown in Figure 2.14(a). As a result,
partial illumination has the effect of reducing the effective operating temperature of the CSP subsystem.
While two-stage systems incur additional losses over single stage systems due to partial shading and an
additional secondary reflection loss, these losses are compensated for by a reduction in radiation loss
which extends their operation into higher temperatures (see Figure 2.7). The improved conversion
efficiency of power blocks at higher temperatures results in equivalent conversion efficiencies between
single and two-stage systems (both non-SBS and SBS systems). Although there is no performance gain,
the operation of two-stage systems at elevated temperatures has important implications. High
temperatures enable the use of thermal energy storage systems (TES) which require temperature gradients
to transfer heat into the power block HTF. Additionally high temperatures allow the power block to be
switched from a baseload Rankine turbine to a peaker Brayton turbine, which can quickly ramp up and
allow stored thermal energy to be quickly dispatched as electricity on demand.
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The conversion efficiency of a c-Si solar cell in the beam splitting systems modelled here is roughly 80%
of its spectral efficiency due to the various losses shown in Figure 2.14(b). A crystalline silicon cell is
approximately 34% efficient in the spectral window from 526-1120 nm. Adjusting this by 80% for system
losses and multiplying by the fraction of the spectrum within the spectral window (60%) results in a 16%
solar-to-electric efficiency of the CPV subsystem. The solar-to-electric efficiency of the CSP subsystem
under partial illumination (40%) and multiplied by a filter transmission of 90% yields about 7%. The
combined solar-to-electric conversion efficiency is therefore approximately 23%, similar to that reported
in Table 2.3 for a c-Si SBS system of nearly the same spectral window.

While all SBS systems modelled in this paper reach greater overall efficiencies than a PTC CSP system, it
is perhaps more interesting to compare them to their champion module efficiencies as listed in Table 2.5.
The module efficiencies are corrected for 40 °C operation and the SBS simulation results are multiplied
by 0.9 to account for the global solar resource.

Solar Cell Best PV Module Best modelled SBS | Efficiency
Efficiency under Efficiency under Change
Global Spectrum * | Global Spectrum**
c-Si 22% 21% -1%
CdTe 18% 20% +2%
GaAs 23% 26% +3%
InGaP 19% 24% +5%

Table 2.5 — Comparison w/ PV Modules
*Adjusted to 40 °C and multiplied by a 0.96 inverter efficiency.

**Efficiencies modelled in this paper multiplied by 0.9 to compare against module efficiencies
under global spectrum.
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Here the combined performance of a SBS PTC system using c-Si cells actually underperforms a flat plate
¢-Si module, due to the reduced available solar irradiance under the direct spectrum and the additional
optical losses introduced by the SBS system. In a broader sense the poor performance of the c-Si SBS
system can be attributed to the wide-band nature and the low conversion efficiency of c-Si cell which
tends to make it more applicable for full-sun applications. CdTe has a similarly low conversion efficiency
but demonstrates gains when paired with a SBS PTC system due to a narrower spectral response band
since a greater percentage of the spectrum can be directed toward thermal stream. GaAs has a similar
spectral response band but much higher overall conversion efficiency, resulting in the greatest net
conversion efficiency of the SBS systems modelled. InGaP has both a small spectral response band and
high conversion efficiency, allowing efficient utilization of the spectrum by the cell while also sending a
generous portion of the spectrum towards the thermal stream. As such the InGaP SBS-PTC system sees
the greatest efficiency gain over its standalone PV module. Since the additional fraction of the spectrum
sent to the thermal stream is converted with lower efficiency than by a GaAs cell, the overall efficiency is
still lower efficiency than the GaAs SBS system.

2.5 Economics

To estimate the economics of a SBS system, individual component costs were pulled from the parabolic
trough and photovoltaic performance models in NREL’s System Advisor Model (SAM). For this exercise
we chose to estimate the cost of a SBS single-stage PTC plant using interference filters and c-Si cells.

Such a plant would have the same costs as a typical state-of-the-art PTC CSP plant using molten salt HTF
and storage, but with power block and thermal storage capacities reduced according to thermal fraction.
The additional cost of the interference filter is estimated to be $20/m? and to take up 20% of the solar
field aperture area.

The costs associated with the PV module are reduced under concentration (assuming 30X). Inverter costs
remain the same, but the balance of system, installation, and overhead for the CPV subsystem are
overlapping costs and are considered zero since they are already paid for by the PTC field (solar field cost
includes installation). Land purchase, environmental inspection, permitting are also overlapping with the
PTC field and considered zero. A summary of the costs used for estimating the economics of a c-Si SBS
single-stage PTC system are presented in Table 2.6 and Figure 2.15.

According to NREL’s System Advisor Model (SAM 2017.1.17), a 100 MW PTC CSP plant with a solar
multiplier of 2 and 6 hours of storage can be built today for $5.72/Wac ($3.8/Wexergy) On a footprint of 890
acres. A c¢-Si SBS PTC system built over the same footprint with the same aperture area generates 130
MW of variable PV capacity and 24 MW of thermal capacity with 6 hours of storage and costs $2.39/
Wac ($2.2/Wexergy). The reduced thermal fraction of the SBS system yields major cost reductions for the
thermal storage and power block components, but results in only 1/4 of the dispatchable capacity of the
pure CSP plant. Building the same capacity power plant with side by side PV and CSP (130 MW flat
plate PV and 24 MW PTC CSP with 6 hours storage), however, is cheaper than a hybrid system and costs
only $2.33/ Wac ($2.15/Wexergy). If we assume the cost of the 24 MW CSP subsystem is the same as a for
a standalone plant of the same capacity and the remaining cost of the oversized site, solar field, and HTF
system, as well as the dichroic filter, modules under concentration, inverters, grid connection, and
transmission is associated with the CPV subsystem, the added install cost of the CPV subsystem is
$1.77/Wac, which is 4% higher than the install cost of flat plate PV.
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Item Cost Units Qty Units Total Cost
Site Improvements $ 2500 $/m? 858768.00 m” S 21,469,200.00
Solar Field $  150.00 $/m? 858768.00 m” $ 128,815,200.00
HTF System $  60.00 $/m? 858768.00 m” $  51,526,080.00
Molten Salt Storage — 6 hrs S 65.00 S/kWy, 520.54 MWh; S 33,835,244.51
g|Power Plant S 1,150.00 S/kW. 26.36 MW, gross S 30,312,466.72
QBOP S 120.00 S/kwW. 26.36 MW, gross S 3,163,040.01
§ Dichroic Filter $ 2000 $/m? 171753.60 m? $  3,435,072.00
; Subtotal $ 272,556,303.24
4] 7% Contingency S 19,078,941.23
Total Direct CSP Cost $ 291,635,244.46
EPC and Owner Cost 0.11 of direct thermal cost S 32,079,876.89
Total Land Cost $10,000.00 S/acre 890.00 acres (3.6 km?) S 8,900,000.00
SalesTax 5% applies to 0.80 of direct thermal cost S 11,665,409.78
Total Indirect CSP Cost $  52,645,286.67
Modules under 30X concentration =~ 0.02133333 $/Wnc 135.50 MWpc S 2,890,613.09
Inverter 0.1 $/Wpe 135.50 MWpc $  13,549,748.85
Balance of System Equipment 0 S/Wpe 135.50 MWp S -
Installation 0S/Wpqc 135.50 MWpc S -
E Installer Margin and Overhead 0 S$/Wpc 135.50 MWpc S -
I Total Direct CPV Cost $  16,440,361.94
é Permitting and Environmental 0S/Wpqc 135.50 MWpc S -
E Engineering/Developer Overhead 0S/Wpqc 135.50 MWpc S -
~ Grid Interconnection 0.03 $/Wpc 135.50 MWpc S 4,064,924.66
LandPurchase 0S/Wpqc 135.50 MWpc S -
Land Prep & Transmission 0.02 $/Wpc 135.50 MWpc S 2,709,949.77
Sales Tax 5% applies to 100% of direct PV cost S 822,018.10
Total Indirect CPV Cost §  7,596,892.52
Total CSP Cost $ 344,280,531.13
Total CPV Cost § 24,037,254.46
Total Hybrid SBS Cost $ 368,317,785.59
Total Cost ($/kWead $ 2,394.78

Table 2.6 — Associated costs for a ¢-Si SBS PTC plant (130 MWcpy + 24 MWcsp W/ 6 hrs molten salt
storage)

The primary incentive of a hybrid system is to fully utilize the solar spectrum to achieve maximum
economic value. This is most exemplified when the infrastructure between the PV and thermal
subsystems can be shared without significantly inhibiting the performance of either. A reduction in one
subsystem’s efficiency as a result of beam splitting must be compensated by the added economic value of
the other subsystem, otherwise a beam splitting system is not justifiable.
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In order to achieve this cost efficiency, the install cost of the SBS CPV subsystem must be effectively
cheaper than the install cost of a flat plate PV module. The condition comparing the relative cost of the
two systems is shown in equation 2.25. Here Solar Field Cost is in $/m?, n¢py is the efficiency of the
CPV module, n, is the optical efficiency of the CPV subsystem, $.py is the cost of the CPV cell in
$/Watt, C is the concentration on the CPV cell, DNI is the Direct Normal Irradiance (~900 W/m?), ng; is
the efficiency of a flat plate silicon PV module (~0.18), and $g; is the module + installation cost of flat
plate silicon (~$0.80/Watt).

Solar Field Cost N $cpy
DNI = n¢pyno C

< $g (2.25)

An 18% efficient c-Si panel installed today for about $0.80/watt (module + installation) or $144/m?,
however, is already cheaper than the $150/m? install cost of the PTC solar field. This means the CPV
subsystem must have improved efficiency over flat plate c-Si to add economic value. Since CPV systems
incur additional optical losses (1,~0.85) and only accept direct beam radiation (% ~0.9), a CPV

subsystem using c-Si will not have an economic case until the solar field cost is reduced.

Looking instead at a 25% efficient GaAs cell, the efficiency of the CPV subsystem is enhanced over flat
plate c-Si enough to overcome the current cost of the PTC solar field. If the cell costs are ignored, the
system would install for slightly less than PV at roughly $0.78/watt. Current cell prices (~$13.6/W
Woodhouse and Goodrich 2013), however, indicate higher concentration configurations are necessary to
reduce the cost contribution of the cell.
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2.6 Summary

In this chapter, several different beam splitting approaches (ideal, interference filter, and novel integrated
semi-transparent / back-reflecting solar cell filters) with different solar cells (c-Si, CdTe, GaAs, InGaP)
and parabolic trough configurations (single stage and novel two stage design) were simulated and
optimized (spectrally and with temperature) for the purpose of power generation.

Ideal (lossless) optical filters improved the solar-to-electric conversion efficiency over standard PTC CSP
plants by 25% when paired with c-Si and by 50% when paired with GaAs. Conversion efficiencies up to
31% are achieved by typical interference filter systems paired with GaAs.

An important result is the recovery of operating temperature in two-stage systems without a loss in
conversion efficiency. The main purpose of a hybrid CPV/CSP system is to efficiently utilize the solar
spectrum and by doing so produce dispatchable thermally-generated electricity at a lower cost than
current CSP. Since higher temperature enable TES and gas turbines, both of which improve the
dispatchability and hence the value of the CSP subsystem, methods for improving the concentration of
trough systems should be investigated further.

An economic assessment using individual component costs from NREL’s SAM 2017 model indicates a
hybrid c-Si SBS PTC plant with 130 MW variable PV generation and 24 MW thermal power with 6 hours
of dispatchable storage can be installed today for $2.39/We.. This is still currently higher than the side-by-
side cost of PV/CSP and indicates the economic case will be limited for systems using c-Si due to the cost
of the PTC solar field. I11-V cells are more ideal for pairing in SBS systems and are not limited in the
same way c-Si systems are, but are instead limited by the solar cell cost.

While spectrum splitting systems do enhance the net solar-to-electric conversion of a hybrid CPV/CSP
plant above both traditional PTC CSP and flat plate PV, further reductions to the PTC solar field, I11-V
cell cost, and improvements to solar cell efficiency are still required before hybrid CPV/CSP beam
splitting plants become cost competitive with side-by-side flat plate PVV-CSP.

In the next chapter, a novel spectrum splitting prototype collector (using back-reflecting solar cells) is
modelled in more detail and developed into a prototype for testing.
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3. Generation 1 Prototype Development & Testing

The contents of this chapter have been published in-part in the following journal articles:

Widyolar, B.K., Abdelhamid, M., Jiang, L., Winston, R., Yablonovitch, E., Scranton, G., Cygan, D.,
Abbasi, H. and Kozlov, A., 2017. Design, simulation and experimental characterization of a novel
parabolic trough hybrid solar photovoltaic/thermal (PV/T) collector. Renewable Energy, 101, pp.1379-
1389.

Abdelhamid, M., Widyolar, B.K., Jiang, L., Winston, R., Yablonovitch, E., Scranton, G., Cygan, D.,
Abbasi, H. and Kozlov, A., 2016. Novel double-stage high-concentrated solar hybrid
photovoltaic/thermal (PV/T) collector with nonimaging optics and GaAs solar cells reflector. Applied
Energy, 182, pp.68-79.

This chapter discusses the design, manufacturing, and performance testing of the first-generation novel
two-stage (PTC / CPC) hybrid converter with integrated spectrum splitting GaAs solar cell mirrors. A
nonimaging CPC secondary optic in the receiver is transformed into a spectrum-splitting device through
the integration of back-reflecting GaAs solar cells. Their sharp band gap cutoff allows them to produce
electricity from high energy photons while reflecting low energy photons to the thermal absorber. High
concentration on the thermal absorber allows high temperature operation despite partial (spectrum
splitting) illumination. The solar cells (GaAs) were originally designed to operate at 200 °C to add to the
exergy production.

3.1 Collector Design
The main components of the two-stage collector are outlined in Figure 3.1.

| Two-Stage Hybrid Converter Design ‘

Direct Solar Irradiance

Reflection (p) Transmission (T)

Evacuated
tube
receiver

Primary
parabolic
reflector

High temperature /; \
absorber (counterflow) /
GaAs cells Curved reflector
over minichannel
CPC

Figure 3.1 — Two-stage hybrid collector design
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The receiver contains a CPC secondary which provides additional concentration on the thermal absorber.
Aluminum minichannels approximate the “wings” of the CPC and serve as both the solar cell substrate
and fluid channels to provide active cooling of the cells. Thin film GaAs cells are applied directly to the
aluminum minichannels, and curved mirrors form the involute portion of the CPC where the minichannels
are unable to effectively approximate the profile. A selectively coated absorber receives concentrated
light from the primary and secondary and serves as the high temperature fluid channel. The entire receiver
is encased in an outer glass tube to allow the inside to be evacuated for heat loss reduction.

3.1.1 Two-Stage Optical Design
The optics of a two-stage design incorporating a parabolic primary are outlined in Figure 3.2.

|_ Absorber
ré
A,/Z/

A,

cos¢h =

4= \\;/ Secondary
0 / "~z | Concentrator |

’ A/2 “\
/ sing = lr/ S

Primary | =
Concentrator

Figure 3.2 - Two stage concentrator design (parabolic primary, CPC secondary)

The concentration ratio of the first stage is described geometrically by equation 3.1, where A; is deduced
from the red triangle and A, from the green triangle in Figure 3.2.

Aq sin ¢ cos ¢

C, = L=t (3.1)
The second stage concentration is given by Compound parabolic concentrators (CPCs) are a class of ideal
wide-angle concentrators for infinite light sources and compound elliptical concentrators (CECs) are a
similar class of concentrators for finite light sources. Both are able to concentrate light from the parabolic
primary since both have the qualities of accepting wide-angle light (from the primary parabola, i.e. ¢).
Being ideal maximally concentrators, both follow the law of maximum concentration. In this case, the
half-acceptance angle of the CPC / CEC is equal to the half-rim angle ¢ of the parabola and therefore

_ A 1

2= A; ~ sing (3'2)
The total concentration ratio of the system is given by
Crotar = €103 = Co;¢ (3.3)
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Simple investigation of this formula reveals the concentration maximizes for small half-acceptance angles
(6) and small half-rim angles (¢).

Small half-rim angles are technically possible, but generate parabolas with long focal lengths which
become unwieldy. A 45° half-rim angle was selected as a compromise between achieving high
concentration and practical design. With such a half-rim angle, the focal length relative to the secondary
reflector aperture is so great that the CPC and CEC solutions converge to almost the same profile. From
this point on the secondary is chosen to be a CPC.

