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1. INTRODUCTION

Solar energy is a bountiful renewable energy resource: the energy in the sunlight which reaches Earth in
an hour exceeds the energy consumed by all of humanity in a year." While the phrase "solar energy
conversion™ probably brings photovoltaic (PV) cells to mind first, PV is not the only option for generating
electricity from sunlight. Another promising technology for solar energy conversion is solar-thermal
conversion, commonly referred to as concentrating solar power (CSP).? The first utility-scale CSP plants
were constructed in the 1980s, but for the following two decades CSP saw little expansionf"*4 More recent

3



years, however, have seen a CSP renaissance due to unprecedented growth in the adoption of CSP.>®
Photos of two operating CSP plants, a parabolic trough collector plant and a central receiver (or "power

tower"), are shown in Figure 1.

Figure 1 Photos of two CSP plants: a) Solana Generating Station (proprietary technology of Abengoa Solar, S.A.), a
parabolic trough collector plant in Phoenix, Arizona (original photo by James Loomis) and b) Solar Two, a "power
tower" plant near Barstow, California. Reprinted with permission from reference . Copyright 2015 Elsevier.

There are five steps to a conventional CSP system (illustrated in Figure 2):

Concentration: sunlight incident on a large concentrator is redirected to a much smaller receiver
Absorption: sunlight incident on the receiver is converted to heat by an absorber
Transfer: heat is carried away from the absorber by a heat transfer fluid (HTF)

Storage: heat can be stored in a thermal energy storage (TES) tank for later use

A N

Generation: the HTF delivers heat to a heat engine which generates electricity

It is worth noting that there are many uses for thermal energy and solar thermal systems are not limited to
electricity generation,” however this review will be limited in scope to address technologies which
generate electricity. Transfer, the third step on this list, is not strictly necessary for CSP systems (e.g., the
absorber can be directly coupled to the heat engine), however all currently operating utility-scale CSP
plants use heat transfer fluids. Storage, the fourth step on this list, is optional for CSP systems, however it
is one of the primary advantages compared to other renewable electricity technologies, and as such is an

important step to cover.



Figure 2 Illustrated components of a conventional CSP system: 1) concentrator 2) receiver 3) heat transfer fluid 4)
thermal energy storage and 5) heat engine

Similar to most renewable energy technologies at the time of writing, CSP is not cost-competitive with
conventional fossil-fuel technologies without the aid of governmental subsidies or regulatory advantages.®
To reach cost parity with conventional energy sources (i.e., fossil fuels), advances which reduce CSP
plant construction costs and improve CSP plant efficiency are needed.’ Given current cost estimates for
CSP generated electricity, reaching parity would require about half the current plant cost or double the
current efficiency (realistically a combination of both reduced cost and increased efficiency will be
pursued).”® An important piece of the economics of CSP plants is system design (e.g., navigating the
tradeoff between the size of the plant power block and the size of the concentrator field),’ however this
review will not focus on these issues. Rather, this review will provide a brief overview of the main types
of CSP plants, cover basic CSP operating principles, and focus on materials issues concerning the
performance of CSP components. Since cost is the primary driver of utility-scale CSP technology,
improvements purely in performance are not sufficient for commercial adoption. Rather than efficiency,

the primary figure of merit for a CSP plant is the Levelized Cost Of Energy (LCOE, sometimes also

called Levelized Cost Of Electricity or Levelized Energy Cost), which represents the cost of electrical



energy produced from the plant (typically given in units of cents/lkwWhr) including capital costs and
operations and maintenance costs.™"*? Thus, in addition to efficiency, affordability and reliability are very

important to the feasibility of new CSP solutions.

1.1. CSP Configurations

There are a number of configurations which are commonly used as concentrators for CSP systems. The
first step of concentrating sunlight from a concentrator to a receiver is not necessary for all solar-thermal
applications, however for electricity generation it is almost always a requirement. CSP systems require
concentration to be efficient, as otherwise system losses would be dominated by the large receiver areas at
the high temperatures required to drive a heat engine efficiently. The level of concentration can be
characterized by the concentration ratio, which is the ratio of the concentrator aperture area (the large
mirror area intercepting sunlight) to the receiver aperture area (the small receiver area where the sunlight
is redirected). Because concentration is required, CSP can only use the direct portion of sunlight (diffuse
sunlight cannot be concentrated easily) which limits the best locations for CSP plants to areas with high
average annual direct normal irradiation.”® Due to the solar progression across the sky (daily in the east-
west direction and both daily and seasonally in the north-south direction) two-axis tracking is required to
maintain a concentrator normal to the sun. With two-axis tracking sunlight can be focused approximately
to a point (“point-focus™). While the sun has both east-west and north-south movement, most of its daily
movement is in the east-west direction. If one only tracks a concentrator in the east-west direction,
sunlight can be focused approximately to a line (“line-focus”). Both line-focus and point-focus
concentrators can be found in commercial use.** Point-focus systems can achieve higher concentration
ratios (~1,000x), but the required two-axis solar tracking is more complex and more expensive to
implement. Line-focus systems have lower concentration ratios (~80x) but use simpler, less expensive

one-axis solar tracking.

Another distinction between different types of concentrators is whether the collecting surface is

continuous or made up of discrete facets. Concentrators with continuous surfaces can achieve higher
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concentration ratios, as there is no sunlight lost between facets, and tracking is simpler since only one
surface needs to be actuated. When using a continuous surface, the focal axis should always intersect both
the receiver and the sun, so the receiver is typically mounted with the reflector in one assembly, limiting
the receiver size. Concentrators with discrete facets can cover a greater area since the receivers can be
stationary (they do not need to be tracked with the reflecting surfaces). Additionally, wind loading is
typically a smaller concern for discrete facets since they can be kept closer to the ground (the stationary
receivers in this case are still elevated so wind loading should be considered, but they are less susceptible

to damage than reflector elements).

The four combinations of these two distinctions (point-focus vs. line-focus and continuous surface vs.
discrete facets) result in the four primary concentrators for CSP systems: Parabolic trough collectors
(PTC), linear Fresnel reflectors (LFR),"™® parabolic dish reflectors and heliostat fields, which are all
shown in Figure 3. In a parabolic trough collector, a long, curved, trough-shaped mirror tracks the sun
from east to west and concentrates sunlight on a pipe at the focus of the curved mirror, with the whole
assembly rotating together. In a linear Fresnel reflector, long mirrors tracking the sun from east to west
reflect sunlight onto a fixed, raised receiver. The “Fresnel” in this concentrator’s name originates from the
many reflector elements approximating a continuous curve, as in a Fresnel lens. With a parabolic dish, the
sun is tracked on both axes across the sky, and sunlight is focused on a receiver which moves with the
dish, such that it is always on-axis with the sun. In a heliostat field, individual mirrors track the sun across
the sky to reflect sunlight to a central, raised receiver. Thus, PTCs and LFRs are line-focus systems, while
parabolic dish reflectors and heliostat fields are point-focus, and PTCs and parabolic dishes use
continuous surfaces, while LFRs and heliostat fields use discrete facets. It should be noted that parabolic
dish systems sometimes have discrete reflector facets which form the overall parabolic shape, but since
these facets are fixed in position relative to each other, they can be effectively considered a continuous

reflective surface. While these characteristics in principle only determine the concentrator of the CSP



system, in practice the concentrator type determines many of the operating conditions of the overall

system.

This connection between concentrator type and plant operating conditions is a result of the concentrator
being paramount in determining the receiver concentration ratio and the overall plant size. As an example,
parabolic dish plants are almost ubiquitously referred to as dish Stirling systems, due to how commonly
they are paired with a Stirling engine to convert heat to electricity.” Similarly, plants which use a
heliostat field as the concentrator are often called power tower or central receiver systems, referring to the

large tower where sunlight is focused at the center of the field.
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Figure 3 Illustrations and photos of CSP plant configurations: a) illustration of a parabolic trough collector, b) photo of a
PTC reprinted with permission from reference *®, Copyright 2012 Elsevier. c) illustration of a linear Fresnel reflector, d)
photo of the FRESDEMO LFR project demonstration at Plataforma Solar de Almeria in Spain reprinted with permission
from reference °. Copyright 2014 Elsevier. e) illustration of a parabolic dish, f) photo of Maricopa Solar project in
Arizona reprinted with permission from reference ®. Copyright 2015 Elsevier. g) illustration of a heliostat field (“power
tower”) plant and h) photo of Solar Tres in Sevilla, Spain reprinted with permission from reference ®. Copyright 2015
Elsevier

While in principle lenses can also be used as the concentrating element in a solar concentrator, there has
been limited deployment in CSP primarily due to higher cost per area than reflector systems, and

difficulties in making precise lenses at the large scales required for CSP. Significant progress has been



made in optical designs of Fresnel lenses, and Fresnel lenses have seen use in commercial concentrated
PV (CPV) systems."® However, in order for Fresnel lenses to achieve substantial adoption in CSP, they

would need to be made larger and cheaper.

To give an idea of the basic characteristics of the different types of CSP plants, Table 1 has typical
LCOE, annual efficiency, peak efficiency, operating temperature, and concentration ratio of the four types
of CSP systems. It should be noted that the values reported here are characteristic of the concentrator
type, but individual plants may have different values. Here peak efficiency refers to the highest
instantaneous solar to electricity efficiency achieved (typically during solar noon) while annual efficiency
(annual electrical energy output divided by annual solar energy incident on the solar concentrators during
operating hours) considers the effect of daily and seasonal variation on performance, and is a more
relevant to LCOE than peak efficiency. It is difficult to assign characteristic LCOE values, as estimated
LCOE values for the different CSP technologies vary widely by reference, even when only considering
the LCOE of electricity generated by utility-scale plants currently in operation.****?*# This uncertainty is
somewhat exacerbated by the limited number of plants operating for all the technologies besides parabolic
trough collectors. While the current cost of electricity from CSP is greater than the cost from conventional

sources, many parties are optimistic about significant LCOE reduction in the next decade for CSP.'##"?2

Table 1 Typical performance metrics for the four primary CSP plant configurations®131421:23-26