A primary mirror width of 5 meters was selected to be comparable with existing trough systems. The sun
disk half-angle is approximately 0.27°, which represents the minimum angular acceptance a concentrator
can reach. Several other factors contribute to system optical error including mirror slope error (0.17°),
receiver misalignment (0.11°), tracking error (0.06°), and imperfect specularity of real surfaces (0.11°).
Angular headroom is required to prevent in-field reductions in optical efficiency and in most parabolic
trough plants the half-acceptance angle is close to 0.85°. The ultimate goal is to reduce the acceptance
angle as much as possible without going below the total optical error of the real system.

For this design, a somewhat ambitious half-acceptance angle of 0.6° was selected. This generates a 105
mm wide beam at the focus of the parabolic mirror. For a secondary CPC with an acceptance angle of 45°
to match the half-rim angle of the primary parabolic mirror, the concentration ratio is about 1.41X, which
yields an absorber diameter of 23.57 mm. For simplicity, we chose to scale up the absorber diameter to a
nominal %" standard pipe with an outer diameter of 26.67 mm. The CPC was then truncated to 94% of
the original aperture width (66% original height) to fit within the 120 mm glass tube. The final CPC
aperture width is 111 mm.

While the maximum possible concentration for such a system according to equation 3.3 is 95.49X, the
actual concentration ratio of the system (due to the aforementioned modifications) is 59.67X.

Cpor = 22 = S = 45) (3.4)

A,  111.12mm

Cona =5 = ot = 1.324X (3.5)

s w267 mm
C = ClSt . Can = 596X (36)

After all the design considerations, the final concentration ratio of the system is 59.6 or about 60X and the
CAP is 0.62. The main parameters of the two-stage optical design are listed in Table 3.1.

Half-rim angle (¢) 45°
Half-acceptance angle (6) 0.6°
Primary aperture width (4,) 5m
Focal length (f) 3.02m
Concentration ratio 59.6X
CAP 0.62

Table 3.1 — Optical characteristics of (Generation 1) two-stage collector design

3.1.2 Hybrid Receiver Design
The hybrid receiver and a typical parabolic trough absorber tube are shown side-by-side in Figure 3.3.
High concentration reduces the absorber in the hybrid receiver by almost one third compared to a standard
absorber.
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Figure 3.3 — (a) Hybrid receiver (b) standard PTC receiver

Single junction GaAs solar cells are to be manufactured by Alta Devices for use in the hybrid receiver. A
spectral reflectance curve of a bare cell is shown in Figure 3.4. The sharp bandgap cutoff at 870 nm, with
90% absorption at sub-bandgap wavelengths and 92% reflectance at wavelengths above the bandgap,
allows them to operate as efficient spectrally selective reflectors. The cells occupy only 2.4% of the
primary aperture area, allowing the system to be more affordable.
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Figure 3.4 - Spectral reflectance of Alta Devices’ GaAs cell (Source: Alta Devices).

Reflectance (%)

The wings of the CPC are approximated by three segments of aluminum minichannel. The involute
portion of the CPC is formed using Alanod Miro-Sun which has a total solar reflectance of approximately
89%.
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3.2 Performance Modelling

3.2.1 Optical Model
The optical system was modelled and simulated using the ray-tracing program LightTools. Initial
simulations were performed using ideal optical surfaces (ignoring reflection, transmission, and absorption
losses) to determine the geometric efficiency. Ray tracing with the parabolic mirror focusing to an ideal
CPC is shown in Figure 3.5 for a perfectly collimated light source to show the optical system setup and
CPC performance for on-axis and 0.6° off-axis light.

‘ Full Ray-Tracing View ‘ ‘ Close-Up View of Focus |

Off-Axis
0.6°

g
N
Parabolic Mirror

Figure 3.5 — Ray tracing on ideal CPC secondary

The CPC was originally to be constructed from flexible GaAs cells, but after discussion was determined
to be a high risk factor. Instead, flat cells would be provided and as a result the CPC profile had to be
approximated by flat segments. Placement of these cells was done manually by locating the start and end
point of each segment along the ideal CPC profile. The involute portion of the CPC (closest to the
absorber) could not be easily approximated by a segment and it was decided to use a pure reflector for the
involute portion. Thus the CPC was made partially of an involute reflector and partially from flat GaAs
cells (see Figure 3.6).
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Figure 3.6 — Secondary CPC with integrated flat solar cell strips

The optical effects introduced by the partially segmented and truncated secondary CPC were investigated
using ray tracing software. The incidence angle modifier of the newly approximated CPC profile was
calculated by sweeping a light source from 0° (hormal incidence) to 65° and recording the fraction of
light captured by the absorber. The resulting profile (Figure 3.7) has a geometric efficiency of 0.91 at
normal incidence with approximately 10% of light between 0° and 45° rejected.

The full system (primary and secondary) incidence angle modifier is shown in Figure 3.8 which verifies
an acceptance angle of about 0.6°.
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Figure 3.7 — Incidence Angle Modifiers (IAM) Figure 3.8 — Full system incidence angle modifier
of the approximated CPC (red) plotted against ~ (IAM).
an ideal CPC (blue)

A full optical model of the system was developed to include spectral surface properties of all components
(see Figure 3.9). The GaAs cells were assumed to have a UV reflectance of 0.27 and an infrared
reflectance of 0.906 outside of the supplied spectral data. The primary and involute reflectors were
assumed to have a reflectance of 0.92, and the glass envelope was modelled with Fresnel losses at each
interface (~4% at each interface, or 92% total transmission). The AM 1.5 and 500 °C blackbody emission
curves presented in Figure 3.9 are unified, meaning values at all wavelengths are divided by the
maximum value to adjust the data to be between 0 and 1.
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Figure 3.9 - Hybrid receiver material spectral properties.

Virtual receivers were placed on each cell strip and the thermal absorber to determine the amount of light
incident and absorbed by each component. Optical modelling of the full system was performed using
uniformly distributed rays within a 0.6° cone to simulate the effects of sun disk angle, tracking error, and
optical misalignment of the system. Of the total incoming solar flux to the system, 82% is incident on the
aperture of the secondary (losses from reflection and glass transmittance). Of the incoming DNI, 47% is
captured at the absorber and 26% is absorbed by the solar cells and converted into either electricity or low
grade heat. The results of these simulations are presented in Table 3.2.

System Ray-Trace

Secondary Reflector

Receiver Close-Up

| Primary Parabolic Mirror l ‘ Glass Envelope |

Figure 3.10 — Full System Ray Tracing

The optical model generates three key performance parameters which are used to calculate the thermal
performance of the system: radiation absorbed by the absorber (G,psorpeq), radiation incident on the
GaAs cells (Geerr incigent), and the amount of radiation absorbed by the GaAs cells (Geeii apsorvea)-

Incident Absorbed
Secondary Aperture | 82% -
Solar Cells 42% (Gcell_incident) 26% (Gcell_absorbed)
Involute Reflector 15% 1%
Thermal Absorber 50% 47% (Gapsorped)

Table 3.2 — Optical model results
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3.2.2 CPV Subsystem Model
The temperature coefficient of GaAs is well documented (Silverman et al. 2013). Their solar to electric
efficiency is calculated based on their operating temperature (T..;;). The cells are estimated to operate
with 14.8% efficiency at 200 °C.

Neans = 0.308 — 0.0008 T,y (3.7)

Total electric output of the CPV subsystem (W) is calculated based on the amount of radiation
incident upon the cells as determined by the optical model.

Weelts = Ngaas * Gcell_incident (3-8)
And the total solar to electric efficiency from the CPV subsystem is given by equation 3.9.

_ Welts
nsystem,cells - GA, (3-9)

Thermal gain by the low temperature stream (Q..;;s) iS calculated with the assumption that all light
absorbed by the GaAs cells that is not converted to electricity is converted to heat. Bulk radiative losses
(Qbuik_1oss) from the low temperature thermal stream based on the estimated area and emittance (Table
3.3) of all components (minichannels, GaAs cells, and all piping) at 200 °C are included in this model and
the output is calculated according to equation 3.10.

chlls = (Gcell_abs - chlls) - Qbulk_loss (3-10)
\
GaAs cells
chlliincident >
v ;:‘/
Qreflected TP ¢ /
= = \ ‘\\ "
\\ Pab§<> ,,r//'\' e
Toward Weels Qe Aluminum
Absorber Minichannels

Figure 3.11 — CPV subsystem model diagram

3.2.3 CSP Subsystem Model
The emissivity of the selective coating at different temperatures was estimated by comparing blackbody
emission at with the spectral emissivity data provided a coating provider (Himin Solar). As an example,
the red line in Figure 3.12 depicts the spectral emissivity of the coating while the blue line represents the
emission curve of a blackbody at 500 °C. Multiplication of the two produces a spectral emission curve for
the coating at 500 °C, represented by the green line. The area under the green curve divided by the total
area under the blue curve gives an estimate of the emissivity at this new temperature. The total emissivity
of this coating at 500 °C is estimated to be 0.14.
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Figure 3.12 — Estimation coating emissivity at 500°C.

The results of the optical model are used as inputs to the thermal model. Heat transfer in the counterflow
thermal absorber is determined by finite element analysis (FEA). The 1 meter length of the absorber is
divided into 50 nodes, with temperatures determined at the incoming fluid (T ;), inner pipe inner surface
(T;,;), inner pipe outer surface (T;,,), outgoing fluid (7%,), outer pipe inner surface (T,;), outer pipe outer
surface (T, ,), glass inner surface (T} ;), and glass outer surface (T ,). Uniform irradiance is assumed

around the absorber pipe.
Qconvectih-r&i (//‘j Qagiation

Glass Qconduction
g0
Qg
"~ O-racliation
SV
Pipe Qconductlon
Q:onvection TO i Tf,o
* ... _____________________________ «
Qinternal T r-__o-canvectian .
Pipe T : Qconduction
T, Q. “ Qeoryect
. internal onvection
—_— @ - e @ =P
Pipe
Pipe
Glass

Figure 3.13 — Finite element analysis of counterflow pipe in hybrid receiver.
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G AG - .. . .
Each surface node (T, ,) sees Qyqq.in = w and is in radiative contact with the inner glass

surface and thermally conducts to the inner surface of the outer counterflow pipe (T, ;). The inner surface
of the outer pipe conducts thermally to the outer surface and is in contact with (7% ,) by convection. The
outoing fluid (% ,) is in convective contact with both wall surfaces (T, ;) and (T; ,) and also carries heat
internally (mC,T). The outer wall of the inner pipe (T;,) is in convective contact with the outer fluid
(Tf,) and conducts to the inner surface of the inner pipe (T; ;). The inner wall of the inner pipe (T; ;)
conducts to the outer wall of the inner pipe (T;,) and is in convective contact with the inner fluid (T ;).
And lastly, the inner fluid (T ;) is in convective contact with the inner wall of the inner pipe (T;,), and
carries heat internally. The inner glass surface (T ;) is in radiative contact with the outer counterflow pipe
surface (T,,,) and conducts to the outer glass surface (T ,). The outer glass surface (T ,) conducts to the
inner glass surface (T, ;) and exchanges heat via radiation and convection with the ambient environment
which is assumed constant at 300 K.

The heat transfer fluid used is Therminol VVP-1 and thermal properties are referenced at each temperature
from the manufacturer’s specifications. For simplicity it is assumed that the radiation emitted by the
counterflow absorber is only absorbed by the glass and not by the GaAs cells (probably a valid
assumption considering they are highly reflective in the infrared region). The temperatures at each node
are solved by matrix inversion and this process is iterated until the temperature change between iterations
is < 0.01 °C. The initial conditions for the program are the inlet temperature of the fluid and the solar
irradiance G, both of which are varied from 0-500 °C and 500-1000 W/m2 respectively. The heat transfer
parameters used in the model are listed in Table 3.3.

mcy(Tout—Tin)

GAy (3.11)

Nthermal =

The efficiency of the high temperature thermal stream is calculated according to equation 3.11
and the results of the simulation are presented in Figure 3.14.

Doo 26.7 mm High temperature thermal performance
Do,i 23.4 mm 047 ; ; ‘ ; ; '
Dio 17.2 mm : : '
Dii 13.9 mm 046+
Kstainless Steel 20 W/m-K
£300°C 0.08 0.45
£500°C 0.14 _
€GaAs 0.10 P
EAluminum 0.08 E‘
kglass 1.005 W/m-K g 043
Olglass, infrared 1 w
m 100 g/s ol
Tamb 310K
hamb 10 W/m2-K
041
04 i 1 I i 1 i 1
i0 180 200 250 300 3|0 400 4500 500
Table 3.3 — Heat transfer model Inlet Temperature [C]
parameters Figure 3.14 — High temperature stream efficiency
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Figure 3.15 - (a) Radiative heat loss from interior stainless steel end cap, (b) Heat loss through 50.8 mm
(27) Fiberglass Insulation.

Heat loss from the receiver end cap was calculated in SolidWorks and incorporated into our model (see
Figure 3.15). All losses were taken from the high temperature stream. For a high temperature inlet of 500
°C and low temperature inlet of 200 °C, radiative loss from the inside of the receiver end cap was 42
Watts, and conductive/convective heat loss through two inches of fiberglass insulation on the exterior of
the cap was 51 Watts.

3.2.4 Combined System Performance
The total energy efficiency of the system is calculated from equation 3.12, including the waste heat
generation by the solar cells which are assumed to operate around 200 °C.

— Qcells
nenergy = Nthermal + nsystem,cells + GA, (3-12)

And the total exergy efficiency can be calculated using the Carnot efficiency.

— Qcells
77exergy = NcarnotMNthermal + nsystem,cells + Ncarnot GA, (3-13)

The outputs of the full system performance model are listed in Table 3.4 for varying solar irradiance. A
DNI greater than about 750 W/m? is required to achieve an exergy efficiency above 40%.

Direct Solar Electricity Thermal Output Thermal Output Exergy
Input (W/m?) | Produced (W/m?) | at 200 °C (W/m?) | at 400 C ° (W/m?) | Efficiency
1000 130.20 295.27 320.73 40.4%
900 117.18 263.91 286.51 40.3%
800 104.16 232.54 252.29 40.1%
700 91.14 201.18 218.06 39.7%
600 78.12 169.81 183.84 39.3%
500 65.10 138.45 149.62 38.7%

Table 3.4 - Outputs of heat transfer model
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The exergy efficiency of the system is also plotted for varying solar irradiance and high temperature inlet

temperatures. The main result of this plot is that for low DNI, the exergy peaks at lower operating
temperatures of the thermal stream.

0.41ﬂ,__.......,__.:___._..
0ags LT
Ddﬁ
'3-395ﬂ...._.._.._..f_..._.
0.39‘_._.._.._.._.5...

0385

Exergy Efficiency [%]

1000

00 = 800

0 300 400
Inlet Temperature [] Solar Irradiance [Wim2)

Figure 3.16 — Solar-to-exergy efficiency as a function of high temperature thermal stream inlet
temperature and solar irradiance.

3.3 Prototype Development
3.3.1 Primary Mirror

The primary mirror is a 45° half-rim angle parabola. It is designed with an aperture width of 5 m and a
length of 1 m. The primary mirror and frame were constructed by a local furniture company. The mirror
frame was made out of wood and the reflective surface was formed by a plastic laminate, overlaid with
the highly reflective ReflecTech film. The frame holding the receiver was constructed of welded
aluminum to reduce the weight load on the elevation actuator of the tracker.

Aluminum Frame

Figure 3.17 — Primary mirror construction Figure 3.18 — Assembled mirror and frame
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3.3.2 GaAs Cells
The Two live GaAs solar cells were manufactured by Alta devices, and one of them is shown in the image

below.

Figure 3.19 — Live GaAs cell from Alta Devices

Since only two live cells were produced, one live cell was used in the hybrid receiver prototype with the
other saved as a spare. The rest of the minichannels were covered by “dummy” GaAs cells which were
grown but did not have any grid contacts. These “dummy” cells were applied to aluminum substrates like
the live cells using OmegaTherm, and glued to the minichannels using OmegaTherm as well (see Figure
3.20).

OmegaTherm
paste 05 Al cell

s substrates

“Dummy” cells
applied to Al
substrates

Figure 3.20 — CeI:'l assembly

Early experimental tests indicated the OmegaTherm lost its adhesive qualities and dried out over time
under heated evacuated conditions, causing the cells to fall from the aluminum minichannels. As a quick
fix, the cells were then tied to the minichannels using enameled wire (see Figure 3.21).
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Figure 3.21'— Solar cell and secondary reflector assembly

3.3.3 Thermal Absorber
The selective coating was produced by the Chinese company Himin and coated on a stainless steel pipe.
It has a solar-weighted absorptance of 95% as calculated by the spectral reflectance in Figure 3.22.

_ Sowohi ungeheat, wie auch sach 114h, 370h und 1470h bel 300°C
o (AM1 Sgiobal)=95%
& (80°C)=6%

£ (H0CE11%

Reflexion
o
"

—— Absorber_ungehelzt

—— Absorber_114h_300°C
Absorber_370h_300°C

~——— Absotber_1470h_300"C

1 10
Wellenlange wm

Figure 3.22 — Spectral reflectance of Himin selective coating

The emissivity of the selective coating at temperature was back-calculated based on the spectral data
provided by Himin (tested at Fraunhoffer). At 500 °C, this is approximately 18%. At 80 °C and 300 °C the
back-calculation produces an emissivity of 6% and 11% which is equal to the values measured by
Fraunhoffer, thus indicating this method to be a decent approximation.

3.3.5 Involute Reflectors
The involute reflectors were produced from Alanod Miro-SUN and matched the curved profile between
the bottom-most minichannel and the center of the CPC. The spectral reflectance profile is shown in
Figure 3.23.
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Total spectral reflectance of MIRO-SUN in the solar region
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Figure 3.23 — Alanod MIRO-SUN reflectance.

3.3.6 Glass Tube
The glass tube was manufactured by a Berkeley-based scientific glass company (AdamsChittenden) who
also provided the quick sealing clamp, end cap, and supporting structure drawn in Figure 3.24. The glass
tube was produced by Schott.

CLEARANCE FOR CLAMF LEVER

AND STANLESS STEEL MOUNT FRAME

Figure 3.24 — Glass tube end cap, clamp, and supporting structure.

3.3.7 Hybrid HCE Assembly
The hybrid heat collection element (HCE) contains the selectively coated thermal absorber, the
minichannels covered in solar cells, and the involute reflector, all of which are contained in an evacuated
glass tube. This entire assembly is referred to as the HCE or the receiver.

The HCE was assembled at the University of California, Merced. Many supplemental and supporting
parts were machined by the UCM machine shop (reflector ribs, absorber end support, end cap) and all
welds were performed by the on-campus special projects fabricator.
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Figure 3.28 — Partially assembled HCE
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Thermal
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Figure 3.27 — Assembled parts

Since the only minichannels found at the time were made from Aluminum, a solution was needed to
transition to stainless steel to allow for vacuum sealing (welding) with the end-cap. This was done
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through the use of an intermediate copper pipe, which was welded to a stainless steel transition ring which
could be welded to the stainless end cap, and had a transition to aluminum which allowed the
minichannels to be connected to it on the other end.

A DN 40 vacuum port welded onto the end cap allowed the entire HCE to be evacuated.

3.4 Experimental Tests

3.4.1 High Temperature Loop Design and Fabrication
The high temperature loop was constructed from Schedule 80 SS 304 using 300 Ib flanges for all
connections. It was designed to allow the entire loop to be drained into a single drain-back tank at the end
of the day, which contained an immersion heater for pre-heating the Therminol and to prevent in-line
freezing.
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Figure 3. 29 — High temperature test loop design schematics
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Figure 3.30 — High temperature loop commissioning
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Figure 3.31 — High temperature loop, primary mirror, and tracker.
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Figure 3.32 — High temperature loop design

3.4.2 Experimental Test Platform
The experiment was performed at the University of California, Merced Castle Research Center. The solar
resource was measured by a normal incidence pyrheliometer (NIP) mounted on a separate tracker.
Flowrate was measured by a coriolis flow meter. Auxiliary heaters were used to heat the Therminol-VP1
up to desired temperatures before on-sun testing. A combination benchtop roughing/turbopump was
connected to the receiver vacuum port. A vacuum “tee” allowed us to also install a vacuum gauge to
measure the vacuum pressure just outside the receiver. A secondary oil test loop which used Duratherm
600 mineral oil was connected to the minichannel cooling loop. In a similar fashion, thermocouple
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Ambient Temperature Sensing Station

Figure 3.33 — Solar and environmental sensors.

clusters measured the inlet and outlet temperatures and the flowrate was measured by a coriolis flow

Calibration Instrument
Measurement | Quantity Sensor Range Uncertainty Manufacturer
Ambient Thermocouple, o Less than 2.8°C
temperature 1 Type k Up 10 1335°C in 25 week Omega
System Pressure Gauge 15,000 psi +/- 1% full scale Ashcroft
Pressure 2
Fluid Thermocouple, o Less than 2.8°C
temperature 18 Type k Up 10 1335°C in 25 week Omega
1oli - - 0,
Mass flow 1 Coriolis mass 0 7_ 0.35-0.38% of Yokogawa
rate flow meter gallon/minute rate
Direct normal Normal F;?}'g s(:afn\s/i![?\\/l\ilts
irradiance 1 Incidence approx. 8 HV); less than 1% Eppley
(DNI) Pyrheliometer W2
hcﬁ:gc?r?':al Precision approx. 8 uV /
solar 1 Spectral Wm-2 less than 1% Eppley
. ; Pyranometer 0-2000 W/m?
irradiance

Table 3.5 — Sensor specifications.

The pressure required to keep Therminol VP-1in a liquid state at 400 °C is approximately 170 psi.
Pressure was applied using nitrogen via the expansion tank which blanketed the system to prevent
oxidation of the oil at elevated temperatures. The system was designed for a flow rate of 50 g/s, or about 1
gallon per minute. At this flow rate, the oil was expected to rise by 10 °C through the solar collector (at
400 °C and 800 W/m? DNI)
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The fluid used in the low temperature loop to cool the cells was Duratherm 600. It was circulated and
temperature-regulated by a Chromalox micro-therm temperature control system. Flowrate was measured
by a Coriolis mass flow meter and temperature was measured via thermocouple clusters positioned as
close as possible to the inlet and outlet connections at the receiver.

Early on we realized we could not lift the optical system using our current elevator actuator due to the
heavy weight of the mirror, frame, receiver, and plumbing. To get data we manually lifted the tracker
using wooden 2”x4” support struts (see Figure 3.34).

Therminol
Loop Flex Hoses §&

e

- . - | Support :_
[z Cooling ‘ \ Struts
"’I Loop Y R @AY

Figure 3.34 — ybrid HCE On-Sun
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3.4.3 Test Results
In this section are the individual day-by-day test data and some pictures to qualify the quality of the DNI.

These figures are not numbered. This sections is presented as a log of experimental testing and the events
that occurred.

February 13" 2015 — Optical Efficiency Test — Thermal HCE

Initial tests were performed on the thermal-only receiver (no solar cells) to establish a baseline efficiency.

2/13/15 - Optical Efficiency test with Ideal Alanod CPC

T * 0.4 730
B 74 bk 0.3
Y/ . 5 0.5 720
/ L 02 715
£ 015 210
0.1
0.05 705
— 0 700
-~ Wl | Inlet/Outlet T | 0 75 150 225 300 375 450 525 600
— - Scan Count

" - ‘iA NSy . —Efficiency
B —202 <NIP Daylighting> (WAT)

Picture NOT taken on . .
 Picture NOT taken o Tracker accuracy and receiver positioning are uncertain.
same day as test.

March 9™ 2015 — Optical Efficiency Test (70 °C)
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This was the first test of the Hybrid HCE. The tracker angle was too low during the sun-sweep, resulting
in only two-thirds of the receiver being illuminated (see picture below). The efficiency was corrected for
this to assume full illumination. Since it was an optical efficiency test at low temperature, the tube was
not evacuated.

3/9/2015 - Hybrid HCE - Optical Efficiency 3/9/2015 - Hybrid HCE - Optical Efficiency
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March 10" 2015 — Optical Efficiency Test (55 °C)

The tracker was manually adjusted to a higher elevation using longer wooden struts, but the angle was
still too low to fully illuminate the receiver during the sun sweep (see picture). Since it was close the
efficiencies are not corrected for full illumination. They are corrected for heat loss which was measured
off-sun to be about 50 watts at 50 °C. During this test, the cell connections were fixed and the open circuit
voltage (Voc) of the cell was connected to the datalogger. The test occurred during cloudy conditions and
the tube was non-evacuated.

3/10/2015 - Hybrid HCE - Optical Efficiency 3/10/2015 - Hybrid HCE - Optical Efficiency
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March 12" 2015 — Optical Efficiency Test

This test took place during sunny conditions. The tube was non-evacuated and our IV curve
measurements using the arduino were tested.
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March 13" 2015 — Optical Efficiency Test
This test took place under clear sunny conditions.
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March 14" 2015 — 170 C Test, High DNI

This test was performed under high-DNI sunny conditions. During the test, however, the solar cell
electrical connection was broken.
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March 15" — 19t 2015

On Sunday March 15", the tube was left in place at the focus of the mirror without operating the loop.
Without any fluid to remove the heat, the receiver tube was cooked by the concentrated beam which
focused on the receiver for a short period of time due to the sun path. Some of the solar cells developed
bubbles in their plastic covers and some of the plastic covers were burned completely and the solar cells
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were crinkled. Some of the thermal paste turned brown and the live cell connections were destroyed
(solder was melted).

Damaed Cell |

e ' )‘1;

Figre 3.36 — Cooked cell

The following week, the tube was removed and the following repairs were made: (1) a small minichannel
leak was fixed, (2) a new solar cell was installed in place of the old one, and (3) the glass tube was
cleaned inside and out. None of the dummy cells were replaced, and the tube was re-installed 302 cm
from the reflector.

March 20" 2015 — 50 C and 70 C test, Low DNI

This test was performed during cloudy conditions. The vacuum pump was turned on during the first test
but did not reach steady state until the second test at 0.14 mbar. During the second test, the tracker angle
was too low so about ¥4 of the tube was shadowed. Efficiency data is corrected for this to assume full
illumination.
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Y| Hybrid HCE

‘ v / \
Figure 3.37 — Condensation formed on inside of hybrid HCE

At the end of the second test, it looked like condensation had formed on inside of the tube at a pressure
about 0.14 mbar.

March 23" 2015 — 80-160 C Test, High DNI

This test was performed under clear sunny conditions. The vacuum pump turned on 30 minutes prior to
testing and achieved a pressure of 8.6E-2 mbar at the start of testing. This test was performed slightly
differently than the previous tests. Instead of letting the sun “sweep” across the tube for each point, the
east-west angle was manually tracked over an hour long period. The projected shadow of the receiver on
the mirror surface was recorded during this time for data correction. The efficiencies below are corrected
to assume full illumination. Dips in the efficiency are caused by manual tracking error (sometimes it was
left a little too long and the receiver was de-focused). The average efficiency during operation was 0.304
and the max efficiency was 0.356.
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At the start of the test, condensation was visible on the inside of the glass. As we tested, the condensation
slowly evaporated from the base of the tube upwards. There is likely a vacuum gradient between the
gauge and the far side of the tube (i.e. the gauge reads 8.6E-2 mbar, but the inside of the tube is at the
vapor pressure of gaseous water).
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Figure 3.38 — Optical loss mechanisms

March 24™ 2015 — 200 C Test, Low DNI

This test was performed under hazy and slightly cloudy conditions, which caused the DNI to be low. The
primary mirror was cleaned with water and windex prior to testing. This test was performed the same way
as the previous test, manually tracking in the E/W direction over an hour long period while recording the
projected shadow of the receiver on the mirror surface for data correction. Efficiencies are corrected to
assume full illumination and full vacuum (heat loss is added). Dips in the efficiency are caused by off-
axes data due to manual tracking error. Condensation is still present inside the glass tube, and the vacuum
gauge measured 4.6E-2 at its lowest. It took about 3 hours to reach 200 °C which is near the temperature
limit for the loop. At 200 °C there is about 3 Watts of heat loss from the HT loop in the receiver. The
average on-sun efficiency was 0.249 with a maximum efficiency of 0.342.
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Clean primary mirror surface

March 25" 2015 — 200 °C Test, High DNI

Condensation still present

This test was performed under clear conditions. Efficiencies are corrected to assume full illumination and
full vacuum (heat loss is added). Dips in the efficiency are caused by off-axes data due to manual tracking
error. Condensation is still present inside the glass tube and the vacuum gauge measured 4.6E-2 during
testing. It took about 2 hours to reach 200 °C, during which insulation was added to the high temp
receiver inlet/outlet, mains pump, Coriolis flow meter, flex hoses, and small areas of exposed pipe to
increase heat retention in the loop. Shortly prior to testing the AUX heaters short circuited and stopped

functioning.
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At 200 °C with the new insulation there is about 0.12 kW of heat loss from the HT loop in the receiver.
No open circuit voltage was measured from the cell, indicating it is again somehow disconnected. The
NIP tracker eye was adjusted just at the start of testing. It was under-reading the DNI and its adjustment

caused a spike in the data around 10 am.
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March 26" 2015 — 160-220 °C Test, High DNI

This test was performed under clear sunny conditions. The vacuum gauge measured 3.4 E-2 mbar during
testing, despite the fact that condensation is still present in the tube. The average on-sun efficiency was
0.333 with a maximum of 0.374.
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March 27" 2015 — 320-350 C Test, High DNI

This final test was performed under clear sunny conditions. Condensation was still present and the
vacuum gauge read 2.2 E-2 mbar during the test. More insulation was added to the loop and receiver prior
to testing.
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3/27/2015 - Hybrid HCE - 360 °C Test 3/27/2015 - Hybrid HCE - 360 °C Test
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3.4.4 Experimental Performance Summary
After testing the Hybrid PV/T receiver was taken down and photographed. A composite image along the
length of the tube is shown below, followed by an image of the end connections.

T F cuumron]
OTg ==

The results of all performance tests are summarized and compiled into Table 3.6 and Figure 3.41.
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High Temperature Solar to Thermal Efficiencies

0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

0 100 200 300 400

Receiver Qutlet Temperature [C]
Figure 3.41 — Thermal performance results

— « = Modelled Efficiency | = = = = @@= = = -

LX ] PY .... o®

Solar to Thermal Efficiency [%]

Test Date Outlet Temp Corrected DNI[W/m2] Flowrate Ambient
[cl Efficiency [g/s] Temp [C]
9-Mar-15 75 0.339 650 65 18
10-Mar-15 60 0.369 250 40 20
12-Mar-15 70 0.320 650 45 14
13-Mar-15 65 0.344 660 100 15
13-Mar-15 75 0.330 680 100 16
14-Mar-15 175 0.359 370 60 18
20-Mar-15 75 0.367 200 65 19
23-Mar-15 125 0.356 700 85 15
24-Mar-15 205 0.342 350 85 14
25-Mar-15 220 0.348 750 80 14
26-Mar-15 195 0.375 700 80 18
27-Mar-15 330 0.467 750 55 18
27-Mar-15 355 0.368 750 55 20
27-Mar-15 365 0.380 750 55 20

Table 3.6 — Thermal performance results
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The best direct electrical efficiency data obtained was on March 20" under highly cloudy conditions. The
output voltage of the PV cell was measured and electrical efficiency calculated and the results are shown

in Figure 3.42. The maximum solar to electric efficiency of the CPV subsystem was around 8%, the short
circuit current (I.) was 230 mA and the fill factor (FF) was determined to be 84.3%.
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Figure 3.42 - Direct solar to electric efficiency of GaAs cells (March 20, 2015).

3.4.5 Discussion
The high temperature thermal performance tests produced efficiencies which were lower than the
simulated 47% optical efficiency. The receiver operates with efficiencies around 37% at 360 °C under
750 W/m? DNI conditions. Reduced performance is at least partially due to a number of aspects of the
prototype receiver that deviate from the ideal design, including:

e The reflector formed by the 3 flat minichannel surfaces is not an ideal CPC.

e The minichannel reflector is not entirely covered by GaAs cells. Approximately 80% is covered,
with 20% of it being exposed aluminum from the minichannels, bulkheads, or dried thermal
paste, which are less reflective.

o Alignment of the CPC reflector and high temperature absorber within the glass tube are prone to
adjustment after mounting.

e Light bleed (missing target) and aberrations from primary mirror.