LCOE Annual Peak efficiency | Operating Concentration
[USD/kwh] efficiency [%] | [%] temperature ratio
[°C]
PTC 0.16-0.40 14 25 400 80
Heliostat /]0.13-0.30 16 22 400 - 600 1000
Power Tower
LFR 0.14 - 0.45 13 18 300 — 400 30
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Parabolic Dish | No commercial | 20 32 550 — 750 1500

plants

PV currently has the largest deployment among solar electricity technologies, with the LCOE of
electricity from PV quickly dropping over the past decade,’ but there are a few differences between CSP
and PV that make CSP worth pursuing even given the lower cost of PV. Many of the practical differences
arise due to the fact that CSP plants use well-established turbine technologies to generate electricity.
Turbines have much different scaling than PV systems, and become more efficient and cost effective with
increasing size, so CSP can excel in large installations. On the other hand, this limits small plants, and
there are effectively no options for residential scale CSP installations (an area where PV shines). A large
hurdle for constructing CSP plants is financing them, as capital costs are very high (typical plant
construction costs are in excess of $1 billion USD) and payback periods are long for CSP projects.”” If
CSP could operate efficiently and cost effectively in small-scale plants, it would lower the capital costs
required to undertake a CSP project and accelerate the learning cycles for CSP technologies. Another
interesting opportunity for CSP that arises from its use of conventional turbine generators is that CSP can
be retrofitted onto existing fossil fuel plants to reduce their fuel consumption and replace that input with
solar energy.?®® A significant advantage that CSP has over PV, which arises from its intermediary use of
heat, is the potential for thermal storage.® With a PV system, electricity is only produced when the sun is
shining on the PV cells. Production of electricity is interrupted when a cloud passes over the PV panels
and when the sun sets. For a PV system, if electricity is desired when the sun is not shining then collected
electricity must be stored, but rechargeable battery technology is very expensive, which limits the
potential to use PV with storage in practice. In contrast, CSP systems can store the thermal energy they
collect inexpensively, which can be converted to electricity later on demand. By using thermal storage,
electricity can be produced from solar thermal systems reliably even when the sun is no longer shining on

the collector, which increases the value of CSP plants.®* A recent study by Jorgenson, et al. found that
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electricity produced by CSP with storage could be more than twice as valuable to a utility provider than
electricity produced from PV.* Additionally, while the price of PV and batteries are dropping, CSP with

thermal storage is predicted to be cheaper than PV with battery storage.®

While CSP has not seen as widespread adoption as PV, it does account for a hon-trivial amount of current
global renewable electricity generation. By 2013, there were about 3.4 GW of installed CSP operational
capacity worldwide, with the great majority in the USA and Spain.® Most of the current installed capacity
uses parabolic trough collectors, however the CSP technologies being installed are diversifying. As an
example, the largest CSP plant in operation (both in terms of land area and peak power output) is the
BrightSource Ivanpah plant, which uses a heliostat field concentrator. Some of the most notable plants
currently operating are listed in Table 2. As it is the most mature technology, many of the largest
companies in CSP work with PTCs (sometimes in addition to other technologies) such as Abengoa Solar,
Acciona, Rioglass, Schott Solar, and Torresol Energy. There are also large companies that work with
power tower plants (e.g., BrightSource and SolarReserve), as well as LFR technologies (e.g., Areva Solar
and Novatec Solar), driven by the potential for lower LCOE. While there are no commercial scale
parabolic dish plants currently operating, a few companies are working with this technology — such as

Ripasso Energy for dish Stirling systems and Heliofocus for hybridization with coal plants.

Table 2 Large and notable operating CSP plants34

Gross capacity Concentrator Operational
Name Location Notes
(MW) type since
San Bernardino, Heliostat /
Ivanpah 392 2014
CA, USA Power Tower

Mojave Desert,
SEGS 354 PTC 1984
CA, USA

Mojave  Solar =280 Barstow, CA, PTC 2014
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Project USA
Solana
Gila Bend, AZ, 6 h thermal
Generating 280 PTC 2013
USA storage
Station
Genesis  Solar Blythe, CA,
250 PTC 2014
Energy Project USA
Solaben 200 Logrosan, Spain = PTC 2012
Sanlucar la
Solnova 150 PTC 2010
Mayor, Spain
7.5 h thermal
Andasol 150 Guadix, Spain PTC 2008
storage
Torre de Miguel 7.5 h thermal
Extresol 150 PTC 2010
Sesmero, Spain storage
Dhursar 125 Dhursar, India LFR 2014
Martin Next
Generation Indiantown, FL, Integrated solar
75 PTC 2010
Solar  Energy USA combined cycle
Center
Puerto Errado 31.4 Murcia, Spain LFR 2009
1.2. Maximum efficiency of a CSP system

A natural gquestion which arises when considering CSP is “what is the highest efficiency a CSP system
can achieve?” While LCOE is more important in practice, efficiency is a strong lever of LCOE, and
finding maximum efficiency is a tractable thermodynamics problem (whereas finding minimum LCOE is

not). The maximum efficiency can be determined most easily by separating system efficiency into two
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sub-efficiencies: the sunlight to heat conversion process (receiver efficiency) and the heat to electricity
conversion process. The receiver efficiency is calculated as the absorbed heat minus any losses divided by
the solar power incident on the receiver. A simplified version of receiver efficiency n,... (which will be
discussed further in section 3) assuming the only loss is radiation from the absorbing surface (the only

thermodynamically required loss) is given by:

_ EO_(Tlg - T;mb)

Mrec = @ ncollCG

M)

where « is receiver absorptance, € is receiver emittance, o is the Stefan-Boltzmann constant, Ty, is the
receiver temperature, Ty, IS the ambient temperature, n.,n. IS the concentrator efficiency (ratio of
sunlight directed to the receiver by the concentrator divided by sunlight incident on the concentrator), C is
concentration ratio, and G is the solar insolation. The efficiency of the heat to electricity conversion
process is well known to be limited at the Carnot efficiency. In the case where the heat engine converts at
Carnot efficiency, the total efficiency is thus given by the product of the receiver efficiency and Carnot

efficiency:

n= (a _ EO_(TI:‘; - T;mb)> (1 _ Tamb) 2
NeoncCG Ty 2)

One ideal receiver would be a blackbody absorber with the maximum possible concentration ratio
incident on it. While it may not be immediately clear why a maximum concentration ratio exists, from a
thermodynamics standpoint this arises because arbitrarily high concentration ratios could lead to
arbitrarily high temperatures.® At some point this would lead to heat flowing from the sun to an absorber
hotter than the sun, violating the second law of thermodynamics. From an optical standpoint, the limited
concentration ratio arises from the finite solid angle of the sun in the sky on Earth, leading to a non-zero
divergence angle of sunlight at the Earth’s surface. If, by contrast, there was an infinitesimal point source
illuminating the Earth with perfectly collimated radiation, it would be possible to concentrate that light to

an arbitrarily high ratio. The maximum value of 7n.,;;CG is thus the flux at the surface of the sun (¢Ts,,,),
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which assumes a concentrator efficiency of unity and the maximum concentration ratio. The efficiency of

such an ideal system can therefore be given by

n= <1 _ TIj‘I‘ - Témb) (1 _ Tamb) 3
Ts%;n TH ( )

It is typical to take T,,,; to be 300 K (27 °C) and Ty, to be 5800 K (~5500 °C, the apparent sun surface

temperature). Using these values, efficiency is maximized when Ty is set at 2480 K (~2200 °C) which
yields an efficiency of about 85%. Systems today fall short of this efficiency for a number of reasons. An
obvious reason is that the Carnot limit cannot be reached for practical heat engines. Another reason is that
current systems do not operate at ~2200 °C, due to the limited stability of absorbers, heat transfer fluids,
and heat engines. Finally, current solar receivers are not perfect. There are other ways to achieve a perfect
receiver besides the maximum concentration that was explored in this exercise, but all current
technologies fall short of ideal performance (other techniques for improving receiver efficiency will be
discussed in section 3). This review addresses research areas where performance can be brought closer to

ideal, and some of the associated challenges.

This review paper will discuss different subcomponents of a CSP system in the order that energy transfers
through the CSP system: concentrator/reflector (section 2), receiver/absorber (section 3), heat transfer
fluid (section 4), thermal storage (section 5) and heat engine (section 6). Each section will cover the
properties required for high performance, the current state of the art used in the field, and current research

directions to improve performance even further.

2. CONCENTRATOR/REFLECTOR

The concentrator of a CSP system uses reflector facets to optically concentrate solar energy and direct this

concentrated flux to the receiver. The concentrator consists of a combination of reflector, structural or
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supporting elements, and a one-axis (for PTC and LFR) or two-axis (for dish and helisostat) tracking
system.®* Concentrators are used in CSP systems because concentration is required for efficient
conversion at high operating temperatures,®” however there are additional benefits such as reducing the
amount of costly receiver materials needed. While mirror materials are usually much less expensive than
the materials used for the receiver on a per area basis, the concentrator typically accounts for the largest
amount of capital investment among all subsystems in a CSP project.®® As such, concentrator systems
present an attractive target for cost reduction.* Furthermore, reflector cost makes up approximately half
of the concentrator cost, so low cost mirrors are an ongoing area of research.®® Reflectors with lower cost,
improved optical performance, higher durability, and lower maintenance/cleaning requirements are highly
desirable and represent key areas of research. This section begins with a discussion of the important
characteristics of concentrators and reflectors, then reviews the materials commonly used in reflectors,

and finally discusses challenges with reflector degradation and methods for its prevention.

2.1. Concentrator characteristics

A concentrator can be characterized by its concentration ratio and concentrator efficiency. The geometric
concentration ratio refers to the ratio of the concentrator aperture area (the large mirror area intercepting
sunlight) to the receiver aperture area (the small receiver area where the sunlight is redirected). Stated
more intuitively, it is the maximum possible ratio that the concentrator is designed to concentrate sunlight
to, so a concentrator with a geometric concentration ratio of 10x aims to provide a radiative flux ten times
that of direct sunlight to the receiver. One-axis systems typically have concentration ratios less than 100x
while two-axis systems typically have concentration ratios greater than 500x. It should be noted that by
this definition, PTC concentration ratio is typically around 80-100x, however if the receiver surface area
(given by PTC tube receiver circumference) is used rather than receiver aperture area (given by tube

diameter) then the concentration ratio will be smaller by a factor of mr, and some literature follows this
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convention.* The concentrator efficiency refers to the ratio of sunlight that reaches the receiver divided
by the sunlight incident on the concentrator. Concentrator efficiency drops below unity in real systems
due to imperfect reflector materials and challenges associated with varying solar elevation (e.g., cosine
losses from angled reflectors when the sun is low in the sky). The optical properties of the reflectors and
the design of the concentrator (e.g., placement of heliostats relative to the central receiver*>*®) are both
important to achieving high concentrator efficiency, however this review only focuses on reflector

properties.

Ideally all concentrators would be able to achieve extremely high concentration ratios, however in
practice the concentration ratio is limited due to the finite divergence angle of sunlight on earth (as
previously mentioned in section 1.2). The maximum achievable concentration ratio C,,, is determined

by the rim angle of the concentrator 1,;,,, and given by conservation of etendue:*

siny,;
Cmax,lax = ﬁ (4)
sun
. 2
siny,;
Cmax2ax = (ﬁ) (%)
sun

where Cpgx1ax ANd Crgx 245 a@re the maximum concentration ratios for one-axis and two-axis systems
respectively, and 6y, is the divergence half angle of sunlight on earth (approximately 4.8 mrad or
0.275°).* The rim angle refers to the largest angle at which reflected sunlight from the concentrator
strikes the receiver (see Figure 4(a)). For a flat receiver, the largest possible rim angle is m/2, which
corresponds to sunlight incoming from the entire hemispherical solid angle the receiver is exposed to. For
such a receiver, the maximum attainable concentration ratios are approximately 210x for a one-axis
system and 43000x for a two-axis system. Real concentrators cannot achieve such high concentration

ratios due to imperfect tracking and imperfections in reflector surfaces.
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receiver R secondary
# rim ‘. reflector

primary
reflector

concentrator

Figure 4 Diagram illustrating a) concentrator rim angle ¥,,;,, and b) secondary reflector concept. The rim angle is the
largest angle that reflected sunlight from the concentrator strikes the receiver. A secondary reflector concentrates flux
from the primary reflector further before directing it to the receiver

Reflector geometry can take a number of forms in the solar thermal system between line-focus and point-
focus as well as continuous and faceted concentrators. For continuous surfaces, the reflectors need to be
curved in order to concentrate sunlight, whereas faceted surfaces can use curved or flat reflectors. From
the names of the continuous surfaces (“parabolic trough collector” and “parabolic dish”) it is clear that a
parabolic geometry is common for concentrators. Parabolic geometries are used because a parabola will
reflect collimated rays to a point,”® and therefore sunlight, which is close to collimated, can be focused to
small area by a parabolic reflector. In practice, parabolic geometries are sometimes approximated by
spherical surfaces, which can be easier to manufacture. Because sunlight is not perfectly collimated,
better concentrator performance can be achieved by using principles of hon-imaging optics. For example,
the compound parabolic concentrator (CPC), which incorporates two different parabolic sections in the
one-axis case, can reach maximum solar concentration in theory.* Faceted surfaces can focus sunlight
with flat reflectors because the overall geometry still approximates a curved surface, however using
curved surfaces will allow improved performance.®®* In addition to the primary reflectors described
above, some systems utilize a secondary optical concentrator to further concentrate the sunlight before it

reaches the receiver (see Figure 4(b)). While the potential for improved performance is promising,
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secondary concentrators are exposed to additional stresses beyond those experienced by the primary

mirror, including higher radiation fluxes and elevated temperatures.’

2.2. Optical properties and characterization

Low-cost and robust reflector materials are required in order to maintain high specular reflectance
properties while exposed to harsh outdoor oxidizing/corrosive environmental conditions (such as heat,
humidity, wind loading, salt spray, etc.) over the 10 — 30 year system lifetimes.”” As summarized by
Brogren et al., concentrating reflectors must fulfill a number of different, and often times competing,
roles. These roles include aspects such as providing high reflectance of incident solar radiation onto the
receiver/absorber; maintaining high reflectance values over the system lifetime; low cost; low operation
and maintenance (O&M) costs; and high mechanical strength (suitable to handle wind/snow loading,
etc.). Furthermore, mirrors should be lightweight, utilize environmentally benign fabrication techniques
and construction methods (or at least low impact compared to competing technologies), and to some

extent they should be aesthetically pleasing (depending on proximity to high population density areas).*

The primary optical property of importance for a reflector in a CSP concentrator is specular reflectance.
In specular reflection, the reflected ray leaves the surface at the same angle which the incident ray struck
the surface (with respect to the surface normal) and the incident, reflected and surface normal directions
are coplanar (see Figure 5). Stated more simply, specular reflection is the reflective behavior one would
expect of a mirror. This is in contrast to diffuse reflection, in which the reflected rays are scattered into all
directions. Specular reflection is the only useful component of reflection for CSP concentrators because it
allows incident direct sunlight to be redirected and concentrated, whereas diffuse reflection will almost

entirely be lost to the surroundings. Furthermore, the only component of light that can be concentrated is
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direct illumination, diffuse or scattered radiation (e.g., sunlight on a cloudy day when the sun is blocked)

is not concentrated.***

incident reflected
ray surface ray
normal

optical
error cone

/

Figure 5 Illustration of specular reflectance and how it is measured. In specular reflection, the incidence angle 6, and
reflection angle 8, of the reflected ray are equal with respect to the surface normal, and the incident ray, reflected ray
and surface normal are coplanar. In measurements, reflected radiation is considered specular if it falls within the optical
error cone of the reflected ray, defined by the divergence half angle ¢

mirror

Three parameters that define the specular reflectance of a solar mirror are the wavelength of radiation (1),
incidence angle (6,,.), and optical error (¢).>* The optical error refers to the divergence from the angle of
reflection that is acceptable to still be considered specular reflection (nominally a 4 mrad half cone angle
for two-axis systems and a 12.5 mrad half cone angle for one-axis systems, see Figure 5).*” A smaller
optical error allows higher concentration ratios to be reached, but also requires more precise control of
reflector surface roughness. For a given wavelength, incidence angle, and optical error, specular
reflectance p; g ; is defined as the fractional proportion of an incident collimated beam reflected such that
the angle of reflectance is equal to the angle of incidence, within the optical error.*® The solar weighted
specular reflectance p, can be calculated by integrating over the solar spectrum (with incidence angle

typically taken as near normal to the mirror):

1 [oe]
Grg? _[0 LS Ps,0.1(Oine, )G (1)dQdA (6)
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where G is the solar insolation and Q is the solid angle of the reflected cone (reflected angle with error
cone given by optical error ¢). Specular reflectance can be affected by properties such as micro-
roughness in the reflector surface, crazing of protective topcoats, and impurities in protective glass — all of

which can reduce optical performance via reflectance of light outside of the target angle.*’

Testing of optical properties and knowledge of reflector degradation over the system lifetime is essential
to ensure adequate performance. Furthermore, thorough testing helps identify failure areas or weak points
in material properties or fabrication techniques and enables targeting those specific areas for future
research and development. NREL initiated an outdoor testing program in 1994, with the German
Aerospace center (DLR) and Spanish research center (CIEMAT) joining in 1995 and 1996 respectively.®’
DLR, CIEMAT, and NREL developed a clear definition of the method and requirements needed of
commercial instruments for reliable reflectance results.>® For specular reflectance measurements, they
recommend the use of a UV-Vis-NIR spectrophotometer. A round robin test performed between the three
laboratories showed surprisingly large differences (given that these labs developed and followed the
measurement standards) in hemispherical reflectance (py, ratio of sunlight reflected in any direction to
incident sunlight) of up to 0.02 and specular reflectance (ps) of up to 0.015 between the laboratories,
indicating the importance of standardized testing procedures (for reference, the measured reflectance
values were typically around 0.95 and the measurement uncertainty within a single lab was less than
0.005). Karim et al. pointed out that there is no mechanical durability standard related to the site exposure
conditions, so they researched geologic and climate parameters to determine which ones most influenced
surface wear rate of the solar mirrors.> They then defined an approach to determine these parameters on
potential deployment sites, helping to evaluate potential mirror damage that would be expected at a

particular site.

Due to the importance of concentrator performance in deployed systems, a number of methods have been

developed to test the optical properties of reflectors installed in operating plants. These methods include
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commercially available reflectometers which can be used to point check the specular reflectance of
mirrors in the field, such as the 15R specular reflectometer from Devices and Services Instruments.>
Sutter et al. developed a spatially resolved reflectometer to monitor corrosion of solar reflectors which is
able to measure properties over a relatively large area (5 cm diameter spot) at a resolution of 37
pixels/mm.** Using a non-reflectometer approach, Valenzuela et al. presented a method to test optical
performance of large scale parabolic-trough collectors which uses an energy balance on the heat transfer
fluid to measure concentrator efficiency, and demonstrated this method on a PTC prototype at the

Plataforma Solar de Almeria (PSA) in Spain.*®

2.3. Reflector materials

A number of different methods are used to construct the reflector facets for CSP concentrators. These
methods include the application of reflective coatings on the back of glass (back surface reflectors, see
Figure 6(a) and (b)) and the application of reflective coatings on substrates (front surface reflectors, see
Figure 6(c) and (d)). Silver and aluminum have the best reflectance (~97% and 92% respectively),* and
as such are the most common coating materials used as the reflecting layers in CSP concentrators. While
glass has been the traditional choice for use as a superstrate mirror material in CSP systems, other

" such as coated aluminum reflectors (Figure 6(c)) and

materials are presenting viable alternatives,’
polymeric film reflectors (Figure 6(d)).” Of the candidate materials, silver coated glass (Figure 6(a) and
(b)) and silvered polymer films (Figure 6(d)) dominate.*” Advantages to using glass generally include a
higher level of performance than other options, as well as ability to maintain high performance levels for
relatively long lifetimes.>” Disadvantages to using glass (both thin and thick) can include fragility, weight,

formability, and thermal expansion mismatch between glass and other layers.>” Furthermore, the use of

silver in reflectors requires careful protection from the environment,>® which can be accomplished
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through the incorporation of additional glass layers, metal coatings, or polymer stabilizers.>® Conversely,
silvered polymer reflectors address some of the issues inherent with glass, and introduce greater design
flexibility, lighter weight, and potential for lower cost — albeit with several unsolved problems such as
poor adhesion, lower performance and current costs higher than targets.*” Table 3 summarizes the

advantages and challenges associated with each major reflector type.
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Back layer Back layer
Moultilayer protective paint Multilayer protective paint
c) M d) AL
4 L, = L,
5 rd < 5
2 < 2 <
o r i =
A A
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Oxide enhancing layer Bonding layer
Aluminum reflective layer Base reflector

Figure 6 Examples of reflector construction: a) thick glass mirror, b) thin glass mirror, c) aluminum reflector, and d)
polymer substrate reflector. Adapted with permission from reference . Copyright 2005 American Society of Mechanical
Engineers.

Table 3 Advantages and challenges associated with the major reflector types

Reflector type Primary advantage Challenges
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Thick glass mirror High performance and good | Heavy

durability
Thin glass mirror Reduced weight Fragility, reduced durability
Aluminum reflector Reduced cost Poor long term durability
Polymer substrate reflector Reduced cost and weight Durability and adhesion issues

Thick glass mirrors (Figure 6(a)), which refer to mirrors where the glass is thicker than 1 mm have
demonstrated excellent durability, but at the cost of increased difficulties such as breakability,
formability, brittleness, expansion, and weight.”®*" Thick glass mirrors were deployed in the SEGS plants,
which utilized Flabeg thick glass mirrors.®*®* Mirrors produced after 2003 employ a low-lead paint
system with the lead content reduced to the point where durability was anticipated to remain constant.®
Construction of thick glass mirrors consists of the following layers: >1 mm thick low-iron glass with a
reflective wet-silver layer, copper back layer, 2.5% lead paint layer, 1% lead intermediate paint, and
finally an acrylic-based final coat.”” The backing layers are used to protect the silver layer, which is
susceptible to airborne pollutants and tarnishing, and use of the copper and protective layers has been

found to significantly extend the lifetime of the reflectors.*’

An alternative configuration, which uses a copper-less backing layer, also has lower lead content paint
layers (<0.15%, originally developed for interior applications), followed by an adhesive layer and finally
the substrate. Testing showed durability of these mirrors to be equivalent to the higher lead counterparts.®
Accelerated testing indicated non-mirror back-protective paint applied after the mirrors were
manufactured was not beneficial. While more environmentally friendly, the manufacturing process using

|60

the copper-free backing layer necessitates very strict quality control.”™ Additional types of thick glass
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reflectors include Pilkington (UK, 4 mm) and Cristaleria Espanola S.A (Spain, 3 mm) with reflectances of

93.3% and 92.8% respectively.

In trying to address formability issues associated with glass mirrors (that is, difficulty in manufacturing
the mirrors to be the desired shape), Angel et al. reported on a new method using radiative heating to
shape the solar concentrator mirrors.® This high volume manufacturing method can be applicable to both
point and line concentration. They successfully demonstrated their radiative heating approach using thick

glass mirrors (4 mm).