One of the problems we had with the high temperature test loop was an inability to pull a strong vacuum
in the receiver tube, even after evacuating constantly for several days. Just outside the receiver cap, where
our vacuum gauge was located, we measured a vacuum as low as 2.2e mbar. Condensation was still
formed on the inside surface of the glass tube indicating a lower vacuum inside the tube itself. To account
for heat loss caused by an inadequate vacuum, all thermal efficiencies were heat loss corrected. The heat
loss measured prior to the on-sun test was added to the thermal gain during test to adjust to zero heat loss.
As a result of these corrections, the efficiency vs. temperature graph is flat and does not decrease with
temperature as you would expect in a non-corrected evacuated system due to increased radiative loss. In
fact, due to these corrections, the efficiencies at temperature are simply measurements of the optical
efficiency. The fact that they all lie along the same line is indicative that these adjustments and
corrections are fair and consistent even under varying test conditions.
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Over time the condensation in the glass tube slowly disappeared (likely due to high test temperatures).
This is one explanation for why the efficiencies increase slightly with temperature, since the highest
temperatures were tested last.

The 47% efficiency at 330 °C is sort of an anomaly. After looking at the data for that test, there is no clear
reason for the increased efficiency (DNI and flow rate were very stable). It is included for completeness.

Vacuum =
S

o Thermlnol \ ,
Loop Flex Hoses Dralnback
e
Pump
Figure 3.43 - Back end of the test setup, heavily msulated to reach 360 °C.

Light Bleed

Light bleed from primy mirror

Fully |IIum|nated recelver Fully illuminated receiver
Figure 3.44 — On-sun tests
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3.5 Summary

In this chapter, a novel two-stage hybrid CPV/CSP solar collector designed to simultaneously generate
electricity and high temperature dispatchable heat was fabricated and tested. While the technical targets
were not reached, this phase of the project (generation 1 prototype testing) resulted in the acquisition of
experimental experience, resulting in several major lessons learned:

Cell Adhesive: The OmegaTherm (thermal paste) did not maintain its adhesive properties at
elevated temperatures and in a partially evacuated environment. Over time, many solar cells fell
off the minichannels and had to be tied using enameled copper wire. For this application a better
adhesive needs to be found.

Vacuum Subsystem: Vacuum systems are incredibly challenging and we were never able to pull
a proper vacuum inside the receiver during testing. This could be from a number of things:

o Outgassing from the OmegaTherm under partial vacuum

o Internal leaks: the minichannels may not have been 100% sealed since there were many
difficult welds.

o Assembly leaks: the end cap may not have been fully sealed since there are a number of
components that feed through (cooling, vacuum, thermal, and electric). The end cap may
also not have been fully secured since a number of heavy components weigh it down.

o Improper placement of the vacuum gauge in the installation never allowed us to
accurately monitor the pressure inside the tube.

Cooling Subsystem: The cooling loop never worked as we were never able to get any flow of
Duratherm 600 oil through the minichannels. This indicates either clogged minichannels or an
incredibly high pressure drop which prohibited the flow of cold oil.

Electrical Subsystem: Pulling the electrical leads out of the receiver was a challenge. The lead
wires disconnected several times during testing, perhaps due to poor connection to the cell (lead
wires from cell were extremely thin). Furthermore, connection to the feed through is challenging
and especially cumbersome when the entire assembly needs to be disassembled / reassembled
multiple times.

Secondary shape: Maintaining the shape of the CPC using minichannels is a challenge. The use
of ribs meant that several sections could not be covered by dummy cells, reducing overall
reflectivity.

Number of subsystems: The sheer number of components that are involved in a spectrum
splitting receiver makes the entire assembly a challenge as there are a high number of risks and
failure points. Getting them all to work at the same time is an impressive feat.

Temperature: Reaching 360 °C using Therminol VP-1 in a small prototype system was also a
challenge and required large heaters, significant insulation, and high pressure. Small pumps
capable of these temperatures do not typically exist. High temperature components are trickier
and more expensive to source.

Tracking: Tracking a 45° parabolic mirror is a challenge for 2 reasons:

o The long focal length means any sun-tracking sensor must be highly accurate. Most
commercially available systems do not achieve the required accuracy

o The long focal length acts as a boom arm, making it very difficult for the elevation
actuator to lift the entire setup. This caused our elevation arm to not work and we had to
support the entire setup using wooden 2x4 wooden planks. This limited our on-sun
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testing by requiring us to wait until the sun passed over to do a “sun-sweep”. Our receiver
was rarely fully illuminated requiring us to correct for partial illumination.

o Fire Safety: Having a large focusing mirror outdoors is dangerous. Not only did we accidentally
destroy our Hybrid HCE do to inadvertent weekend illumination with no flow or cooling, but
several wooden support struts and other components were inadvertently scorched over time. Care
must be taken to properly stow the mirror in the correct position or always move things out of the
potential focus area during the day.

These modifications were incorporated into the generation 2 design discussed in Chapter 5. In the next
chapter, optimization of the secondary shape under the constraint of flat solar cell segments is
investigated.
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4. Segmentation of the CPC

The contents of this chapter have been published in-part as conference proceedings and a journal article:

Widyolar, B., Jiang, L. and Winston, R., 2017, September. Thermodynamic investigation of the
segmented CPC. In Nonimaging Optics: Efficient Design for Illumination and Solar Concentration
X1V (Vol. 10379, p. 103790L). International Society for Optics and Photonics.

Widyolar, B.K., Jiang, L. and Winston, R., 2017. Thermodynamics and the segmented compound
parabolic concentrator. Journal of Photonics for Energy, 7(2), p.028002.

In the previous prototype demonstration, a CPC was approximated by flat solar cell strips which had the
effect of dropping the geometric efficiency (with perfect optical surfaces) of the secondary to 91%. In this
chapter, the optics behind segmented CPCs are investigated and their characteristics uncovered to assist in
the design of the generation 2 secondary CPC.

The efficiency of a 3D CPC approximated by facets was first discussed by Segal et al. (1994) for use as a
secondary concentrator from a heliostat field. Optimization was explored by Timinger et al. (2000) for
both homogeneous and non-homogeneous input radiation, and further developed by Cooper et al. (2013)
who investigated the additional effects of circumferential faceting. Jafrancesco et al. (2012) described
different methods for approximating a 2D CPC with flat absorber.

To date there has been no research into the effect of profile segmentation for CPCs with tubular
absorbers. The traditional figures of merit (optical efficiency, concentration ratio) are adequate when
describing ideal concentrators, but fall apart when dealing with non-ideal concentrators because the
geometric optical efficiency is not directly correlated with flux. As a result, geometric concentration ratios
can be larger than the theoretical limit by having optical efficiencies less than one (Benitez et al. 1997).

In this chapter, the concept of Flux Efficiency (FE) is developed. It is a parameter which combines the
optical efficiency and concentration ratio and is capable of fairly comparing collectors, both ideal and
non-ideal, based on the universal maximum flux achievable according to the laws of thermodynamics.
This allows further investigation into the relationship between the number of segments and optical
transmission of a CPC with cylindrical absorber approximated by equal length segments whose start and
end points lie along the CPC profile. A separate method for generating CPC-like profiles by adjusting the
angle of each segment to satisfy the edge-ray principle is also investigated.

The results are used to optimize the secondary CPC in the generation 2 prototype.
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4.1 Non-ideal nonimaging systems

4.2.1 Reciprocity Theorem
Consider a typical problem in radiation concentration (Figure 4.1): a radiation source 1 passes its energy
through the aperture 2 of an unknown optical concentrator and arrives at absorber 3.

Radiation source

| | ——

Aperture

Concentrator

Absorber

Figure 4.1 - A typical radiation concentration problem

We define the probability of radiation leaving one surface and hitting a second surface as

_ radiation from 1 to 2
total radiation emitted from 1

Py, (4.1)

Here P1 is different from the conventional view factor used in radiative heat transfer, F1,, because where
F is simply geometric, P includes radiation that is indirectly transferred through reflection, refraction, and
other ideal, lossless optical mechanisms (i.e. light transferred through the geometry of some optical
system).

Assuming black body radiation, the radiant power transferred from 1 to 3 (Q13) can be described as
Qi3 = A10T{Pi5 (4.2)

Here o is the Stefan-Boltzmann constant and T is temperature of the emitting surface in degrees Kelvin.

Using the principles of reciprocity (Modest, 2013), we can write the following equation, where A is the
area of the surface.

A1Py3 = A3P3y (4-3)
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In order to know the radiative flux from 1 to 3 at the surface of the absorber (gi3), we divide Qi3 by the

area of the absorber surface (As).

13 = % = A—fm oTy" = P30T} (4.4)
3 3

Because P3; < 1, the radiative flux arriving at 3 cannot exceed the surface flux of the radiation source.

Consequently, the temperature of surface 3 will not exceed the temperature of the radiation source.

Notice that the flux g3 at the absorber surface is proportional to Ps;. This is a counter-intuitive
conclusion in that the intensity of radiative flux received by 3 is directly related to where the virtual
radiation leaving 3 would end up. This allows for a new paradigm in the optical design of concentrators,
which focuses on the radiation leaving the absorber rather than radiation leaving the source.

4.2.2 Solving for P31
To quantify the optical loss in the concentrator, we define the optical efficiency (n) as the amount of light
leaving the source and striking the absorber divided by the amount of light leaving the source and striking
the aperture.

n =2 (4.5)

Py
Using the reciprocity theorem as before we can write the relationship between surface 1 and surface 2:
AyPyy = A1Pyp (4.6)
Using equations (4.3), (4.5), and (4.6), and introducing the geometric concentration ratio C of the
concentrator (4,/A,), we arrive at:

A
Py = nA_;P21 =1nCPyy (4.7)

As shown in previous work (Winston 2012), P, is directly related to the maximum concentration ratio
according to the 2nd law of thermodynamics, where

Cnax = - (4-8)

P

Therefore equation 4.7 is transformed into

P31 = ne (49)

P;, as shown in eq. (4.4) and (4.9) is essentially the Flux Efficiency (FE), which describes the energy
density (W/m?) relative to the maximum achievable at the absorber surface through the laws of
thermodynamics.

FE =Py =—2—<1 (4.10)

max

The FE is directly related to the flux the absorber receives from the source and quantifies how close the
concentrated flux is, to the theoretical maximum. A concentrator with an FE of 1 will allow the absorber
to reach the highest temperature according to the 2nd law, equal to the temperature of the source. The FE
multiplied by the flux at the source will determine the flux at the absorber.
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4.2.3 P31 in a two-dimensional system
In the application of radiative energy collection, the maximum concentration ratio of a collector under the
assumption of no optical loss has been demonstrated according to both the conservation of etendue and
the 2nd law of thermodynamics as C,,,,, = 1/sin(6), for a 2-D system of half-acceptance angle 6.

6, 0. 0,

Figure 4.2 - Simple CPC accepts incoming light which subtends half acceptance angle 6,,.

The efficiency n can be calculated from its definition (4.5).

Radiation from 1 arriving at 3 9
_ P _ U GatS ) _Jy*no cosB db

Piy Radiation from 1 arriving at 2/ o foea cos6 db

(4.12)
Here 7, is the optical efficiency of the concentrator at a specific incidence angle 0 and the cos 8 term
accounts for the cosine effect.
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Figure 4.3 a) Optical efficiency vs b) Modified optical efficiency for two 45 degree concentrators, one
ideal and one arbitrarily chosen non-ideal concentrator constructed from 10 segments using the segment
approximation method.
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To have a better visual understanding of the integral which includes the cosine effect, the modified optical
efficiency n,,, which is a function of sin 8 instead of 6, is used.

The difference is visually demonstrated in Figure 4.3, where we show results for an ideal maximally
concentrating concentrator and an arbitrarily chosen non-ideal concentrator made from n = 10 segments.
Both of these concentrators have an acceptance angle of 45° and perfect reflective surfaces (i.e. 100%
reflectance). Figure 4.3 (a) depicts the traditional optical efficiency as a function of incidence angle
(incidence angle modifier — IAM) for an ideal concentrator and a non-ideal concentrator (n = 10
segments). Figure 4.3 (b) depicts the modified optical efficiency as a function of sin 6 for the same two
concentrators.

Since the traditional 1AM is a function of 8, the areas under the curves have no physical meaning because
they do not account for the cosine effect. The areas under the curves in Figure 4.3 (b), however, are
exactly the integrals described in equation 4.12 and thus can be used to visually gauge the optical
efficiency of a collector.

4.2 Segmentation of the CPC

Now that we have described the flux efficiency (FE) we can properly compare non-ideal collectors. In
this section we systematically analyze several different methods for approximating CPC reflector profiles
with flat segments.

4.2.1 Ideal CPC Profile Generation
The ideal CPC with half-acceptance angle 6 is generated by numerical approximation of the string
method (Winston and Hinterberger, 1975) as outlined in Figure 4.4.

Starting at the base of the receiver and stepping along the circumference by one degree at a time, the
unraveled string length (r¢) is projected tangent to the step point (A) on the receiver to produce the
involute curve (B). Once 90° + 0 is reached, a virtual slider is created (at C) and the lengths of string from
the receiver to reflector profile (AB) and from the reflector profile to the slider (BC) are stored. With each
additional step the new unraveled length is added to the length of AB and the total length of string (AC).
The reflector point (B) and the position where the string meets the slider (C) are projected based on their
respective string lengths. If point C is above the slider, a small amount of string is moved from BC to AB
and vice versa if it is below until point C is within a specified tolerance from the true slider position. This
process continues until 270° - 0 is reached.
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b) Slider Creation
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Figure 4.4 — Numerical approximation of CPC using the string method by unravelling from the absorber
starting at ¢ = 0°. The beginning of the CPC is approximated by an involute (top left) where the length
AB is projected tangent to A at a length r¢. Then a virtual slider is created (top right) to simulate edge
rays entering at the extreme angle 0. The total string length (AB + BC) becomes a constant, with each
step adding (r¢) to the total string length. The point B is found by adjusting the string lengths under the
constraints that AB is always tangent to A, and C always lies on the virtual slider. This continues until

270° + 6, or until the reflector profile curves back in on itself.

With this method there is no propagation of error as each point is determined from the receiver and not
based on the previous point. The CPCs generated using this method are displayed in Figure 4.5 with blue
and red rays representing the edge rays for the involute and wing parts of the profile.
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Figure 4.5 — Numerically approximated CPCs for 0 = 30° (left), 45° (top right), and 60° (bottom right).
Rays within the involute region are drawn in blue and edge-rays for the “wing” portion of the CPC are
drawn in red. The X and Y coordinates represent real dimensions.

The ideal CPC guarantees the most extreme-angle ray (Ries and Rabl, 1994) is directed towards the most
extreme edge of the absorber. This is known as the edge ray principle (Winston et al. 2005) and is valid at
all points along the ideal reflector profile. A segmented CPC, however, cannot guarantee the edge ray
principle at all points along the segment and therefore one faces the choice of how to choose the location
on a particular segment where edge ray principle is satisfied.

4.2.1 Simple Segment Approximation
The easiest method is to approximate the reflector profile by n equal length segments whose start and end
points lie on the ideal reflector profile. Since the slope of each segment is somewhere between the slope
of the ideal reflector at the start and end points of the segment, the edge ray principle must be satisfied at
some location along the segment.
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Figure 4.6 — Profiles of ideal 60° CPC approximated by n equal length segments. The ideal CPC is
drawn in red and overlaid by the segmented approximation in black. * indicates segment endpoints. The
Xand Y coordinates represent real dimensions.

4.2.2 Projection Angle Approximation
Another way to approximate the ideal CPC is to project a small segment at an angle that guarantees the
edge ray principle is satisfied. As you increase the number of segments you approach the ideal profile. At
smaller numbers of larger segments, the profiles can be substantially different and depend greatly on the
position along the segment the edge ray principle is enforced. For this analysis, three variations are
investigated where the edge ray principle is enforced at the start, middle, and end of each segment.

L
7

Figure 4.7 — Profile generation for start, mid, end point projection methods. a is the projection angle of
the segment, 0 is the incoming edge ray angle, and A is the half angle that guarantees the incoming edge
ray is directed tangent to the absorber.
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Using the start point projection method as an example, each segment in the involute portion is projected
orthogonal to the tangent angle to the receiver. This method guarantees that the first segment is vertical.
Past the involute, the projection angle o for the segment is orthogonal to 8 + A, where theta is the
acceptance angle and lambda is the half angle between theta and the line tangent to the receiver (see Fig
4.7). This method guarantees that any ray leaving the edge of the absorber is reflected back to itself within
the involute, and any ray entering at the acceptance angle is reflected tangent to the absorber. Results for a
60° ideal CPC approximated using the start point method are shown in Figure 4.8.
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Figure 4.8 — Profiles of ideal 60° CPC approximated by n equal length segments using the start point
projection method. The ideal CPC is drawn in red and overlaid by the segmented approximation in black.
* indicates segment endpoints. Green rays indicate the tangent ray, from which the segments are
projected perpendicularly. In the start point projection method the tangent ray is taken at the starting
point of the segment. X and Y coordinates represent real dimensions.