Conversely, thin glass mirrors (Figure 6(b)) utilize <1 mm thick low-iron glass, a wet-silvered reflective
layer, either copper or copper-free back layers, and lead-free paints.®® For reflector materials, current state
of the art systems use mechanically flexed thin (<1 mm) glass with a silver backing.” They typically have
reflectances of 93% to 96%.*” While lighter than thick glass mirrors, thin glass mirrors are more
susceptible to chemical attack.*® Naturally, this thinner structure is also more fragile, which increases
handling difficulty and can negatively impact overall system costs.*” As was noted by Kennedy and
Terwilliger, a critical factor in performance degradation is the choice of adhesive and ensuring adequate

edge protection — both of which can reduce the thin glass durability.*’

Butel et al. investigated methods to increase the reflectance of silver back surface reflectors.®® They found
that a dielectric enhancing layer sandwiched between the silver and glass can improve performance at
shorter wavelengths. At longer wavelengths, use of glass with low iron content further enhances
reflectance.®® Small amounts of iron impurities in the glass can cause it to absorb in the red and infrared,
therefore the use of low iron content glasses is preferable. They reported an (absolute) increase in
specular reflectance of 2.7% (CPV systems using triple junction cells) to 4.4% (full solar spectrum

average), with a drawn crown glass and a silvered second-surface having 95.4% reflectance.®®

While glass has been the traditional choice for use as a mirror material in CSP systems, other materials

are presenting viable alternatives to achieve performance, cost, and reliability targets.57 For example,
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aluminum based reflectors (Figure 6(c)) use an aluminum substrate with an enhanced aluminum reflector
layer topped by a protective coating (to prevent oxidation).”” Reflectors using anodized or coated
aluminum have good mechanical properties, are easily recyclable, offer initial reflectance values around
87-91%, are relatively low cost, and provide greater design flexibility.® However, they offer subpar
durability long term, and unprotected surfaces will quickly degrade. To alleviate this issue, an anodizing

layer (Al,O3) helps to protect the surface and increase reflector lifetime.*

Braendle reported that Alanod-Solar high efficiency metal mirrors (fabricated using a continuous air-to-
air PVD process) achieve a reflectance of 95%.°” This high value is achieved via the addition of a highly
reflective layer to the aluminum substrate. Mirrors with an anodized aluminum substrate, a PVD
aluminum reflective layer and a protective oxide topcoat to enhance reflectivity have inadequate
durability.*® While an additional polymeric overcoat improves the hemispherical durability, specularity is
degraded. Recent NREL testing of aluminum mirrors (Alanod-Solar metal-based MIRO-SUN) over a
three year period showed an average decrease of <1% in specular reflectance (measured on a 25 mrad half
cone angle).”” Brogren et al. proposed laminating a thin sheet of aluminum onto a steel substrate,
therefore taking advantage of the high reflectance of aluminum and the rigidity of steel, and resulting in a

cost reduction due to the more rigid structure.”®

Fend et al. studied anodized/coated sheet aluminum and found they have solar weighted reflectances of
88-91%, good mechanical properties and are easy to recycle.”” However, problems occur due to their
limited corrosion resistance. In this study the optical properties were investigated for a number of
different aluminized reflector materials after accelerated and outdoor exposure tests.”” Materials tested
included standard commercial anodized sheet aluminum with layers of different thicknesses and standard
high specular aluminum with a metal-oxide layer system plus an anti-oxidation polymer coating.* Results

show that optical degradation is strongly dependent on climatic conditions.
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Recently, silvered polymer reflectors have been introduced (Figure 6(d)) which feature a polymer
(PMMA) film with an evaporated silver reflective layer, a protective copper layer, and an adhesive layer
(for attachment to a support structure).*” Advantages to using acrylic reflectors include design flexibility,
good weathering characteristics and good optical characteristics. Drawbacks include brittleness, and
difficulty in adhesion between the polymer and the silver reflective layer resulting in delamination in
rainy conditions.”” ReflecTech, another polymer based reflector material, is fabricated from a flexible,
polymer-based silver film, and supplied on a roll and co-developed with NREL.** This material has a
specular reflectance of 94%.% Advantages to this material include low cost, light weight (3.6 kg/m?), and

flexibility.

24. Reflector degradation

Maintaining high concentrator efficiency is critical to a plant continuing to operate at high performance
over the course of its lifetime, intended to exceed 30 years. For concentrator efficiency to remain high, the
shape and specular reflectance of the reflectors must not degrade significantly over the long time scale of
their operation. Specular reflectance is sensitive to the roughness of the mirror surface, and even small
surface scratches and aberrations can diminish it, which is part of why reflector degradation is such a
challenge. Reflectance can be reduced by delamination of the layered mirror structures and
corrosion/oxidation of the reflecting metal layers, which is why so much of the construction is focused on
protecting the reflective layer. Concentrator performance can also degrade from environmental factors:
dust on the reflectors, mechanical deformation from wind loading, and weathering from environmental
factors such as rain, humidity, temperature variations and UV radiation can all negatively impact
performance. Reflectors are tested after aging has occurred in order to characterize their degradation with
time. While ideally the aging conditions would match what is experienced in a deployed CSP plant, in

order to obtain results in a timely manner accelerated aging is often used, where the reflectors are
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subjected to controlled temperature, humidity and UV radiation cycling over a faster period than the

diurnal cycling experienced in the field.*" 4>

Brogren et al. conducted accelerated aging research on optical properties of solar reflector materials.®
They found that silvered glass fared very well in accelerated testing, with almost no change in optical
properties after 2000 hours in the climatic test chamber. Anodized aluminum, thin film-coated aluminum,
and lacquered rolled aluminum remained specularly reflecting after the tests, but had reduced
performance (reflectance decreased by ~10%, ~5% and ~20%, respectively). Tests on laminated
evaporated aluminum reflectors showed that reflectance, which was specular initially, became diffuse
(<10% solar weighted specular reflectance).®® These laminated and lacquered reflectors performed better
in accelerated aging tests than unprotected thin film-coated and anodized aluminum — which show
significant degradation.”® Thus it was found that optical degradation depends both on the protective layer
used and on environmental conditions. Brogren’s work shows that discrepancies between results from
outdoor and accelerated aging test demonstrate that a thorough understanding of corrosion processes is

necessary in order to draw concrete conclusions regarding long-term performance.®

Fend et al. report on long-term durability tests of reflector materials in coordination with IEA-
SolarPACES, NREL, USA, the Centro de Investigaciones Energeticas, Medioambientales y Tecnologicas
(CIEMAT, Spain) and Deutsches Zentrum fur Luft- und Raumfahrt (DLR, Germany).* They conducted
accelerated aging tests on a number of materials at various testing sites. They identified various silvered
glass mirrors, a silvered polymer film, and an anodized sheet aluminum (featuring an additional protective
polymer coating) as promising materials for long term durability (reflectances stayed within ~5% of the
starting value after 48-84 months of testing).*® Fend et al. determined that from more than 50 different

reflector configurations, corrosion is the most severe factor limiting reflector lifetimes.*

Secondary concentrators are exposed to harsher conditions (higher incident flux, and therefore higher

temperature) than primary reflectors, making degradation an even more important concern. Fernandez-
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Garcia et al. published research about the durability of solar reflector materials used in secondary
concentrators.®” They simulated reflector degradation due to a combination of ambient environmental
conditions and high concentrated irradiation. Their results showed that aluminum reflectors and thin
silvered-glass reflectors glued to an aluminum structure showed minimum reflectance losses (<5%) and
structural degradation (in a cooled secondary concentrating tower system). Furthermore, they identified
three critical aspects to minimize degradation, including choice of adhesive material (for gluing silvered-
glass reflectors), proper reflector edge protection, and a suitable cooling system and to avoid coupling
high radiation fluxes with mechanical stress. Silvered-glass reflectors were shown to be suitable for

uncooled 2D secondary concentrators in LFR systems.*’

Dust accumulation can greatly affect performance of the reflectors used in CSP plants, as the dust will
absorb or diffusely scatter incident sunlight (rather than the desired outcome of specular reflection), and
dust is common in regions with high DNI sunlight that is desirable for CSP operation (e.g., deserts).
Many studies have been published on the effects of dust accumulation on the performance of solar energy
conversion systems, the interested reader is referred to a review by Sarver et al. for a thorough
overview.®® Currently, the most common method for dealing with dust accumulation is cleaning the
reflector surfaces with water (“wet-cleaning”): as one example, Hegazy studied effects of dust

accumulation on solar transmittance and recommended weekly cleaning of the glass surfaces.®’

Wet-cleaning is not an ideal solution, as it is labor intensive and requires large amounts of water in areas
where water is typically scarce (e.g., deserts).®® Thus, an exciting area of current research is the
investigation of so-called “self-cleaning” properties of glass surfaces which reduce the tendency of dust or
pollutants to accumulate. A common approach is using the catalytic properties of TiO, nano-particle
doped porous glass layers and semiconductor thin films on transparent glass substrates, whereby dirt is
broken down photocatalytically which enables it to be washed away more easily (e.g., with rain).* Using
another technique, Kim et al. demonstrated an inverted nanocone array in polyurethane acrylate (PUA)

which had good optical and mechanical properties, as well as non-wetting and self-cleaning behavior.®®
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The same research group has also demonstrated improved transmission as well as superhydrophobicity in
nanotextured glass surfaces.®® Another technique is using an electrodynamic screen (EDS) to clean dust
off reflectors. An EDS consists of thin parallel transparent conducting electrodes on a transparent
dielectric surface, and can remove dust particles by charging them with high voltage pulses through the
electrodes and subsequently propelling them away via electrostatic forces. Mazumder et al. reported an
EDS which can restore a reflector to >95% of its original specular reflectance in less than two minutes
using less than 1 Wh/m? of electrical energy per reflector area.”” A commercially scalable self-cleaning
surface which did not sacrifice optical performance or surface robustness could greatly improve the

performance of CSP concentrators by reducing the detrimental effects of dust accumulation.

3. RECEIVER/ABSORBER

The receiver is the portion of a CSP system where the concentrated sunlight from the concentrator is
focused. The receiver always has an absorber (where sunlight is converted to heat), often has piping
which carries a heat transfer fluid to deliver the heat to storage or the heat engine, and can also include
transmitting or reflecting optics. The purpose of the receiver is to efficiently convert sunlight to heat. This
section will first review the principles behind achieving high receiver efficiency and then cover

technologies used for absorbers and receivers in CSP systems.

3.1. Receiver efficiency

The usable heat Q, is the heat absorbed by the receiver minus any heat losses, given by:

Qu = NeoncCGTAA — EO-A(TI?I' - T;mb) — hA(Ty — Tamp) @)

where 7., 1S the concentrator efficiency, C is the concentration ratio, G is the solar insolation, 7 is the
receiver transmittance (if it has any transmitting optics, e.g., a glass aperture window), a is the

absorptance of the absorber, A is the area of the absorber, € is the emittance of the absorber, o is the
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Stefan-Boltzmann constant, h is the convection coefficient between the absorber and ambient, and T and
T.mp are the absorber and ambient temperatures, respectively. Here losses are separated into radiative and
convective losses, and all heat conducted out of the receiver is assumed to be delivered into the heat
transfer fluid. In practice, receivers need to be designed such that conduction, convection, and radiation
losses from non-absorbing portions of the receiver are all minimized.”" Many studies have been
performed to accurately measure these losses from receivers,®”>"* however, for investigating absorbers in
this review only the simplified treatment above will be considered. In practice, aperture area can also play
an important role in receiver efficiency: larger apertures (for a fixed concentrator) lead to higher thermal
losses, but less spillage (incident sunlight from the concentrator missing the receiver aperture). The
receiver efficiency can be found by dividing the usable heat by the solar energy incident upon it:
Qu _ €0 (T — Tgmp) + R(Ty = Tamp)

‘r’ = =T 8
rec = e CGA NeoncCG ®)

The first term gives the portion of sunlight incident on the absorber which is absorbed and converted to
heat. The second and third terms are the losses from the absorber (radiative and convective, respectively)
normalized by the incident flux. A high efficiency receiver requires high transmittance, absorptance and
concentration, and low emittance and convection. In practice, there is a tradeoff between many of these
factors as well as with cost. Receiver efficiency decreases with increasing absorber temperature, however
a high absorber temperature is desired because delivering the heat transfer fluid at higher temperatures

leads to better heat to electricity conversion efficiency (see section 6 for further discussion).

Receiver designs and operating temperatures are very different for line-focus versus point-focus systems,
since the achievable concentration ratios differ largely. This point is illustrated by Figure 7 which shows
receiver efficiency as a function of concentration ratio for different receivers. The first is simply a
blackbody absorber, which absorbs all light incident upon it, but has the maximum losses. Alternate
receivers include an evacuated enclosure (suppressing convective losses but incurring transmission losses

through the enclosure walls, typically glass) and a spectrally selective absorber, which has low IR
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emittance but slightly lower solar absorptance than a blackbody absorber. At low concentration ratios
(<500x in this particular case), the spectrally selective absorber and evacuated enclosure lead to the
highest efficiency. While both lead to a slightly worse 1% term of Eq. (5), the reduction of the losses far
outweighs the reduction in absorbed light. For high concentration ratios (>500x), the blackbody absorber

is most efficient, since relative losses are naturally low due to the high concentration ratio.
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Figure 7 Receiver efficiency vs. concentration for various receivers at 500 °C. Product of insolation and concentrator
efficiency MconcG is Set to 600 W/m?. In the base case of an exposed black receiver transmittance, absorptance and
emittance are all set to unity and convective heat transfer coefficient h is set to 20 W/m?K. The evacuated enclosure has a
reduced transmittance of 0.96 and reduced h of 0 W/m?/K. The selective surface has a reduced absorptance of 0.95 and a
reduced emittance of 0.15. In the concentration regime of line-focus systems the evacuated, spectrally-selective receiver
performs best. In the concentration regime of point-focus systems, the exposed black absorber performs best. It should be
noted that in practice lower concentration systems (<100x) would typically operate at lower temperatures than 500 °C,
while higher concentration systems (>500x) would typically operate at higher temperatures

Therefore, for line-focus systems, with concentration ratios typically <100x, it is most common to use
spectrally selective surfaces inside vacuum enclosures for the best performance. These systems are
limited to around 500 °C for efficient operation (and in practice often lower due to HTF stability). With
point focus systems, much higher concentration ratios can be achieved (~1,000x). This allows for higher

operating temperatures, and the denominator in the 2™ term of the equation keeps losses low relative to
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absorbed insolation. Thus for point-focus systems the primary concern is high absorptance, for
maximizing the first term in Eq. (8). Additionally, at high temperatures and concentrations reliability is a
much more difficult issue, and it is significantly easier to achieve good high temperature stability with a

simple black receiver than other systems.

3.2 Spectrally selective surfaces

The goal of an absorber is to effectively absorb sunlight with minimal thermal losses. The ideal absorber
therefore has high solar absorptance but low emittance at its operating temperature. This goal is
complicated by Kirchhoff’s law of thermal radiation, which mandates that for a given surface in a
specified direction and at a specific wavelength, absorptance and emittance must be equal. If this did not
hold, the 2™ law of thermodynamics could be broken by allowing for radiative heat flow from a cold
surface to a hotter surface. Even with Kirchhoff’s law, high solar absorptance can be achieved with low
emittance by leveraging spectral or directional selectivity. Total absorptance and emittance are given by

integrating over directional and spectral properties:®

2 © Binc
= ' 9
= o fo J;) g 2(6,1) cos 6sin 6 G (1)dOdA 9)
2 © /2
€= W,f f €9,2(6,4) cos 0 sin 6 Ey (T, ) dO dA (10)
0 0

where 6 is the incidence angle of radiation (a subscript of 6 denotes angular properties), 6;,. is the
maximum incidence angle of sunlight on the absorber, A is the wavelength of radiation (a subscript of A
denotes spectral properties), Ej; is the blackbody emissive spectrum, and with ag ;(6,4) = €4 ;(6,1)
from Kirchhoff’s law. For example, with spectral selectivity, one can take advantage of the relatively
small overlap between the solar spectrum and the blackbody emittance spectrum at typical CSP absorber

operating temperatures.
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Figure 8 Spectral power of solar spectrum at 50x (red curve) compared to a blackbody at 500 °C (black curve). Ideal
emittance spectrum for a solar absorber under these conditions is plotted as well, taking a value of unity when the solar
spectral power is greater and a value of zero when the blackbody spectral power is greater (blue curve, right axis)

If the receiver efficiency is cast assuming only radiative losses it can be re-written:

eaT*

Mrec =76 ncollCG

(11)

In addition, if only wavelength selectivity is considered (i.e., assuming no angular dependence) then total

absorptance and emittance are given by:

1 r®
1 oo
€ = 77| € DERT D (13)

Combining these into the receiver efficiency yields:"

[o0]

1
e = o5 | €D[ManCO) ~ Eua(T, )] d2 (14)
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To maximize receiver efficiency, the spectral emittance should be maximized when the term in the square
brackets is positive and minimized when the term in the square bracket is negative. Intuitively, the term in
the square bracket is the solar radiosity (modified by concentration, transmission and concentrator
efficiency) minus the blackbody radiosity at the absorber operating temperature. Thus it makes sense that
in the ideal case, for wavelengths where the bracketed term is positive, emittance should be 1 and for
wavelengths where the bracketed term is negative, emittance should be 0. This ideal emittance spectrum
is shown in the example case of Figure 8. For more practically achievable properties, there is typically a
single transition from high to low emittance between 1 um and 2.5 um, with the exact ideal transition
wavelength depending on concentration ratio and operating temperature.”® Stated simply: spectrally
selective surfaces should have high absorptance (and therefore emittance) in the solar spectrum and low
emittance in the IR spectrum. Figure 9 shows some example emittance spectra of surfaces designed to be

efficient solar absorbers.
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Figure 9 Sample emittance spectra of various spectrally selective absorbers. All follow the same trend of high emittance in
the solar spectrum and low emittance in IR. Sunselect (solid curve) is a commercial cermet coating.”” A number of
coatings resulting from university research are also plotted: a SiO2/Cr/SiO2/Al thin-film coating (dashed curve),”® a
nickel nanopyramid structured surface (dash-dotted curve),”® and a tantalum photonic crystal coating (dotted curve).2’ A
commercial black paint, Pyromark 2500, is plotted along with the spectrally selective absorbers for comparison®

Spectrally selective absorbers are typically characterized by their solar absorptance and their emittance at

their intended operating temperature. In practice, these properties are usually measured by taking the

35



spectral reflectance p(4) for the surface using UV-Vis and FTIR spectrometers and using e =1 —p to
determine the spectral emissivity e(1). This can be used to calculate absorptance and emittance using
Egs. (12) and (13). This is not a perfectly accurate method, as measurements of (1) are taken at room
temperature and near normal incidence, whereas the true absorptance and emittance depend on properties
at operating temperature and for varying angles. This method will still provide a reasonable estimate as
long as the properties are not strongly dependent on temperature or incident angle. There are
measurement techniques to determine total hemispherical radiative property values at high

temperature,®>® however using spectrometers is more common due to their convenience.

To achieve spectral selectivity in practice, one can first consider metals. Metals have high IR reflectance
and are capable of absorbing visible light (the imaginary part of the dielectric constant in metals is large).
Reflection at interfaces depends on the refractive indices of the different materials, and metals are very
reflective in the visible spectrum because their refractive index is much higher than that of air.”
Reflectivity R can be calculated using the Fresnel equations, and in the case of normal incidence light it is

given by:

ng —ny|?

n, +n, (15)

where n,and n, are the refractive indices of the materials on the two sides of the interface. If this surface
reflectivity was reduced for a metal in the solar spectrum, the metal would become an effective selective
absorber. Reflectivity can be reduced through the use of an anti-reflection coating (ARC).* The simplest
ARC introduces an intermediate refractive index layer between the air and the material to be coated.
Despite the introduction of an additional interface, the overall reflectance is lower due to the smaller
refractive index mismatches between the new interfaces. Multiple intermediate refractive index layers or a
material with a graded index of refraction can further reduce reflectance. ARCs can also be formed by

introducing a layer of quarter wavelength thickness (for the wavelength you want to transmit) of a
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material which has a refractive index of VN, where N is the refractive index of the material to be coated.®
This approach results in perfect transmission for the desired wavelength due to destructive interference in
the reflected waves. However, for solar applications, this is more difficult to accomplish due to the
breadth of the solar spectrum (wavelengths from 350 nm - 2500 nm correspond to 98% of the direct solar

spectrum).®®

These concepts of graded indices and interference effects, along with inherent properties of some
materials (e.g., the band gap in semiconductors), provide a number of tools for designing spectrally
selective surfaces. The methods for achieving spectral selectivity in practice are commonly grouped into
Six categories: intrinsic materials, ceramic-metal composites (known as cermets), semiconductor metal
tandems, multi-layer thin-film structures, structured surfaces, and photonic crystals.” These six types of
selective absorber are illustrated in Figure 10. Intrinsic materials are homogeneous materials which have
some inherent spectral selectivity due to their dielectric dispersion varying with wavelength. Cermet
absorbers consist of fine metal particles in a ceramic matrix (acting as a graded index ARC) deposited on
metal substrates, and have been shown to achieve good spectral selectivity.”® In semiconductor metal
tandems, a semiconductor layer on top of a metal absorbs high energy photons (above the material band
gap) while the metal substrate naturally has low IR emittance. In multilayer thin-film structures,
alternating layers of metal and dielectric allow for interference effects and can lead to high solar
absorptance and low IR emittance.?” Structured surfaces can trap short wavelength photons within
wavelength scale features, while reflecting IR photons with wavelengths much larger than the features.®
Photonic crystals are metamaterials which have wavelength scale periodicity in the light propagation
direction, allowing for tight control of radiative properties.® The distinction between multi-layer thin-film
structures, structured surfaces and photonic crystals is not always clear, as thin-film structures resemble 1-
dimensional photonic crystals and structured surfaces can resemble 2-dimensional photonic crystals. Here
we consider a coating a photonic crystal if it has been explicitly designed to create forbidden energy

bands using a substantial number of periods (e.g., at least order 10). Table 4 lists some materials which
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have been investigated as spectrally selective absorbers and the achieved performance. Intrinsic materials,
semiconductor metal tandems, multi-layer thin-film structures, and structured surfaces will only be
covered briefly, as there is limited work in these areas. Cermet absorbers have seen the most commercial
success while photonic crystals show promise for significant performance improvements in the future, so
both of these classes of absorber will be covered in more depth. The interested reader is referred to the
reviews by Bermel, et al. and Kennedy for a more comprehensive overview of spectrally selective

absorbers for use with CSP.”™®
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Figure 10 lllustrations of different types of spectrally selective absorbers: a) instrinsic, which relies on inherent optical
properties of the absorbing material, b) cermet, which has metal particles dispersed in a ceramic matrix, ¢)
semiconductor-metal tandem, which uses the electronic band gap of the semiconductor for selective absorption, d) thin-
film multilayer, which takes advantage of interference effects in the thin-layers, e) structured, which uses nanostructures

on the scale of solar wavelengths and f) photonic crystal, which uses wavelength scale periodicity to create forbidden
photon energy bands
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Table 4 Performance of various spectrally selective absorbers. Asterisk denotes simulation results, caret denotes value is
calculated from figures in the cited reference (rather than reported directly). In all instances besides “industry state of the
art” reported temperature stability refers to lab conditions. Pyromark 2500 is a commercial black paint (not spectrally

selective) included for comparison.