For the midpoint and end point projection methods, a projection angle is guessed to locate the midpoint
and end point for tangent calculations. Once the projection angle is adjusted, the point where the edge ray
condition is evaluated is in a different location so the adjustment process is iterated until the change in
projection angle between iterations is below a prescribed tolerance. Results for a 60° ideal CPC
approximated using the midpoint method are shown in Figure 4.9 and for the same CPC approximated
using the end point method in Figure 4.10.

When the desired number of segments is reached, the program checks to see if the endpoint of the final
segment is above or below the tangent line from the last point of the ideal CPC to the receiver, adjusts the
segment lengths accordingly, and repeats the entire process until the final segment point is within
tolerable limits.
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Figure 4.9 — Profiles of ideal 60° CPC approximated by n equal length segments using the midpoint
projection method. The ideal CPC is drawn in red and overlaid by the segmented approximation in black.
* indicates segment endpoints. Green rays indicate the tangent ray, from which the segments are
projected perpendicularly. In the midpoint projection method the tangent ray is taken at from the middle
of the segment. X and Y coordinates represent real dimensions.
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Figure 4.10 — Profiles of ideal 60° CPC approximated by n equal length segments using the end point
projection method. The ideal CPC is drawn in red and overlaid by the segmented approximation in black.
* indicates segment endpoints. Green rays indicate the tangent ray, from which the segments are
projected perpendicularly. In the end point projection method the tangent ray is taken at from the end of
the segment. X and Y coordinates represent real dimensions.
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4.2.3 Summary
Multiple CPCs were generated using each method for acceptance angles 30°, 45°, and 60° and for various
n numbers of segments. Examples of these methods for the case of n = 10 segments and 6, = 60° are
shown in Figure 4.11 where the ideal profiles are shown in red, the segmented profiles are shown in
black, and the edge ray used for projections are shown in green. All profiles are produced for a cylindrical
receiver with a 32 mm outer diameter with tolerated distances < 1/100"™ mm, and angles < 1/100" degree.

For all cases, approximating with the simple segment method maintains the aperture of the ideal CPC
while the start point projection method produces profiles with larger apertures and the remaining two
methods generate profiles with smaller apertures.

Segment Approximation Start Point Projection
40 | 60 1
40 | ,I
207 20 ]

T : T

0} Of
20t
200 , . , , 40 t i
0

50

-20 0 20 40 60 100
Mid Point Projection End Point Projection
40 40
20 20
0 0
200 ‘ J ‘
20 0 20 40 60 20 0 20 40 60

Figure 4.11 - Approximated Profiles (n = 10, 6, = 60°). Ideal CPC shown in red, segmented CPC shown
in black, with rays used for edge ray calculation shown in green.
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4.3 Results
The numerically approximated versions of the ideal CPC used in this analysis reach flux efficiencies over
99%. This is to validate the ray tracing software’s inaccuracies to be within tolerance.

30 Degree | 45 Degree | 60 Degree
FE | 99.5% 99.7% 99.8%

Table 4.1 — Flux efficiency of numerically approximated ideal CPCs

Incident Angle Modifier (IAM) curves for each of the approximated profiles are shown in Figure 4.12
below for varying number of segments. For all profiles, as the number of segments increases, the IAM
curve becomes more like the ideal. The segment approximation and midpoint projection methods produce
IAM curves similar to truncated CPCs with some light within the acceptance angle being rejected and
some light outside the acceptance angle being accepted. The start point projection method guarantees that
no light outside the acceptance angle is accepted, whereas the end point projection method guarantees
optical transmission within the acceptance angle. Both of these conditions exist in the ideal concentrator,
but by faceting with these different methods they are separated.
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Figure 4.12 - Modified IAM Curves of each method for different n numbers of segments

The relationship between the flux efficiency (FE) and segment length is displayed for each approximation
method in Figure 4.13. For all cases, as the segment length is decreased, the flux efficiency approaches
100%. The segment approximation and midpoint projection method producing similar trends for the FE,
reaching > 95% when the ratio of segment length to receiver circumference is < 0.05. For a 32 mm
diameter cylindrical absorber, this is a segment length of about 5 mm.
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Figure 4.13 — Flux efficiency versus segment length for all cases.

4.2.5 Discussion
End point projection guarantees optical transmission within the acceptance angle and therefore all rays
within the acceptance angle reaching the aperture are transmitted onto the absorber. This ensures optimal
utilization of the aperture.

Start point projection guarantees that no light outside the acceptance angle is transmitted onto the
absorber. This produces a flux efficiency (FE) of 100% regardless of segment size and guarantees optimal
utilization of the absorber.

Recalling equation (4.10), the flux efficiency (FE) is a relationship between the optical efficiency (n, as
defined in equations (4.11) and (4.12)) and the concentration ratio relative to the maximum (C/Cpax )-

FE = (1) x (%) <1 (4.13)

In the end point method, the concentration ratio is sacrificed for an optimization of optical efficiency,
resulting in 100% optical efficiency at the expense of flux efficiency. In the start point method, however,
all sacrifices in optical efficiency are compensated by increases in the geometric concentration ratio,
guaranteeing a 100% flux efficiency.

With segmented profiles, either optical efficiency or flux efficiency can be chosen to be 100%, but not
both. Both optical efficiency and flux efficiency are only guaranteed to be 100% in the ideal case.

Lastly the relationship between reflector length and the flux efficiency is shown in Figure 4.15 for all
cases. At equal flux efficiency, end point projection requires the least reflector area, followed by midpoint
projection and simple segment approximation. Start point projection guarantees a FE of 1 regardless of
the segment size, but is impractical with larger segments since it requires significantly more reflector
material.
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Figure 4.14 - Tradeoff between concentration and modified optical efficiency in start point projection
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4.4 Summary

In this chapter, a new metric (Flux Efficiency) is developed which relates traditional optical efficiency
and geometric concentration ratio to the maximum achievable flux allowed by a concentrator as set forth
by the 2" law of thermodynamics. This allows for fair comparison between ideal and non-ideal
concentrators. Equipped with this tool, 4 different methods for approximating a 2D CPC profile using flat
segments are outlined, simulated and analyzed.

Of the 4 methods described, two guarantee specific qualities of interest, i.e. 100% optical efficiency (end
point method) and 100% flux efficiency (start point method). The ideal CPC will guarantee both 100%
flux efficiency and 100% optical efficiency as it optimizes spatial and directional utilization of both the
aperture and absorber. With segmented profiles, a compromise must be made favoring either optimization
of the aperture or the absorber.

For the two-stage concentrators described in this dissertation, the concentration ratio of the primary is ~
45X (5 meter parabolic aperture to ~ 110 mm secondary aperture). Since the secondary provides a
maximum additional 1.4X concentration (45° CPC), we want to ensure optimal utilization of the
secondary aperture so as not to waste the already highly concentrated light from the primary. Thus, the
optimized secondary design discussed in the next chapter is developed using the endpoint projection
method which guarantees that all light entering the aperture of the secondary will be transmitted to the
absorber.
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5. Generation 2 Prototype Development & Testing

The contents of this chapter section have been partially published in the following journal article, with the
remaining contents pending publication:

Widyolar, B., Jiang, L., Abdelhamid, M. and Winston, R., 2018. Design and modeling of a spectrum-
splitting hybrid CSP-CPV parabolic trough using two-stage high concentration optics and dual junction
InGaP/GaAs solar cells. Solar Energy, 165, pp.75-84.

In this chapter, the design, development, and experimental testing of a second generation hybrid
CSP/CPV prototype is described. It is similar to the system described in Chapter 3, but with four main
differences:

1. Dual junction InGaP/GaAs cells are used instead of GaAs

2. The secondary profile is optimized for geometric efficiency based on Chapter 4
3. The cells are operated at low temperature (~ 40 °C)

4. The thermal stream is operated at 600 °C using a particulate heat transfer fluid

Furthermore, a thermal-only (non-hybrid) HCE is also produced and tested for comparison.

5.1 Collector Design

5.1.1 Spectrum Splitting
The spectral efficiency of InGaP (dashed blue) and GaAs (dashed red) are plotted against the direct-beam
solar spectrum in Figure 5.1. The in-band efficiency (7,4nq) Of €ach cell is shown above the x-axis.

The Carnot efficiency (Ncarnot) 1S the thermodynamic limit for converting thermal energy into useful
work calculated and is calculated using equation 1, where Ty is the hot reservoir temperature and T is the
cold reservoir temperature. Real engines typically only reach 2/3 of this thermodynamic limit and this is
plotted in Figure 6 (dashed red) for a target operating temperature (Ty) of 600 °C and cold reservoir
temperature (T) of 37 °C, and listed as 14,4 for the thermal junction in Figure 6. Also listed below the
x-axis are the fractions of the direct beam solar spectrum within each spectral region from 0-670 nm, 670-
875 nm, and 875-2500 nm.

The in-band efficiency of each junction multiplied by the fraction of the solar spectrum in each band
yields a total solar-to-electric conversion efficiency of 49.1%. This is higher than what is achieved by any
of the subsystems under full spectrum alone. While optical, thermal, and conversion losses will reduce
this number in practice, this demonstrates the potential of beam splitting systems to achieve higher
conversion efficiencies through optimal utilization of the solar spectrum.
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Figure 5.1 — Spectral beam splitting with dual junction PV and third thermal junction. InGaP and GaAs
spectral efficiency curves (dashed blue and green) are adapted from the solar cell efficiency tables. The
in-band efficiencies (n,4,q) are calculated according to Eqg. 5.2 for the solar cells and assuming 2/3
Carnot efficiency for the thermal junction. The fraction of the solar spectrum within each band is listed
below the graph. Adding all of these together yields a solar-to-electric conversion efficiency which
approaches 50% with a thermal fraction of 30%.

5.1.2 Two Stage Optical Design
The main design parameters are the same as before. The geometry of the proposed two stage parabolic
concentrator is plotted against a typical parabolic trough collector system in Figure 5.2.

Single and Two-Stage Paraholic Trough Dimensions (@ = 0.6°)
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Figure 5.2 — Proposed two stage parabolic trough collector (PTC) design (red) overlaying typical single-
stage PTC design (blue) with listed half-rim angles (¢), focal length (f), and concentration ratio (C,).
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5.1.3 Optimization of the Secondary
Sections of the secondary CPC are to be replaced with high efficiency back-reflecting solar cells (see

Figure 5.3) which generate electricity from sub-bandgap photons and reflect remaining photons to the
thermal absorber.

Cusp Reflector
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2 Thermal 2
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3 3
Numbered Solar Cell Strips
4 o« 4
) CPC Aperture '

Figure 5.3 — Secondary CPC

Ray trace simulations generated the intensity profile along the CPC reflector in Figure 5.4. A high
intensity band located 10 mm from the center of the CPC and extending approximately 50 mm represents
the ideal location for the cell placement.
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Figure 5.4 — Local light intensity on ideal secondary CPC reflector as reflected from 45° primary

parabolic trough. The high irradiance band begins roughly 10 mm from the center of the CPC and
extends roughly 50 mm.

Distance Along CPC (mm)

0 100

Since the cells are not flexible, portions of the CPC profile must be approximated by flat segments. Ray
tracing on a CPC approximated by 4 strips, however, reduced the geometric efficiency to 90%. To
recover this loss a new design was developed to guarantee edge ray incidence on the absorber (see Figure
5.5). In doing the geometric efficiency was fully recovered, but at the expense of a 13% reduction in
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aperture area (concentration ratio). To maintain the required secondary aperture, the entire secondary
design was scaled up to an absorber outer diameter of 32 mm. After these changes the system has a final

geometric concentration ratio of Cx = 75102(2) Zz = 50, approximately 52% of the theoretical limit.
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Figure 5.5 — Optimized secondary CPC shape where portions of profile are approximated by flat
segments. The optimized profile has 100% geometric efficiency despite its non-ideal shape.

5.1.4 Final Two-Stage Optical Design Parameters
The final parameters of the two-stage optical system are listed in Table 5.1.

Design Parameter | Value

¢ 45°

0 0.6°
Aq 5m

Cy 45X

C, 1.1X

Ctotal 50X

CAP 0.52

Table 5.1 — Two-stage concentrator parameters.

Full system simulations with perfect optical surfaces and no shading for incoming light with a uniform

+0.25° angle spread produce the incidence angle modifier for the two-stage system shown in Figure 5.6.
This verifies an intercept factor >0.9 for incoming angles up to 0.6°.
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Figure 5.6 — Geometric efficiency on thermal absorber using optimized CPC from Figure 5.5

5.2 Modelling

In this sections, several HCE configurations are simulated for the purpose of down-selecting an optimal
design. Varying numbers of strips (from 2-4 on each wing) of different solar cells (single junction, dual
junction) are simulated for solar-to-exergy and solar-to-electric output. The optimal design is selected
based on simultaneously maximizing solar-to-exergy (>40%) and solar-to-electricity efficiency.

5.2.1 Optical Model
Full optical simulations with relevant material properties were performed using 1 million rays with the
ASTM direct-beam solar spectrum as the input to the collector system. Shading from the 110 mm wide
secondary aperture results in a 2.2% loss from the primary aperture. The parabolic mirror has a standard
glass-silver mirror reflectance (p) of 0.92. The secondary concentrator, absorber, and solar cells are
encased in a glass tube which is evacuated to 10* mbar to eliminate convective heat loss and isolate the
hot absorber surface from the cells in close proximity. The glass has a transmittance (t) of 0.95 after the
assumed application of anti-reflective coatings to each surface.
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Figure 5.7 — Measured InGaP cell reflectance Figure 5.8 — Measured InGaP/GaAs cell
with bandgap at 670 nm shown by dashed line. reflectance with bandgap at 875 nm shown by
dashed line.
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Characteristic spectral reflectance curves for a single junction InGaP and a dual junction InGaP/GaAs cell
were measured at MicroLink Devices, using a spectrophotometer. The resulting curves (Figures 5.7 and
5.8) were incorporated into the optical model to determine the amount of light reflected or absorbed by
the cells. The remaining portion of the CPC profile which is not made from solar cells is assumed to be a
polished aluminum mirror with a reflectance (p) of 95%. The solar-weighted absorptance («) of the
selective coating on the absorber is assumed to be 95%.

Optical performance is simulated for a thermal only receiver (no cells) and for a hybrid PV/T receiver
with varying (4-8) numbers of solar cell strips. Simulations are performed for both single (InGaP) and
dual junction (InGaP/GaAs) cells, with the cells always placed on the closest available strip to the
absorber where they experience the highest flux.

Reflector.

Solar Cells \\ o
Absorber\
Glass Tube=

Element(HCE)

Figure 5.9 — Ray tracing

The optical simulations generate several key parameters which are used later as inputs to the solar cell
and thermal performance models: light absorbed by the high temperature absorber (1o thermai) and the
light incident upon (ng s¢rip) and absorbed (gps,serip) DY €ach cell strip. Relevant optical parameters from
the model are summarized in Table 5.2.

Parameter Value
pprimary 0.92

Tglass 0.95
psecondary 0.95
QXapsorber 0.95

Table 5.2 — Optical simulation parameters

5.2.2 Solar Cell Model
The solar cells are modelled using the properties listed in Table 5.3. Cell efficiency is calculated as a
function of concentration at an operating temperature of 40 °C.

Neetr (%0),25°C | B (%/°C)
InGaP Solar Cell 0.14 0.0002
InGaP/GaAs Solar Cell 0.23 0.0005

Table 5.3 — Solar cell properties

92



The solar concentration on each strip C, g, is estimated from equation 5.1 to determine the increase in
efficiency according to Figure 5.10. Here A; is 5 m and the combined length of a strip pair (As¢rip) IS
0.032 m (each minichannel strip is 16 mm wide).

Al
Cx,strip = No,strip Astrip (5-1)
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Figure 5.10 — Improvement in cell efficiency due to increased concentration with the single junction
InGaP cell drawn solid blue and dual junction InGaP/GaAs cell drawn dashed red.

The electric output of each strip (7¢ey,s¢rip) IS calculated based on the amount of incident light and cell
efficiency at temperature.