Material Class Solar IR Emittance Temperature Reference
Absorptance stability

Pyromark 2500 Black paint 0.97 0.9 at 1000 °C 750 °C in air o

ZrB, Intrinsic 0.93 0.09 at 102 °C 527 °C in air %

Cr:Cr,05 Cermet 0.868 0.088 at 121 °C i

Cr:Cr,05 Cermet 0.94 0.06 at 82 °C %

Ni:CrO, Cermet 0.961 0.022 at 100 °C %

Ni:Al,O4 Cermet 0.94 0.18 at 100 °C* 500 °C in air %

Mo:Al,O4 Cermet 0.97 0.17 at 350 °C 650 °C in *
vacuum

W-Ni:Al,O, Cermet 0.90 0.15 at 500 °C %

W:AIl,O4 Cermet 0.95 0.106 at 400 °C 400 °C in air, ¥
580 °C in
vacuum

Zr:Z10, Cermet 0.96 0.05at80 °C %

Ti:AIN Cermet 0.95 0.07 at82 °C 600 °C in air %

Hf/Mo:HfMoN Cermet 0.95 0.14 at 82 °C 475 °C in air, '
650 °C in
vacuum

Mo:SiO, Cermet 0.946 0.15 at 400 °C 600 °C in ™
vacuum

Industry state of art Cermet 0.95 0.05 at 100 °C 500 °C in [7102108

40



a-Si

PbS

Ge

Si

W, TiO2, and MgF2

Mo and MgO

Si3N4/NbAION/NbAIN

SiO,/Cr/SiO,/Al

SiO,/Ti/SiO,/Ti/SiO,/Cu

Mo-Si3N,

MgO/Zr/MgO
Nanopyramid W
Multi-scale SiggGey
Laser sintered W

Nanopyramid Ni

Semiconductor

metal tandem

Semiconductor

metal tandem

Semiconductor

metal tandem

Semiconductor

metal tandem
Multi-layer

Multi-layer

Multi-layer

Multi-layer

Multi-layer

Multi-layer

Multi-layer
Structured
Structured
Structured

Structured

0.79-0.81

0.95-0.97

0.907*

0.868*

>0.94*

>0.85*

0.959

0.9041

0.955

0.926

0.92

0.965*"

~0.9

0.87

0.9
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0.12-0.14 at 400

°C

0.21-0.27 at 102

°C

0.016 at 127 °C*

0.073 at 727 °C*

< 0.07 at 447 °C*

< 0.16 at 1477

OC*

0.07 at 82 °C

0.04 at 300 °C”

0.136 at 427 °C

0.017 at 25°C,

0.109 at 600°C

0.10 at 400°C

0.198 at 700 °C*"

~0.3 at 500 °C

0.33 at 300 °C~

0.09 at 400 °C”

vacuum

450 °C in air

600

vacuum

650 °C in air

800

vacuum

°C

°C

in

in

104

105

106

106

107

107

78

109

110

111

112
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Tungsten Photonic 0.89*7 0.19 at 900 °C*" 1o

crystal

Tungsten with dielectric ~ Photonic 0.78*" 032 at 1000 116

filled cavities crystal °C*n

Tantalum coated with = Photonic 0.86 0.26 at 727 °C %

HfO, crystal

Molybdenum Photonic 0.919* 0.149* at 1000 1
crystal %C

Nickel Photonic 0.84* ~0.3 at 700 °C*» e
crystal

3.2.1. Intrinsic absorbers
Certain materials, such as transition materials and semiconductors, show intrinsic spectral selectivity,
however their natural transition wavelength is typically far from the desired value for solar absorber
applications.” Some examples of materials with intrinsic selectivity well suited for solar absorbers are
Cu,S, graphite and ZrB,.****® Randich and Allred demonstrated a chemically vapor-deposited (CVD)
ZrB, absorber with a solar absorptance of 0.93 and an emittance of 0.09 at 102 °C, with thermal stability
in air at 527 °C.* Performance can almost always be improved by combining intrinsically selective
materials with more advanced techniques such as multi-layer thin-film structures, so in practice intrinsic

materials are not typically pursued alone.

3.2.2. Cermet absorbers

A cermet (a portmanteau of “ceramic” and “metal”) is a composite material in which metal particles are
embedded in a ceramic matrix. Cermets have been shown to be good selective absorbers when combined

with an ARC on top and a reflective metal substrate on bottom (or a cermet can simply be deposited on a
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reflective substrate).” Performance can be further improved with more complicated structures, such as
multi-layer or graded cermet coatings, where the metallic content is controlled through the depth of the
cermet much like a multi-layer or graded index ARC, as well as structured cermet coatings.’**"*** Of the
different types of spectrally selective coatings, cermets have seen the most commercial success (being
used in essentially all commercial vacuum tube receivers) due to their compatibility with inexpensive
manufacturing techniques and reliability at temperatures up to 500 °C.'* In general, solar absorptance can
be improved with smaller metallic particles and thicker cermet layers, whereas low IR emittance can be
achieved with larger metallic particles and thinner cermet layers.”®'?? However, the exact performance is
difficult to predict using modeling alone, as the optical properties of cermets (and even the structures in
cermet coatings) are not completely understood.”*'?* A number of fabrication methods have been used to
successfully create cermet selective solar absorbers, including sputtering, evaporation, chemical vapor
deposition (CVD), electroplating, anodization, and solution based methods.” Sputtering, an inexpensive
physical vapor deposition (PVD) technique, is used commercially to produce large absorber areas, while
the other methods are more common for lab scale fabrication. Solution based methods offer the potential
for even lower cost production, however the coating quality is more difficult to control than with PVD.
There are also a number of different materials systems which have been investigated including Cr,0s,
Al,O3, AIN and SiO, as the ceramic matrix and Cr, Ni, Mo, W, SS, Al and some noble metals as the
metallic inclusions.”®'% The choice of ceramic matrix and metallic inclusion is important for stability, as
the metal must be stable in the ceramic matrix for high temperature operation. We will briefly highlight a
cross section of some of the work that has been performed investigating cermet solar selective absorbers,

the interested reader is referred to the review by Cao et al. which covers cermet absorbers in more depth.’

Chromium oxide based cermets, including black chrome (Cr:Cr,03) comprises some of the earliest work
in cermets as solar absorbers. As early as 1975, McDonald reported an electroplated black chrome
spectrally selective absorber with a solar absorptance of 86.8% and an emittance of 8.8% at 121°C.*

More recent work has shown improved performance from this early work. Nunes et al. demonstrated a
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graded chromium based cermet coating with a solar absorptance of 94% and an emittance of 6% at
82°C.” Gaouyat et al. demonstrated a sputtered Ni:CrO, cermet solar selective absorber, with a solar
absorptance of 96.1% and an emittance of 2.2% at 100°C, showing very competitive radiative

properties.”

Another common ceramic matrix for cermet absorbers is aluminum oxide, and Al,O5 based cermets have
shown some of the best high temperature stability for solar selective coatings, especially in air. Craighead
and Buhrman demonstrated an evaporated Ni:Al,O; cermet coating with a solar absorptance of 94% and
an emittance of 18% at 100 °C, which was thermally stable up to 500 °C in air.”* Lanxner and Elgat
demonstrated a sputtered Mo:Al203 cermet coating with a solar absorptance of about 97% and an
emittance of around 17% at 350 °C which was stable up to 650 °C in vacuum.* Cao et al. demonstrated a
sputtered W-Ni:Al,O; selective coating on stainless steel with a solar absorptance of 0.90 and a total
hemispherical emittance of 0.15 at 500 °C, with this high temperature stability achieved by using tungsten
as the infrared reflector.®® Rebouta et al. demonstrated a sputtered, multi-layer W:Al,O3 cermet absorber,
which achieved a solar absorptance of 95% and an emittance of 10.6% at 400 °C, with stability in air up

to 400 °C and in vacuum up to 580 °C.%’

Successful solar selective absorbers have been shown with other materials as well. Zhang et al. fabricated
a sputtered Zr:ZrO, based cermet solar selective absorber with a solar absorptance of 96% and an
emittance of 5% at 80 °C.% Barshilia et al. demonstrated a titanium and aluminum nitride based cermet
absorber with a solar absorptance of 95% and an emittance of 7% at 82 °C which was thermally stable in
air up to 600 °C.* The same group also fabricated a HfMoN based cermet absorber with a solar
absorptance of 95% and an emittance of 14% at 82 °C, with thermal stability up to 650 °C in vacuum and
475 °C in air.*® Zheng et al. demonstrated a sputtered Mo:SiO, cermet selective absorber with a solar
absorptance of 94.6% and an emittance of 15% at 400 °C that was stable up to 600 °C in vacuum.'®* From

this work it is clear that there are many promising ceramic matrices to explore beyond Cr,0O; and Al,Os.
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In order to make a difference in the CSP industry, performance of cermet solar absorbers should be
improved beyond the current industry state of the art. Commercial cermet coatings typically achieve solar
absorptances of around 95% and emittances of around 5% at 100 °C.*** Thermal stability up to 500 °C is
also necessary, as surface temperatures routinely reach this high during operation of a vacuum tube
receiver in a PTC. Higher absorptance and lower emittance naturally lead to better receiver efficiencies,
and higher temperature stability would be required for new heat transfer fluids or high temperature heat
engines, as well as for use in power tower receivers. Economic manufacturing processes at large scale
also need to be kept in mind for making an impact in new CSP installations, as solution based methods
which still achieve high performance could lead to lower coating costs. From a research perspective, a
better understanding of the optical properties of cermet coatings would also allow for better optimization

of different layered or structured cermet coatings.

3.2.3. Semiconductor absorbers
Semiconductors show intrinsic selectivity because they are usually transparent for photons with energy
below their electronic band gap, but absorb effectively for energies above the band gap. If the
semiconductor is layered on top of a reflective metal, long wavelength photons will be reflected away.
This is the operating principle behind semiconductor-metal tandem absorbers.’**** Semiconductors
typically have a high refractive index in the solar spectrum which leads to reflection of photons which
should be absorbed, so it is common to use an ARC on top of the semiconductor. Achieving low
emittance can be challenging for semiconductor absorbers, as electron-hole pair generation and free
carrier emission at high temperatures can lead to large radiative losses. Semiconductors with band gaps
suitable for solar absorbing applications include silicon, germanium and lead sulfide. Okuyama et al.
experimentally demonstrated an amorphous silicon based absorber with a solar absorptance of 0.79 — 0.81
and an emittance of 0.12-0.14 at 400 °C."** Chatterjee and Pal fabricated selective absorbers by thermal
evaporation of galena (lead sulfide) demonstrating a solar absorptivity of 0.95 — 0.97 and an emittance of

0.21 — 0.27 at 102 °C.'® Bermel et al. investigated the use of silicon and germanium absorbers via
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numerical simulation.'®® For an optimized germanium absorber, they reported a solar absorptance of
0.907 and an emittance of 0.016 at 127 °C. For higher concentration, higher temperature applications,
they designed an optimized silicon absorber with a solar absorptance of 0.868 and an emittance of 0.073

at 727 °C.

3.2.4. Thin-film multilayer absorbers
Using multi-layer thin-films can enhance the spectral selectivity of solar absorbers, typically with
dielectric layers as absorbers and metal layers as reflectors. When a layer's thickness is a quarter of the
wavelength of the relevant photons, destructive interference prevents reflection, leading to enhanced
absorption. Adding more layers can widen the spectral band over which absorption is enhanced. While
these very thin layers allow the exploration of interference effects, they decrease the length that atoms
need to diffuse to move between layers, so high temperature stability becomes challenging. Sergeant et al.
modeled thin-film absorbers and optimized structures for CSP and solar thermophotovoltaic applications.
For CSP, a W, TiO,, and MgF, structure was predicted to have solar absorptance >94% and emittance of
<7% at 447 °C, while for STPV a Mo and MgO structure was predicted to have solar absorptance >85%
with an emittance of <16% at 1477 °C."%" Barshilia et al. demonstrated a sputtered NbAIN/NbAION/SizN,
coating with a solar absorptance of 95.6% and an emittance of 7% at 80 °C with stability in air up to 450
°C.!% Zhou et al. designed a solar absorber with a SiO,/Cr/SiO,/Al structure, and a sample fabricated with
sputtering demonstrated high solar absorptance (>90%) and low IR emittance (4% at 327 °C), as well as
vacuum stability up to 600 °C.”® Liu et al. used an additional two layers in a SiO,/Ti/ SiO./Ti/ SiO,/Cu
configuration to achieve 95.5% solar absorptance and an emittance of 0.136 at 427 °C.'%° Céspedes et al.
demonstrated a sputtered Mo-SisN, coating which achieved a solar absorptance of 92.6% and an
emittance of 11% at 600 °C."° Nuru et al. demonstrated 92% solar absorptance and 10% emittance at 400
°C using a e-beam deposited MgO/Zr/MgO structure.**! The current work has thus shown that the multi-
layer thin-film approach to spectral selectivity can be very effective. Thin-film multilayer absorbers

which are compatible with PVD and have good high temperature stability could compete with cermet
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absorbers in commercial applications, if their absorptance and emittance properties can outperform

current industry state of the art cermet absorbers.

3.2.5. Structured surface absorbers
Structuring a surface at scales near or smaller than the desired transition wavelength can enhance the
performance of spectrally selective surfaces. Such structures can help trap short wavelength photons,
either via multiple reflections inside the structures or by providing a more gradual gradient in refractive

index,124’126

without increasing the absorption for longer wavelengths. Rephaeli and Fan designed a
tungsten nano-pyramid absorber and predict high absorptance in the solar spectrum (96.5%) with low
absorptance in the IR spectrum (19.8% emittance at 727 °C)."2 In a similar approach, Ungaro et al. used
computational electrodynamics simulations to investigate nanostructured tungsten cone absorbers, and
reported a very high solar absorptance (~0.99) along with moderate IR reflectance.*”” Moon et al.
fabricated a multi-scale structured silicon germanium absorber via a spark erosion process with a solar
absorptance of ~0.9 and an emittance of ~0.3 in the IR spectrum (Moon et al. suggest that this emittance
value is valid at 500 °C, however spectral emittance data from 1 - 3.5 pm is not reported).™ Kim et al.
found that a tandem structure combining copper oxide nanowires and cobalt oxide nanoparticles led to
good spectrally selective performance.’® Shah et al. developed a structured tungsten spectrally selective
surface using laser sintering with a measured solar absorptance of about 87% and thermal stability in air
up to 650 °C.*** Li et al. developed a scalable method for fabricating nanopyramid structured surfaces
using a silicon wafer inverted nanopyramid template. They demonstrated a nickel nanopyramid structured
surface with a solar absorptance of 90% and an emittance of about 9% at 400 °C which was stable up to
800 °C in vacuum.” These demonstrations show that good spectral selectivity is possible using structured

surfaces (although their IR emittance tends to be higher than that of cermet absorbers), and they offer a

promising option if cost-effective, commercial-scale production lines can be developed.

3.2.6. Photonic crystal absorbers
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Photonic crystals allow unprecedented control of radiative properties of a surface, with important
applications in solar applications in addition to many other fields.?***° In a photonic crystal, periodicity on
the scale of the wavelengths of light where control is desired leads to bands of allowed and forbidden
photonic states. Photonic crystals with allowed states in the solar spectrum and forbidden states in the IR
spectrum can be used as effective solar absorbers. Much of the application focus for high temperature
photonic crystal has been as selective emitters for use with solar thermophotovoltaic (STPV, discussed in
section 6.3.2) systems,**% but they can be used as absorbing surfaces for conventional CSP systems as
well. The main challenge in using photonic crystals as solar selective absorbers is creating structures
which are robust at high temperature. Combining multiple materials in a photonic crystal creates many
interfaces, which can lead to delamination and other thermal stability issues.”* Thus, the most commonly
investigated systems for photonic crystal absorbers are refractory metals, since they are naturally

reflective in IR, can be structured to absorb in the solar spectrum, and have high thermal stability.**®

Tungsten has been one of the most popular metals to work with for high temperature photonic crystals, as
its high melting temperature leads to good stability. As early as 2000, Heinzel et al. fabricated two-
dimensional (2D) tungsten photonic crystals, and successfully demonstrated selectivity enhancement over

a plane tungsten surface.'*

These 2D photonic crystals can be fabricated by using lithography to provide
a desired surface pattern, followed by etching to remove tungsten and form the crystal structure.™®” Wu et
al. designed a 2D tungsten photonic crystal with a predicted solar absorptance of 89% and an emittance of
19% at 927 °C, and fabricated a gold sample which demonstrated lower absorptance (and would not have
high temperature stability)."™® Despite the high melting temperature of tungsten, it is still challenging to
fabricate tungsten nanostructures with high temperature stability over the extended periods which would
be required in deployed CSP systems. Only single crystal tungsten has shown the requisite stability, while
polycrystalline structures deform at high temperature and lose their intended optical properties.*® One

approach to improve the stability of these photonic crystals is to fill the cavities with a dielectric material.

Lee et al. studied hafnia filled 2D photonic crystals and estimated a >30 year lifetime of hafnia filled
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tungsten photonic crystals at 827 °C."*® Chou et al. investigated the use of dielectric filled cavities in the
2D photonic crystal structure, and predicted absorptance of 78% and emittance of 32% at 1027 °C.'*°
There are also many examples of fabricated tungsten photonic crystals intended for use as selective

emitters, that have properties similar to those which would be desired for a selective absorber.™**

Furthermore, there has been investigation into tantalum for use in high temperature photonic crystals,'*

as it has similar desirable properties as those of tungsten, but is machinable and weldable, and would thus
be easier to integrate into systems in practice.** Tantalum photonic crystals can be fabricated in a similar
process as is used for tungsten, via interference lithography and reactive ion etching.**" Rinnerbauer et al.
demonstrated a hafnium oxide coated tantalum photonic crystal with a solar absorptance of 86% and an
emittance of 26% at 727 °C.%° An additional anti-reflective coating could also improve this performance

further.'*

Other metals have also been suggested for use with high temperature photonic crystals, although for many
of these materials experimental fabrication and characterization have yet to be performed. Wang et al.
proposed a molybdenum photonic crystal, and using rigorous coupled wave analysis predicted a structure
with a solar absorptance of 91.9% and an emittance of 14.9% at 1000 °C.'"" Lee et al. investigated a
nickel photonic crystal and predicted a solar absorptance of 84%."® Chou et al. demonstrated high solar
absorptance in a HfO, filled ruthenium photonic crystal.*® The radiative property tuning afforded by
photonic crystal design combined with the many material systems available thus indicate that very high

performance is possible if the challenges of working with these new material systems can be overcome.

3.3. Angularly selective surfaces

Angular selectivity can be leveraged for absorbers paired with concentrators that have a small rim angle,
which refers to the largest incident angle at which concentrated sunlight hits the absorber (as described in

section 2.1). Absorption at angles larger than the rim angle is not necessary, and therefore by Kirchhoff’s
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law emission at the larger angles is also unnecessary. As such, if emission at these large angles can be
suppressed, the total hemispherical emittance can be significantly reduced (illustrated in Figure 11).*%
Angular selectivity is not currently implemented in any commercial CSP systems, as development is still
at a research stage for many of the proposed techniques. The two primary means of achieving directional
selectivity are photonic crystals and geometrical optics techniques. Recently, Shen et al. showed that by
using stacked photonic crystals they could achieve transmission over a broad spectral range for a narrow
angular window.*® Angular selectivity can also be achieved with geometrical optics approaches.
Perlmutter and Howell proposed angular selectivity with reflective V-grooves on a black absorber, such

d.**” Weinstein, et. al.

that normally incident rays are absorbed but incident rays at large angles are reflecte
demonstrated angular selectivity with a reflective hemisphere placed over a black absorber.*® For
photonic crystal angular selectivity, the challenges are similar to those faced when designing for spectral

selectivity. For geometrical optics approaches, the challenges are similar to those faced in reflector

technology, as most of the schemes are based on reflecting surfaces.

c) d) e) f)

Figure 11 Diagram illustrating concept of angular selectivity. If a concentrator has a small rim angle ¥,.;,, a) the
absorber does not need to absorb at large incidence angles, however b) a regular black absorber will absorb and emit in
all directions. Emission at large angles can be reduced through a number of methods, for example: c) photonic crystal
absorbers, d) photonic crystal transmitters, e) grooved reflecting surfaces or f) reflective cavities

34. Receiver technologies
3.4.1. Vacuum tubes
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Vacuum tubes are the primary receiver technology associated with line-focus CSP systems; a typical
vacuum tube receiver is illustrated in Figure 12. They consist of a pipe through which the HTF flows,
which is coated with a spectrally selective surface. The pipe is inside a glass tube, and the space between
the glass tube and the pipe is evacuated to suppress convection losses. Examples of commercial producers
of vacuum tubes are Schott and Rioglass. As discussed in section 3.2, the spectrally selective pipe coating
should be highly absorptive in the solar spectrum and reflecting in IR, with an ideal transition wavelength
of 1.8 um for the operating temperatures typical of vacuum tube receivers (~400 °C). Cermet absorbers
are the most common for vacuum tube receivers due to their inexpensive sputtering deposition process
and good high temperature stability in vacuum. Since these surfaces are used in an evacuated
environment, air stability is not a primary concern. Bellows at the ends of the receiver tubes are designed
to accommodate the thermal expansion that occurs during operation. The glass to metal seal must be
durable in order to ensure vacuum is maintained, this is accomplished by using combinations of materials

with matching coefficients of thermal expansion.'*®

Evacuated enclosure minimizes
convective losses

Spectrally selective coating
minimizes radiative losses

Glass tube with ARC
transmits solar spectrum

HTF is heated as
it flows through
absorber tube

Bellows allow expansion, glass
«— o metal seal ensures vacuum is
maintained through temperature cycling

Figure 12 Diagram of a typical vacuum tube receiver. The receiver consists of a tube coated in a spectrally selective
surface which the heat transfer fluid flows through. The tube is in an evacuated enclosure which is maintained by a glass
tube with an anti-reflective coating. Metal bellows at the end of the tube accommodate expansion during daily
temperature cycling and a glass to metal seal with matched coefficients of thermal expansion ensures the vacuum is
maintained

The glass tubes in these receivers should ideally be very transparent in the solar spectrum. If regular
crown glass is used, solar transmittance is about 92%. This transmittance can be enhanced by using
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ARCs, as discussed earlier in this section. Glass has a relatively low refractive index of about 1.5 in the
solar spectrum, and there are limited transparent materials with lower indexes of refraction. For this
reason, ARCs on glass are often created by using sub-wavelength structures, such that the effective
refractive index is of that between the base material and air. Hiller et al. demonstrated an effective ARC
(t=098) from 350 nm — 1400 nm using multi-layers of porous poly(allylamine
hydrochloride)/poly(acrylic acid) (PAH/PAA) prepared with a simple aqueous coating process.™
Kennedy and Brett demonstrated a broadband antireflection coating using glancing angle deposition to
produce SiO, nanostructures for gradient index which had high transmittance (7 = 0.99) from 400 nm to
beyond 1000 nm.*** Moghal et al. demonstrated high transmission (r > 0.97) from 400 nm — 2500 nm
with a single-layer of silica nanoparticles using a spin coating process, which also showed robust
mechanical properties.” Sood et al. demonstrated an ARC providing high transmittance (r > 0.98) from
400 nm — 2000 nm using oblique angle deposition of multiple layers of SiO, and TiO, nano-pillars for
very gradual changes in refractive index.”® Krause et al. have investigated taking glancing angle
deposition techniques to roll to roll processes for potential commercialization of such techniques for ARC
fabrication.™ Current state of the art receiver tubes typically have solar transmittance values around 96%
using SiO, nano-particles,”® so robust, economically produced ARCs with higher transmittance could

improve performance further.