Neell,strip = MNcettllcx (Cx,strip) - .B(T - ZSOC) (5-2)

The net efficiency of the CPV subsystem (7system,certs) iS calculated by summing the efficiency of each
individual strip.

_ O strips
77system,cells - 21 no,strip r]cell,strip (5-3)

All light absorbed by the solar cells but not converted to electricity is exhausted from the system as waste
heat (ncell_cooling)-

_ \strips
ncell_cooling - 21 nabs,strip - nsystem,cells (5-4)

5.2.3 Thermal Model
The emittance of the selective coating on the absorber is estimated based on several coatings reported by
Selvakumar and Barshilia (2012) and plotted in Figure 5.11. Its variation with temperature is arbitrarily
chosen so that it performs slightly better than the best available commercial coatings and within the realm
of current research coatings. As a result the modelled emittance is representative of improved selective
coatings which can be expected in the near future.
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Figure 5.11 — The assumed emissivity profile of the selective coating used in this model plotted (dashed
blue) against some selected commercial (red diamond) and research (green circle) coatings reported by
Selvakumar and Barshilia (2012).

A finite element model was developed based off Figures 5.12-5.13 to analyze the heat transfer within the
absorber pipe and calculate thermal performance. The model includes the interaction between the internal
particulate fluid, the inner pipe surface, and outer pipe surface which radiates to the environment, and
divides the 1 meter length absorber into 50 nodes (n = 50). The particulate HTF is treated as a standard
fluid with a heat transfer coefficient calculated based on the correlation with particle temperature in
equation 5.5. The temperatures at each node are solved by matrix inversion and iterated until the
temperature change between iterations of all nodes is < 0.0001 °C.

h = 328.75T02025 (5.5)
‘F\'nile Element Analysis of Absorber Tube ‘ L
Abeorbed Radiation Input Absorbed ﬁadmtmn Loss GCn, /4'@7'(.4”"
N ) (From Optical Model) r, . .
adiative Loss T - T
A Conduction 2mLk -t
ion r @ @ m("z}/rl)
comvetiontafid e [EstingFlid | Mtion _ hA(Tisn = T})
Internal Energy mepTi 1y Ty
Tis T Tin
' L
Figure 5.12 — Finite element analysis Figure 5.13 — Finite element analysis node schematic and
(FEA) schematic. defining equations.

The temperatures of all nodes are plotted for a particle inlet temperature of 650 °C and a DNI of 900
W/m? in Figure 5.14, showing approximately a 30° rise in temperature between the particles and the
absorber surface and a 20° rise along the length of the absorber.
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Figure 5.14 — Simulated temperature profile along absorber pipe length based on the finite element
analysis.

650
0

Thermal efficiency (Mtnermar) 1S Calculated according to equation 5.6 where A, is the aperture of the
collector in m2, DNI is the incoming direct normal irradiance in W/m2, m is the mass flow rate of the
HTF in kg/s, c, is the heat capacity of the fluid in kJ/kg-K, and AT is the temperature difference between
the outlet and inlet of the HCE in °C.

__ Thermal Output _ MmcpAT
Nthermal = ~ggar Input  AyDNI

(5.6)

5.2.4 System Exergy and Electric Efficiencies
As a hybrid system, we must select a metric by which we can evaluate the combined electric and thermal
generation. Cogeneration efficiency has been used in the past, but does not take into account the different
gualities of the electric and thermal energies produced. Since the Carnot efficiency limit applies to the
conversion of heat into useful work (or electricity), solar-to-exergy efficiencies have been proposed as a
more practical measure of hybrid solar power generation systems (Branz et al. 2015). Exergy, which is
defined as Q(1 — T;/Ty), is the thermodynamic limit to the amount of useful work that can be extracted
from a quantity of heat Q at a temperature Ty;. The energy and exergy content of electricity are identical
since there is no limit to the amount of electricity which can be converted into useful work. In this way,
the solar-to-exergy efficiency calculated in equation 5.7 is the maximum possible efficiency of the hybrid
system at converting the incoming solar energy into useful work. For these calculations the cold reservoir
temperature of the Carnot cycle T, is assumed to be 37 °C and Ty is the operating temperature of the
thermal subsystem.

Wsystem,cells+chermal (1_TC/TH)

Nexergy =

0 = 77system,cells + Ncarnot-Mthermal (5-7)
solar

In practice, inverter losses will reduce the CPV subsystem electric output during DC-to-AC conversion,
and additional plant, power block, and generator losses will reduce conversion of the CSP subsystem into
electricity. To account for these, a more realistic solar-to-electric efficiency of the system (ngiectric) 1S
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calculated with equation 5.8. A 2/3 term is included since actual power block turbines typically reach only
~66% of the Carnot efficiency. Two additional losses are considered to account for plant thermal, storage,
and heat exchange losses (nyx = 0.9), and for parasitic losses (pp ner = 0.9).

— 2 8
Nelectric = r)system,cells + 5nCarnotnthermalonnPB,net (5- )

5.2.5 Economic Analysis
System cost is estimated using the costs already listed in NREL’s parabolic trough System Advisor Model
(SAM). Solar field costs were updated to include the current cost of cold-bent glass-silver mirrors,
structural components, and trackers. The hybrid receiver cost was based on the current production cost of
parabolic trough receivers with the additional cost of the solar cells. Power block and thermal energy
storage (TES) costs were based on estimates of a 100 MW plant using a powder-based HTF and handling
system (Cygan et al. 2016).

5.2.6 Simulated Performance Results
84.5% of light is incident on the secondary aperture after shading, primary reflection, and transmission
losses. The fraction of light incident on each pair of cell strips (1 srip) in Figure 5.15 is presented in
Table 5.4 and shows an illumination pattern that validates previous ray tracing.

Cusp Reflector
: i
2 Thermal 2
Absorber
3 3
Numbered Solar Cell Strips
4 «— 4
) CPC Aperture -

Figure 5.15 — Hybrid HCE schematic with numbered solar cell strips.

1tstrips | 2" strips | 3™ strips | 4™ strips
Nostrip | 1345% | 13.3% 8.32% 3.98%

Table 5.4 - Total illumination on strip pairs

The fraction of light absorbed by the thermal absorber (1o thermai) fOr €ach scenario (Table 5.5) increases
with the use of fewer or single rather than dual-junction cells since more light is reflected.

Thermal Only | 2 Strips | 3 Strips | 4 Strips
No,thermatnGap/Gaas | 171-51% 61.98% | 57.12% | 54.97%

No.thermalinGap 77.51% 66.92% | 63.60% | 62.15%
Table 5.5 — Thermal absorption

The thermal and full system performance models were evaluated up to operating temperatures of 700 °C
and the results for all configurations at 600 °C are listed in Table 5.6.
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Nthermal nsystem,cells nexergy Nelectric

@ 600 °C @ 600 °C | @ 600 °C
Dual Junction Solar Cells — 4 Strips 45.9% 9.1% 38.9% 23.7%
Dual Junction Solar Cells — 3 Strips 47.9% 8.2% 39.3% 23.5%
Dual Junctions Solar Cells— 2 Strips 52.5% 6.2% 40.4% 23.0%
Single Junction Solar Cells — 4 Strips | 52.6% 5.8% 40.1% 22.6%
Single Junction Solar Cells — 3 Strips | 54.0% 5.2% 40.4% 22.5%
Single Junction Solar Cells — 2 Strips | 57.1% 4.0% 41.2% 22.3%
Thermal Only 67.1% 0.0% 43.8% 21.5%

Table 5.6 — Performance results summary

5.2.7 Modelled Cost-Performance Metrics
Cost-performance metrics were calculated as a result of the performance models at 600 °C and estimated
collector costs. The hybrid converter is expected to reach < $1/Weyerq, for a 2 strip hybrid and thermal

only configuration.

5.2.8 Discussion and Down-Selection
The ultimate difference in full system cost between two strips of single junction or dual junction was
negligible and since the dual junction cells provide greater total power output per square meter, the two-
strip configuration was selected as the optimal design. The various efficiencies for the thermal-only and
hybrid collectors are presented in Figures 5.16 and 5.17, respectively. The solid black lines indicate
shading and optical losses, with the net thermal efficiency shown in red and the exergy efficiency in blue.
Also drawn in these plots are the net system efficiencies assuming the 2/3 Carnot power block used in this
model (dashed black), steam Rankine (cyan), and CO- recombination Brayton (magenta) power blocks
(Dunham and Iverson 2014). The balance between increasing Carnot efficiency and increasing heat loss
at higher temperatures yields optimal thermal operating temperatures between 500-600 °C. A rendering of
the final thermal-only and hybrid HCEs are shown in Figures 5.18, 5.19.

Thermal HCE Hybrid HCE

"7 Optical Losses

: : ; :
= Thermal Losses

07k s s ........... s Nehermal \

Efficiency (%)
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o
Efficiency (%)
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Ii ‘ n, R
MRankine MBrayton Suergy: ¥
0.3 \ i . . . 225k e 03}

0.2 | et

-
bt

0.1 ” B nelecmc : 0.1 - 4' """"" _‘“electril: 'l,;e"s,nc:: ........... ..... TN,
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Figure 5.16 — Simulated performance of thermal-  Figure 5.17 - Simulated performance of hybrid
only collector. collector with 2 strips of InGaP/GaAs cells.
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Secondary
Reflector

\

Figure 5.18 — Rendering of thermal HCE design  Figure 5.19 — Rendering of final down-selected
hybrid HCE design with 2 mirrored strips of dual
junction InGaP/GaAs solar cells integrated into
the secondary reflector.

5.3 Prototype Development

5.3.1 Primary Mirror
The primary reflector is made from 5 glass-silver mirror panels which are combined together to make up
the 5 x 1 meter, 45° half-rim angle parabola.

5.3.2 HCE Design
The cross section of the hybrid heat collecting element (HCE) is shown in Figure 5.20. The entire
assembly is encased in a glass tube for evacuation (to 10* mbar). This prevents heat loss and provides
thermal isolation between the absorber, solar cells, and secondary reflector. The secondary is shaped to
guarantee geometric efficiency with incorporated solar cell segments. The solar cells are mounted above
minichannel substrates which provide active water cooling of the cells under concentrated sunlight. The
thermal absorber at the focus of the secondary collects the concentrated/spectrally-split light reflected by
the secondary/solar cells. Spectral reflectance of an actual cell is shown in Figure 5.21, indicating the
absorption of photons below 875 nm and reflection (80-90%) of longer wavelength photons.
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Figure 5.21 — Spectral reflectance curve of an
actual dual junction InGaP/GaAs cell. The dashed
red line indicates a bandgap wavelength cutoff of
875 nm.

Figure 5.20 — Hybrid heat collecting element
(HCE) schematic (to scale).

The entire HCE is encased in a borosilicate glass tube. Stainless steel end caps with silicone O-rings
provide a vacuum-tight seal with the glass. The end caps are bolted to aluminum U-clamps which are
assembled around the tube on the opposite side of a 45° glass flange and Teflon gasket which prevents
hard contact between the aluminum and glass. The bellows and vacuum ports were welded to each end
cap.

Bellows
Steel End caps Il ﬁ

Vacuum port g
Aluminum Clamps R \
ﬁ o Glass tube

1

| Secondary Reflector |

Aluminum Clamps

Figure 5.22 — Rendered thermal HCE (exploded view).
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Figure 5.23 — Rendered hybrid HCE (exploded view).

Alanod

5.3.3 Secondary Reflector
The secondary reflector is made from Alanod MIRO-Silver with a solar-weighted reflectance of 95%.
The profile shape is produced by controlled bending and includes indentations for the solar cell and
minichannel subcomponents. The two halves of the CPC are produced independently and joined together
by riveting to a central connecting bridge.

Secondary Aperture

1) CPC Wings

4) Absorber

3) Rivets / Bolts
I'e

.. ’ K.
L
' 5 Minichannel |
= TS

. oy

Connecting Bridge ‘ | Secondary Reflector i

2) Connecting Bridge

Figure 5.24 — Secondary design Figure 5.25 — Secondary reflector and
minichannel

5.3.4 Minichannels and Cooling Circuit

Extruded copper minichannels were produced using a technique developed by the Center for Advanced
Materials Processing at Ohio University (see Figure 5.26).
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Figure 5.26 — Copper minichannel

X >

Figure 5.27 Miﬁchnﬁe conections at U-end (left)

and cap end (right).

The two strips of minichannels on each wing flow in parallel to each other and are connected in series to
the strips on the opposite wing. In this way they form a U-tube in the hybrid HCE and the inlet and outlets
are both made on the same side of the HCE (Figure 5.27). These connections are made using low
temperature solder which transition through the stainless steel end caps by a copper-to-stainless transition
ring.

5.3.5 Solar Cells
The dual junction InGaP / GaAs solar cells were supplied by MicroLink Devices (see Figure 5.28). They
adhere to the minichannels by a two-sided electrically insulating silicone tape, and the same tape is used
to join the minichannel strips to the secondary reflector. A rough thermal analysis indicates the cells
should see a 4-8 °C rise in temperature over the cooling water circulating in the minichannels.
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Figure 5.28 — Secondary reflector shown with integrated InGaP/GaAs and minichannel subassemblies.
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o

Figure 5.29 — Cell wire cbnnectio methods at u-bend end (left) and transition end (right).

The strip leads were contacted using copper alligator clips. Vacuum stable wire was used to connect these
leads with to a vacuum feed through on either end of the HCE. In this way, each strip is wired
individually.

5.3.5 Absorber
The absorber is made from Schedule 5 SS 316 pipe. 4 selectively coated absorbers were acquired from the
Non-Ferrous Metals Institute in Beijing who were able to coat the custom-size absorber (Figure 5.30).
The coating has a solar-weighted absorptance of 95% and an estimated emissivity of 15% at 600 °C. The
absorber passes through the stainless steel end-caps with a bellows on each side to accommodate thermal
expansion as the absorber is raised to 600 °C.

Selectively Coated Thermal Absorber

Figure 5.30 — Selectively coated thermal absorber

-

5.3.8 Glass Envelope, End Caps, Vacuum Subsystem
The CPC and absorber are both encased in a glass tube with the characteristics in Table 5.7. This allows
the entire HCE to be evacuated to eliminate convective heat loss and provide thermal isolation between
the absorber and CPC reflector.
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Length 1160 mm

End connection 45° tapered flange
Material Borosilicate
Transmittance () | 0.92

Table 5.7 — Glass tube specifications

At each end of the hybrid HCE end-cap is welded a DN 25 vacuum port for active vacuum pumping on

Silicone O-Ring

one end and vacuum measurement on the other.

L

3

red Glass Flange |

Figure 5.31 — End cap, o-ring, bellows and vacuurh port (Ieft) and tpered glass flange'(right).

§| Teflon
o Centering
Ring

Cross-Clamp
Supports

Figure 5.32 — Partially assmbled end-cap with aluminum clamps, shims, and Teflon centering ring.
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5.3.9 Assembled HCE Prototypes
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Figure 5.33 — Assembled receiver. The various components of the receiver are labelled in (a).
Positioning rings are used to maintain the shape and location of the secondary reflector in the receiver.
The entire assembly is shown in Figure (b). The entire aperture appears to be the same green color as the
thermal absorber which is indicative of functioning optics.
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| Cell
Strips

Vacuum Port |

Figure 5.34—(aboe) 3-piec assmbly for the oy s S W
Hybrid HCE. Step 1-insert secondary : 4 = N4 i End Plate

reflector/end cap and secure to glass tube. Step
44 T

2-insert absorber/end cap from other side and
Coollng Connections

secure to glass tube. Make cell connections and
weld absorber. The fully assembled hybrid HCE
is pictured on the right.

5.3 Experimental Test Platform and Pre-Performance Tests

5.3.1 Vacuum Bakeout Test
A vacuum bakeout test was performed to verify integrity of the HCE assembly at operating temperature.

R | I

oS

Vacuum Gauge

Turbo Pump @ Roughing Pump
T

Figure 5.35 — Vacuum bakeout testing.
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Thermocouples were spot welded at various locations on the end cap (near the O-ring, bellows, and
vacuum port) and taped along the top (above absorber) and bottom (behind reflector) of both the middle
and ends of the glass tube. A thermocouple was also spot-welded to the center of a 1 meter long heating
element, which was then inserted inside the HCE’s absorber tube to measure the temperature inside the
absorber. Power to the heating element was controlled manually by adjusting a variable A/C transformer
while simultaneously measuring voltage and current.

Glass Top (End) |

=

<N 2
‘\g
' _‘ Vacuum Port |'®
W A
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,’\‘

) Aerogel
Bellows g.
, Insulation
|

Glass Bottom (Mid)
Glass Bottom (End)

/

Figure 5.36 — Thermocouple positioning on glass (left), and end cap (right).
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Elapsed Time (hrs)
Figure 5.37 — HCE vacuum bakeout test results. The temperatures at various locations in the HCE and
on the heating element are shown throughout the duration of the test. The amount of power supplied to
the heater is incrementally increased and listed in Watts above the temperature curves.
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The test was run for a little over 6 hours during which the internal heater temperature was raised
incrementally to 750 °C and the vacuum inside the HCE maintained at 10 mbar. The temperatures
during this test and the heating power (from voltage and current clamp measurements) are presented in
Figure 5.37. Maintaining an internal temperature of 650 °C and 750 °C required approximately 500 and
700 watts, respectively. This corresponds to an emittance of roughly 13-15% at temperature which is
consistent with both commercially available coatings and the previously modelled emittance.

5.3.2 IV Curve Testing
All 4 strips of solar cells were 1VV-curve tested on 11/15/2017. After reassembling, one of the strips had
lost contact (the bottom left strip in Figure 5.39). An image of an illuminating strip during IV-curve
tracing is shown in Figure 5.38.

e

Figure 5.38 — IV curve strip illumination.

11/15/2017 - Dark IV Curves (Pre-testing)
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Figure 5.39 — Dark 1V Curve test results
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5.3.3 On-Sun Test Platform
Experimental performance tests were carried out at the University of California, Merced Castle Research
Facility (37.3 °N, 120.6 °W) together with GTI. Optical efficiency tests were performed using city water
as the HTF, after which high temperatures tests were carried out using a particulate HTF. An image of the
researcher is shown in Figure 5.40, and the collector and testing apparatus are labelled in Figure 5.41.

FigUre 5.40 — The researcher

The primary mirror is mounted on a dual axis tracker. Tracking is controlled by an array of 4 solar cells
which are located on the primary mirror in the shadow of the HCE. As the shadow moves due to the
movement of the sun, different solar cells are shaded or unshaded. Their current outputs are monitored by
an arduino microcontroller which then engages the proper tracking actuators to maintain the shadow in
the correct position. A normal incidence pyranometer (NIP) sensor mounted on the frame measures the
direct normal irradiance.

Particle circulation is accomplished by moving particles between 3 hoppers (see Figure 5.41). A
continuous particle flow through the receiver is maintained by periodically replenishing the feed hopper
so it does not fall below a minimum set lever. Carrier air and pressure differentials are used to move the
particles between the hoppers. The carrier air is vented, but this has minimal effect on the overall
efficiency because of the very high particle to air weight ratios employed. The particle HTF system was
developed by GTI, and the rig was designed to allow the HCE to simulate any 1 m length of a full scale
commercial absorber, from its inlet to its outlet. Meaning the rig could deliver particle HTF at any
temperature from ambient up to 625 °C at the absorber inlet.
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Particle Rig

Thermal HCE
o

FIex Hose :
Flgure 5 41 — Testing apparatus Wlth partlcle C|rculat|on rig (Ieft) and collectorr(rlght)

A combination of high-temperature ceramic heaters located on the rig and on the supply pipeline on the
tracker (labelled as auxiliary heaters) are used to add heat into the particles to maintain desired operating
temperatures. The entire piping system is insulated with 1” of aerogel insulation and external layers of
FiberFrax. Temperatures across the HCE are measured by clusters of thermocouples at the inlet and outlet
which have individual thermocouples inserted at various depths in the flow path between the center and
the tube wall. The mass flow rate of particles is calculated by the change of the feed hopper load cell
output over time, recorded every minute. The heat capacity of the particulate HTF is assumed to be a
constant 0.8 kJ/kg-K. The thermal efficiency of the thermal stream is calculated from equation 5.9.

Qthermal mCPAT
Qsolar A;1DNI

Nthermal = (5.9)
The cooling circuit is fed by a city-water line. The rate of water flowing through the minichannels is
measured manually by recording the time it takes to fill a 5 gallon bucket (which actually contains 5.6
gallons). This was typically around 25 g/s to facilitate ~ 10 AT in the cooling circuit for thermocouple
error reduction. Inlet and outlet temperatures of the cooling circuit are measured manually with a hand-
held thermocouple reader by inserting a thermocouple probe directly into the flow. The heat capacity of
water is assumed to be a constant 4.184 kJ/kg-K and the cooling circuit efficiency (or rather the fraction
of incoming solar which is exhausted as waste heat) is calculated according to equation 5.9.

The performance of each strip of solar cells is quantified using a Keithley 2460 IV curve tracer. The
maximum power point of each strip of cells is determined and added to estimate net solar-to-electric
efficiency of the CPV subsystem according to equation 5.10.
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The vacuum in the HCE is actively maintained by a benchtop combination (turbopump + roughing pump)
vacuum station. It is connected to the bottom of the HCE by 3 meters of flexible hose. At the opposite end
of the HCE is a gauge to measure the vacuum pressure inside the HCE.

""f i 14

Hybrid HCE
Outlet TCs

Vacuum Hose

\'1*-.‘,4 Primary
Mirror

| Vacuum Statlon | I~:"-

Figure 5.42 — Experlmental test platform for characterization of the hybrld collector.

5.4 Thermal HCE Testing

5.4.1 Water Testing
Water testing was conducted between 9/30/2016 — 12/3/2016. A representative test day is shown in
Figure 5.43 for the date of 10/5/2016.
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Figure 5.43 — Optical efficiency testing of thermal HCE using water

In the first 20 minutes of data-logging the system is stowed. At approximately 20 minutes, the tracker is
aligned producing a temperature difference at the HCE. For the next 15 minutes the system is manually
tracked, which causes fluctuations in the outlet temperature as a result of misalignment. At about 35
minutes the automatic shadow-tracking system was engaged, resulting in a very steady and consistent
temperature difference between the inlet and outlet of the HCE. At the start of automatic tracking, the NIP
sensor was readjusted, after which approximately 20 minutes of steady state data are taken. In these last
20 minutes, the system demonstrated an optical efficiency of 70% which is consistent with the results of
water testing on the other days and the simulated performance at low temperature.

5.4.2 Particle Testing
The first test was performed on August 31%, 2017. The system was started at 9 am and run until 2:30 pm
at which point the flex hoses were stretched to their maximum by the tracker, limiting further mobility of
the collector. Between 12:00 and 2:00 pm, the sun rose above the maximum elevation angle of the tracker
resulting in the artificial dip in the DNI reading in Fig. 5.44. This is manually corrected for when
calculating efficiency by using the dashed black line. The vacuum pressure in the HCE was initially 10
mbar prior to alignment, rose to 102 mbar once the collector was put on sun, and reduced over the course
of the test to 10~ mbar.
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Figure 5.44 — 300 °C test of thermal HCE.
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4 KW of additional heaters (labelled as aux heaters in pictures) were installed on the pipe run just prior to
the HCE and testing resumed on September 25" 2017 after making the modifications to the HCE
discussed in section 5.6.4.

High temperature testing continued on October 19", 2017, reaching a particle temperature of 550 °C at
the HCE. During this test a thermal camera was used to capture the external temperature of the entire
particle rig and HTF loop. The exterior of all pipe insulation was typically < 60 °C with the front side of
the glass tube reaching close to 120 °C (Figure 5.45) and back side of the glass reaching approximately 50
°C. These temperatures are consistent with the temperatures measured during the vacuum bake-out test
and indicate a combined loss of roughly 500 watts from convection and radiation from the glass tube.

=

Figure 5.45 — Thermal imaging of HCE on-sun
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Figure 5.46 — 650 °C Test

To deliver particle HTF at 625 °C target temperature at the inlet of the absorber, additional heaters were
added to the system. On November 14™, 2017 the system was started at 12:00 AM and heated until
approximately 7:00 AM at which point the system was put on sun (see Fig. 5.46). By the end of testing,
the HCE had reached a maximum temperature of 685 °C. At 650 °C, the collector averages roughly 40%
efficiency.
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On November 17", 2017, the thermal HCE was tested again at low temperatures for two cycles (Figure
5.47) and demonstrated an optical efficiency of 60%. This indicates little to no damage or degradation to
the optics, reflectance, or absorptance of the selective coating after elevated temperature testing.
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Figure 5.47 — Optical Efficiency Test

The results from all experimental performance tests are summarized in Table 5.8 and plotted in Figure
5.49 with a second order polynomial curve fit. The semi-continuous flow rate of particles causes
significant temperature variation, and as a result the efficiencies from each test are estimated by visually
averaging over several cycles.

Date Tavg n Fluid

9/30/2016 - 12/3/2016 25 0.7 Water
9/25/2017 50 0.6 Particles
11/17/2017 75 0.6 Particles
8/31/2017 200 0.6 Particles
10/19/2017 480 0.55 | Particles
10/19/2017 540 0.5 Particles
11/14/2017 600 0.4 Particles
11/14/2017 650 0.4 Particles

Table 5.8 — Thermal-only experimental test
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Figure 5.48 — Thermal HCE On-Sun
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Figure 5.49 — Experimental test results. The first point on the top left is the result of multiple optical
efficiency tests using water. The remaining points are taken using the alumina particulate HTF.

By the end of testing the thermal HCE had undergone more than 50 hours of on-sun operation. On
November 17", 2017 the HCE was dismounted from the system with no visual indication of any
degradation (Figure 5.50). Based on these experimental results the collector achieves a thermal efficiency
of 40% at a particle temperature of 650 °C.

Figure 5.50 — Dismounted HCE from top view (top) and side view (bottom).

The experimental results of the thermal HCE are plotted against the modelled performance in Figure 5.51,
and loss mechanisms are discussed in section 5.6.
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Figure 5.51 — Modelled versus experimental data. An updated model reduces the optical efficiency to
63% with an estimated increase in absorber surface temperature of 125 °C due to poor heat transfer.

5.5 Hybrid HCE Testing

5.5.1 Water Testing
Water testing on the hybrid HCE was conducted between 4/29/2017 — 5/17/2017. A representative water
test day is shown in Figure 5.53 for the date of 5/17/2017.

Figure 5.52 — Hybrid HCE On-Sun during May 17" optical efficiency tests using water,
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Optical efficiency testing was performed on May 17", 2017 using water as the thermal stream HTF. There
was no vacuum during this test but this should have little effect since the collector was operating near
ambient conditions.
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Figure 5.53 — Hybrid HCE water testing.

IV-curve tracing was performed on all 4 strips of cells (Figure 5.54) using a manually adjusted variable
resistor and measuring the voltage and current output of each strip. The resulting maximum solar-to-
electric efficiency of the cell subsystem (by summing the maximum power points of each strip) is
approximately 4%.

After this test, the leak which prevented a vacuum from being pulled was repaired (by disassembly,
fabrication of an entirely new end-cap and all components, and re-assembly). After re-assembly, one of
the solar cell strips had lost its contact. This test was beforehand, and is why all 4 strips produced a
measureable IV-curve in Figure 5.54. Each color is representative of a single strip.
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Figure 5.54 — IV curves during water testing.

o

5.5.2 Particle Testing
By November 18", 2017 the HCE had been connected to the particle rig. Starting at midnight on
November 18", the system was heated until the HCE outlet reached a stable 600 °C by 10 am. The
temperature profiles during the test are shown in Figure 5.55. The HCE was evacuated, reaching a lowest
internal pressure of 1.9 e mbar. IV-curve tracing was performed on all 4 strips of cells (Figure 5.56),
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however, only 3 strips were active as one strip had disconnected during a vacuum-seal repair). The
maximum power for all three strips was about 42 Watts (60 V and 0.7 A) and this was assumed for the
fourth strip in the estimation of cell electric efficiency. During testing, only 1 thermocouple at the outlet
of the HCE was active. As a result, the thermal efficiency calculated for this test is considered uncertain.
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Figure 5.55 — 11/18/2017 — High temperature testing (600 °C) with particles.
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Figure 5.56 — 11/18/2017 — IV Curves during high temperature (600 °C) testing

On December 4™, 2017 a second optical efficiency test was performed, this time using particles (Figure
5.57). The thermal efficiency with particles was nearly identical to the earlier optical efficiency tests with
water, indicating little to no degradation of the hybrid HCE after elevated temperature testing.
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Figure 5.57 - 12/4/2017 — Optical efficiency testing with particles

On December 5", 2017 the hybrid HCE was operated under slowly increasing temperatures up to 250 °C
peak (Figure 5.58). Cell performance was not quantified in these last two tests.
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Figure 5.58 - 12/5/2017 — Low temperature testing with particles.

5.5.3 Summary
A picture of the hybrid HCE on sun is shown in Figure 5.59 and test results summarized in Table 5.9.

Date Duration | Thermal | Thermal Average Cooling Cooling Cell Cell HCE

Stream Stream Temp | Thermal Temp Flow rate Thermal Electric Internal

HTF Efficiency Generation* | Efficiency* | Pressure
5/17/2017 3hrs Water 40 °C 64% 20-35 °C ~25 g/s 17% 4% Atmospheric
12/4/2017 1hr Particles | 50 °C 63% 16-26 °C ~25gls 16% - 1.2 &2 mbar
12/5/2017 3hrs Particles | 100 °C 62% 23-28°C | ~25¢ls 12% - 1.4 e mbar

Table 5.9 — Hybrid experimental test results
*Unless a solar cell strip was undergoing IV curve tracing, there was not a continuous load on the solar
cells. As a result, any would-be electric generation is instead converted into heat and accounted for by an
increase in the “cell thermal generation” measurement. This partially explains the increase in cell thermal
generation over the simulations.

119



Vacuum

Feedthrough

Hybrid HCE

Vacuum
Hose

7
%

Figure 5.59 — Hybrid HCE on-sun during 600 °C testing.

The consistency between the simulated optical efficiency (62%) and the measured optical efficiency with
water (64%) and particles (63%) indicates successful operation of the optical system, including spectrum
splitting by the solar cells. Solar cell performance was about 2/3 the expected performance and factors
involved in this are discussed in section 5.6.3. The high temperature thermal efficiency data point,
however, was much lower than expected. As previously mentioned, only one thermocouple each at the
inlet and outlet was active during this test and there may be an underestimation of performance simply
based on thermocouple location since we see a significant variation in temperature between
thermocouples in the other tests. The mechanisms which contribute to lower than simulated performance
are discussed in more detail in the next section.
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5.6 Discussion

5.6.1 Optical Losses
Several optical loss mechanisms were apparent in the experimental test (see Figure 5.60). Support rings
(2.5 cm wide) at the top and bottom of the HCE shade about 5% of the aperture. Additionally, a
combination of primary mirror misalignment and structural drooping of the support structure from the
weight and distance of the HCE caused some light to miss the HCE aperture (mostly above the aperture).
Furthermore, misalignment of the secondary reflector inside the HCE (rotation, non-uniformity along
length of HCE) was apparent in both HCEs and must have contributed to some gap loss and light
rejection from the primary.
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Figur5.60 — Optical losses in Thermal (left) and Hybrid (right) HCEs.

Fortunately these losses are likely recoverable. The HCE assembly can be re-designed to not shadow
itself by the support rings and improved precision in the assembly can reduce misalignment effects.
Proper orientation in a single-axis tracking commercial system will reduce structural sagging and
alignment of the primary mirrors would be standard in a commercial system. An interesting observation is
that during the optical efficiency tests with water the tracker was much lighter without the pipes,
insulation, or heaters installed and likely had little to no structural sagging. Additionally, during those
tests the early iterations of the HCE had no support rings to shade the secondary aperture. The
combination of these two effects may be the reason the optical efficiency tests consistently demonstrated
70% with water and 60% with particles. Increasing the acceptance angle of the secondary by +5° may be
an option to allow for some rotational misalignment without rejecting light from the primary. Lastly, the
use of anti-reflective coatings on the glass tube (which was unavailable for the prototype) would be
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standard in a commercial product, improving transmittance from 92% to 96% and optical efficiency from
70% to 73%.

5.6.2 Thermal Losses
Higher than simulated thermal losses are evident in the widening gap between the results of simulation
and actual tests at higher temperatures. As mentioned earlier, the secondary reflector shape of the thermal
HCE prototype could be optimized to achieve a concentration ratio of 68X instead of 50X which would
reduce the effects of radiative losses. Further, the particle HTF flow rates and particle to carrier air weight
ratios could be optimized to increase particle HTF side heat transfer coefficients and reduce the absorber
surface temperatures and radiation losses.

5.6.3 Solar Cell Losses

The solar cells generated roughly 2/3 what was expected, which can be explained in part by the following
effects. Non-uniform illumination limits the current output of each strip and is evident in Figure 5.60. The
internal HCE assembly has a supporting ring at the top and bottom of the tube which shades half of both
the top and bottom cells. This activates the bypass diode on the top and bottom cell of each strip,
dropping the number of active cells from 30 to 28 (93%). Additionally, grid contacts cover approximately
14% of the cell area and the cells themselves have approximately 97% width utilization and 81% height
utilization of the strip (Figure 5.61), equivalent to approximately 79% area utilization of the strip.

Figure 5.61 — Solar cell assembiy

5.6.4 Reflector Deformation
Immediately following the first on-sun test thermal HCE test with particles there was visible deformation
of the secondary reflector and the HCE was dismounted for inspection and repair. A few non-SS internal
parts (galvanized nuts and bolts) had caused deposition on the glass tube as shown in Figure 5.62 (a) and
the secondary reflector was severely deformed Figure 5.62 (b),(d). The deposition located approximately
Y2 from the cold resting position of the support ring Figure 5.62 (c) indicated a temperature rise (based
on the expansion coefficient of aluminum) of approximately 500 °C. Further disassembly revealed the
secondary reflector had been completely annealed and easily deformed to the touch, confirming an
elevated temperature above 400 °C.

We can describe the heating of the reflector from the concentrated light from the primary mirror, radiation
absorbed from the absorber, and account for distinct front and back emittance of the reflector to allow for
the possibility of painting the backside with a highly emitting coating with Equation 5.11.
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If we assumed 900 W/m? DNI, a primary reflectance of 0.92, a transmittance of 0.90, 0.05 reflector
absorptance, 0.25 absorber emittance, operating temperature of 650 °C, and reflector emittance (both front
and back) of 0.05, we get a reflector temperature of about 275 °C. If we instead estimate the backside of
the reflector has an emittance of 0.95 to account for painting it black, we get a reflector temperature closer
to 35 °C. This simple calculation demonstrates the potential for passive radiative cooling of the secondary
reflector and was implemented in later iterations.

Figure 5.62 — HCE Degradation / Deformation

The backside of the secondary reflector (Figure 5.63 (a)) was painted black using the highly emissive
Pyromark paint Figure 5.63 (b) and cured at 200 °C for 2 hours in a vacuum chamber. All nuts and bolts
inside the HCE were switched to stainless steel (Figure 5.63 (¢)), and a “wye” catcher (Figure 5.63 (d))
was implemented at the opposite end of the tube to restrain the secondary reflector at both ends and
prevent it from twisting. The resulting HCE was tested with particles up to 685 °C at the outlet with no
deformation of the secondary reflector.

There was no recorded deformation with the hybrid HCE. By the time it was fabricated and assembled, it
had already had its backside painted black as a result of the deformation learnings with the thermal HCE.
Furthermore, active cooling of the cells likely provides some active cooling of the reflector.
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Figure 5.63 — HCE modifications to prevent deformation

5.7 Summary
The experimental and technical achievements of this second generation collector are listed below:

e The thermal HCE was successfully tested up to 650 °C on-sun for over 50 hours

e After painting the back-side black, there was no deformation/degradation of the thermal HCE.
e The hybrid HCE was successfully tested up to 600 °C on-sun for over 20 hours

e There was no deformation/degradation of the cells or HCE after testing

e The IV curves of cells were consistent between high and low temperature testing.

e Particle circulation was successfully achieved for over 70 hours.

e Particles were successfully operated up to 685 °C peak.

Several new concepts were developed and tested in this work.

A passively cooled secondary reflector is a viable option for providing additional concentration in a
parabolic trough system. In the literature, many secondary designs avoid having the secondary reflector
touch the hot absorber surface to prevent melting or degradation. There were no such issues, even up to an
absorber temperature of at least 685 °C. Having a vacuum likely reduces the thermal contact between
surfaces to very small “point-contacts” which reduces the area for conduction to a minimum. Passive
radiative cooling of the reflector through a highly emissive back surface was key to preventing
overheating and deformation under concentrated solar flux.

Back-reflecting solar cells also seem to be a viable option for spectrum splitting. They eliminates the need
for additional optical or light-filtering materials, which reduces the number of components, optical
interfaces, and potential losses.
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The use of internally flowing particulate HTF was demonstrated for the first time in an actual prototype
collector system which involved several meters of pipe and flex hoses. Solid particles allow an increase in
operating temperature beyond the 400 °C limit of thermal oils and the 580 °C limit of current molten salts.

Additionally, the feasibility of a two-stage thermal-only collector was demonstrated. The current thermal-
only secondary profile was made to match the hybrid profile under the constraint of integrated flat solar
cell strips. Without this constraint, the concentration ratio can be improved from 50X to 67.5X. Since
parabolic trough absorbers operate in evacuated conditions and can utilize selective coatings which impart
a degree of “spectral” concentration, two-stage trough designs may be able to deliver high temperature
thermal power at temperatures which are currently only achievable by dish or solar tower systems. This
presents an exciting opportunity for situations where other technologies are less suitable (i.e. distributed,
small scale, or industrial process heat).

Experimental prototype development and testing indicated a number of improvements which could be
made for future collectors and also highlighted potential areas for future research:

e Improve primary mirror assembly: More accurate mounting of the primary mirror segments
will improve the distribution and uniformity of light on the HCE.

e Stronger support frame: the high downward torque of the HCE as a result of the extended focal
distance (~3m) caused the HCE to drop below the focused light beam from the primary. A
stronger supporting structure would reduce sagging and improve optical efficiency by increasing
the intercept factor.

o Optimize HCE assembly: Several improvements to the HCE assembly are possible, including
removing the support rings to reduce cell and absorber shading and improving the accuracy and
tolerances of the secondary to improve geometric efficiency.

¢ AR coating: an anti-reflective coating on the internal and external glass surface of the HCE
would improve light transmission from ~92% to ~95%, improving optical efficiency and overall
performance.

e Increase cell active area: reducing the grid contact coverage of solar cells and increasing the cell
utilization of space over the minichannels will help recover some of the cell power which was lost
in this prototype.

e Improve cell connection method (leads): one of the cell strip leads was disconnected during
prototype HCE repair. The cell leads were connected using alligator clips to wire which
transitioned through a vacuum feed-through to remove the lines outside the evacuated HCE.
There are several points where a line can be easily disconnected and further design must be made
to eliminate the risk of disconnection.

e Particle flow characterization: A greater understanding of particle flow is required to properly
quantify the temperature distribution within the flow and calculate the “bulk” temperature for
accurate thermal power calculations. Furthermore, an understanding how the different flow
parameters (feed pressure, fluidization flow rate) affects the volume fraction of particles inside
the absorber pipe is needed. Particle flow can then be optimized (feed pressure, fluidization flow
rate) to maximize heat transfer from the inner absorber surface into the particle stream.

o Circulation optimization: Optimization of the particle circulation rig is also needed to reduce
charge-cycle duration and reduce the amount of “down-time” to maximize particle flow and
prevent absorber stagnation.
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6. Dissertation Summary and Conclusions

A novel hybrid CPV/CSP solar collector using a two-stage (PTC + CPC) optical system and back-
reflecting spectrum splitting solar cells has been designed and optimized for the purpose of power
generation. It has currently undergone two rounds of prototype development and experimental testing.

In its current iteration, the two-stage concentrator consists of a parabolic primary and CPC secondary to
achieve a geometric concentration of 50X on the thermal absorber. Modifications to the optics of the
secondary CPC allowed integration of flat, back-reflecting solar cells into the secondary profile without
any loss of geometric efficiency. This optimized design has the potential to achieve 40% solar-to-exergy
and 23% solar-to-electric efficiency at 600 °C as a result of simulations, with a thermal fraction of 73%
and an estimated mass-production install cost of $2.15/W..

The design has been developed into multiple prototype collectors (thermal-only and hybrid
configurations) which were experimentally characterized at the University of California in Merced. The
novel use of suspended particles as a heat transfer medium (developed by GTI) in combination with the
two-stage concentrator enabled us to reach record operating temperatures in a linear solar thermal system
and performance has been successfully measured up to 685 °C. The most recent prototypes (thermal and
hybrid) have undergone over 100 hours of combined on-sun testing.

These prototypes have demonstrated several novel concepts:

1. The ability of a two-stage linear trough system to generate high concentration ratios on the
absorber and enabling efficient high temperature operation.

2. The use of back-reflecting solar cells to provide spectrally selective secondary concentration.

3. The potential of particulate HTFs for increasing the operating temperature in solar thermal
systems above the 400 °C limit of thermal oils and the 580 °C limit of current molten salts.

As a result of these successful demonstrations, we are left with a number of takeaways:

e Two-stage linear trough systems can achieve concentration ratios 50-69X with realistic
acceptance angles. When combined with selective coatings in a vacuum receiver, this enables
high temperature operation (650 °C demonstrated) in the realm of tower technologies (SunShot
research target of 700 °C, with most recent lvanpah facility operating at 565 °C). This presents an
exciting opportunity for bankable, distributed, or small scale trough solar thermal systems
operating at high temperature where tower configurations are less suitable.

e The ability to reach high temperatures is only valuable when paired with a compatible heat
transfer fluid (HTF). The particulate HTF utilized in this work has now demonstrated successful
650 °C operation, surpassing the 400 °C limit of thermal oils and the 580 °C limit of current
molten salts. This presents an exciting opportunity for high temperature industrial process heat
(IPH) and concentrating solar power (CSP) systems which now can potentially achieve higher
solar-to-electric efficiencies as a result of high temperature operation.

The demonstrations in this work are part of the continuing development of solar and renewable
technologies. It is the author’s hope that the findings here will contribute to the development of new
technologies and ultimately aid in the global energy transformation.
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Appendix

Appendix Al — Two-Stage Parabolic Trough Literature Review

The use of a secondary optic in tandem with a primary parabolic trough for increased concentration has
been reported in the literature since the 1980s. Early on it was shown a symmetric compound elliptical
concentrator (CEC) secondary optic could easily improve system concentration by more than 2X
(Winston and Welford 1980). Asymmetric solutions were also reported (Mills 1980), which benefit from
the fact the secondary does not shade the primary reflector (Kritchman 1982). Several secondary designs
were subsequently proposed with features such as being encased in evacuated tubes and with acceptance
angles to accommodate 90° rim angle parabolic trough primaries such as the asymmetric CPC (Collares-
Pereira et al. 1991) and CEC (Collares-Pereira et al. 1995).

When comparing two-stage systems of different secondary concentrators (ideal, non-ideal, symmetric,
asymmetric), one cannot use the geometric concentration ratio as the sole measure of performance
because asymmetric collectors do not follow the ideal 2D geometric concentration and in non-ideal
collectors there is a trade-off between optical transmission and geometric concentration (Mills 1995).
Since flux concentration from the primary is high, high optical transmission of the secondary optic is
favored at the expense of geometric concentration. Optics with somewhat less than maximal
concentration, however, can still lead to compact secondary optics that collect all the radiation from the
primary.

This led to the development of some non-ideal tailored edge-ray concentrators (TERC) (Friedman et al.
1993), designed according to the edge-ray principle (Ries and Rabl 1994). While simplistic, they suffered
significant shading of the primary and were found to be more suitable for point-focus systems where the
shaded area is highly reduced.

A second class of tailored concentrators (Ries and Sprikl 1996) were designed to sacrifice geometric
concentration ratio in favor of optical transmission for reflectors comprised of an involute portion and a
flat portion. The resulting “seagull” concentrators resemble birds in flight and achieve compact secondary
concentration on the order of 2X for parabolic troughs of 90° rim angles (Spirkl et al. 1997).
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Figure Al.1 — Concentration ratio versus geometric efficiency

127



A class of contactless concentrators (asymmetric “snail design” (Benitez et al. 1997), and symmetric
“helmet” design (Benitez 1998) was developed using the simultaneous multiple surface (SMS) method
(Minano and Gonzalez 1992) achieving higher average flux concentrations over previous designs at
similar collection efficiencies (95% maximum concentration ratio for 90% collection efficiency in the
snail design). Simulations also showed concentration boosts of 1.75X were possible using simple arc-
mirrors (inside surface of evacuated glass tube is coated with reflective surface) (Benitez 1998).

Asymmetric designs typically have smaller aspect ratios due to their ability to make use of larger rim
angles (Schmitz et al. 2015). They also achieve higher concentration ratios by the virtue of not-shading
the primary mirror. A composite “symmetric” design (by placing two asymmetric designs side by side)
would incur similar shading losses to a symmetric concentrator but could make use of larger rim angles.

While previous discussions have all been based on parabolic mirrors, one can relax the requirement of a
parabolic primary with the use of nonimaging optics to produce an infinite number of profiles which
achieve the same geometric concentration (Cooper et al. 2014). This has led to the development of new
mirror solutions, such as reflectors that are shaped by inflating metallized polymer films (Good et al.
2014).

A different secondary concentrator (XX-SMS) was proposed for large aperture parabolic-like primary
mirrors (Canavarro et al. 2013). By moving to a rim angle of 55°, the geometric concentration was
doubled compared to existing troughs, but the design suffers lower optical efficiency due to extra shading
and reflection losses. In an effort to reduce these shading losses, an alternative CEC-type design
(Canavarro et al. 2016) incorporating simple v-groove back reflectors (as shown in (Mclntire 1980, Gee
et al. 2002)) was developed for rim angles of 45° with significantly slimmer secondary profiles. While
both designs suffer in optical performance compared to existing PTCs, increased concentration would
theoretically enable more efficient operation at higher temperatures, with higher corresponding thermal-
to-electricity conversion efficiencies. Additionally, both designs require roughly half the number of
collector rows compared to existing plants (due to the larger aperture size), which should reduce the total
cost of components (receivers, pipe length, heat losses, HTF quantity) and installation.

Along the same lines, a “Macrofocal” parabola has been designed and paired with an arc-Helmet type
secondary which improves the concentration ratio 1.6X over traditional troughs while still allowing the
use of standard commercially available 70mm diameter tubes (Bootello 2016) The two-stage system is
designed for a 100% intercept factor and makes use of the simplistic design of the arc-Helmet secondary.

Additionally an investigation was done into the use of simple flat secondary mirrors placed above the
absorber for traditional PTC primary mirrors, allowing increases in concentration ratio up to 1.8X
(Rodriguez-Sanchez and Rosengarten 2015).

There are several alternative non-parabolic linear solutions. One solution is the two-mirror aplanat
(Ostroumov et al. 2009) which achieves excellent compactness but suffers large shading losses (Schmitz
et al. 2015). Another solution combines nested asymmetric concentrators with absorbers located at both
ends of the primary mirror (Benitez 1998). This design achieves compact concentration without requiring
a secondary support structure to hold the absorber.

There are many design options for two stage systems that achieve good optical transmission and
concentration. Early development focused on optimal design of parabolic-paired secondaries, while today
there is more focus on the use of simpler secondaries paired in some cases with customized primary
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optics. There are several strategies for reducing the LCOE of energy delivered by parabolic trough
systems, the use of secondary concentration to reach higher temperatures being one. Down-selection of
both strategy and design will likely be the result of practical system-level considerations combined with
market and economic considerations.

Appendix A2 — Selective Coating Literature Review

Typically most coatings tested and developed for applications up to 400 °C since this was the maximum
operating temperature of most CSP plants. More recently several reviews have reported the development
of high temperature coatings with decent absorptance, emittance, and stability in vacuum at high
temperatures (Kennedy 2002), (Selvakumar & Barshilia 2012), (Cao et al 2014). The emittance of several
selective coatings reported in the literature (Selvakumar and Barshilia 2012, Kennedy 2002) and by
commercial suppliers (Almeco, Himin, Siemens, Schott, Archimede Solar) are plotted in Figure A2.1. A
fit-curve is estimated as a function of temperature based on these coatings.

0.4

I T |
—— =212+ 4e 5T+ 0.05
0.35 @ Research Coatings

® Commercial Coatings

0.3
0.25
@
2
0.2 Himin 7
% Siemens /
w Schott
0.15 '® /
o\ %
01 oo TurboSun 3 B 9 ENEA
/
0.05
TiNo,
0
0 100 200 300 400 500 600 700 800

Temperature (C)

Figure A2.1 — Research & commercial selective coatings plotted against a fit curve.
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