An important concern in vacuum tubes is keeping the evacuated enclosure free of hydrogen, which can be
released by HTF oils at high temperature. Hydrogen which permeates through the HTF pipes into the
receiver tube annulus leads to convection losses, reducing receiver performance.”**® Since the hydrogen
is released by decomposition of the HTF at high temperature, selection of more stable HTFs can reduce
this issue (HTFs will be discussed in further detail in section 4). One method proposed to deal with
hydrogen in the receiver is actively pumping to maintain vacuum.™’ In current systems however, these
leaks are combated by putting hydrogen getters inside the tube to adsorb hydrogen. When hydrogen

molecules strike the getter materials, the hydrogen can become adsorbed, removing it from the enclosure
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and maintaining vacuum. Over time, these getters can become saturated, so for long term reliability it is
beneficial to have more effective getters.™™® Hydrogen getter materials include ZrCo™*'® 1,4-
diphenylbutadiyne (DPB)** and 1,4 bis(phenylethynyl)benzene (DEB).!*2* Stronger understanding of
165

hydrogen uptake mechanisms could lead to improved hydrogen getter performance in new materials,

and therefore higher performance and reliability in vacuum tube receivers.

3.4.2. LFR receivers
While PTC systems almost always use vacuum tubes, LFRs are typically used with arrays of heat
collection tubes in a flat or trapezoidal receiver (illustrated in Figure 13a)."® These receivers operate in an
air environment (not evacuated), since non-circular cross sectional geometries are not well suited for
resisting the high pressure differences required to maintain vacuum.*® Flat receivers have a smaller
absorber area for losses to originate from (by a factor of = compared to a tube) but the lack of vacuum
makes convective losses more substantial.*®"*®® The lack of vacuum also limits options for spectrally
selective surfaces (which have lower stability in air than vacuum) although some proposed designs use a
glass cover with an inert gas purge so that spectrally selective absorbers may still be used.*® Using
aerogels, which are porous, low-density, low-thermal conductivity materials, have the potential to
improve the performance of non-evacuated receivers.'” Silica aerogels can be highly transparent in the
solar spectrum, but still have extremely low thermal conductivity.'”**"* Thus, in a receiver which uses a
silica aerogel layer as a selective transmitter, most sunlight would reach the absorber, but the exposed
surface temperature of the aerogel would be greatly reduced, leading to much lower thermal losses.'”
This makes aerogel receivers a promising candidate for more efficient receivers in line-focus systems
(illustrated in Figure 13b)." There is active research into making aerogels more transparent, and methods

176

such as a two-step sol-gel process,’” heat treatment,'’® and a "pin-hole" drying technique'”’*® have all

shown improved solar transmittance compared to conventionally fabricated aerogels.
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Figure 13 Diagram of a) trapezoidal LFR receiver and b) aerogel receiver. In a flat or trapezoidal configuration, the
receiver cannot be evacuated, which leads to higher convective losses and limits options for selective surfaces due to
temperature stability issues in air. A transparent aerogel layer can reduce convective and radiative losses at the cost of
slightly lower transmittance

3.4.3. Central receivers
Central receivers are the technology associated with point-focus heliostat field CSP systems. These
systems are often referred to as “power towers,” since the receiver typically sits atop a large tower which
the heliostats reflect sunlight to. Heliostat fields have large concentration ratios around 1000x, so high
absorptance is the primary concern for good receiver efficiency in central receivers.'”® There are two
primary designs for central receivers: external receivers and cavity receivers, both of which are shown in
Figure 14."° In an external receiver the absorbing surface is on the outer surface of the receiver, which
typically takes a cylindrical shape, and the heliostat field can completely surround the central receiver. In
a cavity receiver, sunlight is focused on an aperture leading to an internal cavity where the sunlight is
absorbed. In this case, the heliostat field is only on the side of the receiver which the aperture faces (e.qg.,

in the northern hemisphere the aperture would face north and the heliostat field would only be on the
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north side of the receiver). A less mature central receiver design is the “beam-down” concept, so called
because the raised receiver is replaced by a reflecting optic that focuses sunlight from the heliostats to a

181

receiver on the ground (see Figure 14).”° The raised receiver can also be avoided by locating the heliostat

field on a hill.*® While a beam-down test plant is operational at the Masdar Institute in the United Arab

Emirates,®®

it is not clear that the benefits (primarily that the heavy receiver can be located on the
ground) outweigh the drawbacks (e.g., further reflective losses are introduced due to the additional optics
and a secondary concentrator is required at the receiver to achieve comparable concentration ratios)

compared to traditional designs.’® Regardless, in principle any improvements to the absorbers for

external or cavity receivers could be applied to beam-down receivers.

External receiver Cavity receiver Beam-down receiver

] (] *
U -

Figure 14 Diagrams of different central receiver configurations, with red denoting the absorbing surface. In an external
receiver (left) sunlight from all around the receiver can be absorbed. In a cavity receiver (center) sunlight can only be
absorbed from the side of the receiver which the cavity is facing. In a beam-down receiver (right) the receiver is on the
ground and sunlight is reflected down to it from a secondary reflecting optic

The most common absorber coating for external receivers is Pyromark 2500, which is a black silicone-
based paint with high temperature stability.?" It has a high solar absorptance of about 0.95 but also has a
high emittance (>0.85) at elevated operating temperatures. While the high emittance indicates room for
improvement in performance, due to the high temperatures, large heat fluxes, and large number of thermal
cycles experienced by central receivers, the importance of reliability makes it a competitive option. Lower
emittance spectrally selective coatings have been evaluated for use with central receivers, but their

1
0. 85

performance did not show significant improvement above Pyromark 250 While there are coatings
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such as the cermet absorbers discussed in section 3.2.2 that would offer higher performance, the big
challenge for compatibility with central receivers is high temperature stability in air. Vacuum or inert gas
enclosures are undesirable because transmission losses become more significant with high concentration.
One potential solution is using metallic photonic crystals, such as those discussed in section 3.2.6. There
is room for performance enhancement if spectral selectivity can be achieved for a surface which is robust
at high temperature in air. An alternative approach to improving receiver performance is through receiver
design (e.g., novel geometries) which can improve effective absorptance and reduce losses compared to
the same coating being used with a traditional external receiver.'® In another approach, a directionally
selective absorber (or a reflective cavity designed to provide directionally selective behavior) applied to a
central receiver could reduce the required solar concentration ratio for efficiency high temperature

operation, leading to a smaller heliostat field and significantly lower concentrator cost.'®’

For cavity receivers, the absorptance is naturally high due to the cavity geometry: light that enters through
the aperture is much more likely to be absorbed at a point on the large interior cavity surface than be
reflected back out of the aperture. As such, there is not a strong need for better absorber surfaces than
Pyromark paint. One area of research is falling particle receivers, in which small particles absorb sunlight
in the cavity and transfer heat to the air (or other working fluid) they fall through.*®® This allows for lower
thermal resistance between the absorbing surface and the air, since the particles have a much higher
surface area to volume ratio.’®***® Falling particle receivers could also allow for higher receiver
temperatures and a lower cost "HTF" and integrated TES system by using the particles for the transfer
and storage of heat. Advances in particle absorptance and stability, as well as advances in system level
issues such as receiver design, particle thermal storage and conveyance could lead to an improvement in

state of the art for cavity receivers.'

While parabolic dish concentrators are similar to heliostat fields in that they have a point focus, their
receivers are much smaller. The receivers typically have a cavity type configuration, so there is not a

pressing need for more advanced absorber coatings for use with parabolic dish systems.
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4. HEAT TRANSFER FLUID

In solar thermal systems, sunlight is focused on a receiver where it is absorbed and ultimately converted
to thermal energy. The thermal energy is typically delivered to what is known as a heat transfer fluid
(HTF) through convection, but this heat transfer could also be accomplished in less traditional ways (e.g.
radiation,*® conduction'*®). The multi-functional HTF needs to collect, transport, and exchange heat

obtained from solar radiation and is therefore an extremely important part of a CSP system.

When absorbed photons originating from the sun thermalize in the receiver, the temperature will rise
according to its heat capacity unless an equivalent amount of heat is removed from the receiver. At a
steady-state operating temperature, the HTF removes the heat generated due to the absorption of photons
as shown in Figure 15. This heat is then transported to a heat exchanger, connected to a power cycle for

electricity generation or temporarily stored for subsequent use, as discussed in sections 5 and 6.

This section will highlight the essential features for a good heat transfer fluid, review and analyze existing

fluids, and identify recent research trends and future directions.
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Figure 15: Simplified schematic of the energy conversion process showing the role of the HTF. 1) Incident concentrated
sunlight impinges the solar absorber. 2) Heat is absorbed as the photon causes thermalization within the absorber lattice.
3) Heat must be removed via convection (most common), conduction (e.g. thermoelectrics), or radiation (e.g.
thermophotovoltaics)

4.1. Desired characteristics and figures of merit

The heat transfer fluid is designed to carry heat from the receiver to the power block where it fuels the
hot-side temperature of the cycle (i.e., replaces the fuel input). Similar to its ability to gain heat from the
receiver, it must also be able to efficiently reject heat to the thermodynamic power cycle. This heat
transfer capability will be related to the convective heat transfer characteristics of the HTF which include
a high thermal conductivity that enables efficient transfer of heat from the absorber and to the power
block, a high density and specific heat capacity which enables high heat fluxes at reasonable mass flow

rates, and low viscosity which minimizes the required pumping power.

Before reviewing different HTFs, it is important to introduce the different figures of merit that researchers
have developed in order to help compare different HTFs for solar thermal applications. Comparison of a

large number of HTFs was performed by Becker using individual physical and transport properties of the
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fluids.™®* However, the study was inconclusive since it did not capture the physics of HTF performance,

which should be determined through an appropriate combination of these properties.

Mouromtseff studied the problem for the cooling of vacuum tubes (while not exactly solar thermal fluids,
the same physics are considered).’® In this work, only the heat transfer in the radial direction was
considered in detail. He proposed the Mouromteseff number (Mo) to compare the performance of heat

transfer fluids based on the Dittus-Boelter correlation for internal turbulent flow:

0.8 .0.337,0.67
p ey ik
Mo = YA (16)
u
where p is the density, c, is the specific heat capacity, k is the thermal conductivity, and p is the viscosity

of the fluid.

Bonilla considered only axial heat flow to compare HTFs, ignoring the flow of heat from the wall.'*® He

suggested the following figure of merit (FOM):

2,28
pc
FOMpgoniig = —- (17)

#0'2
Lenert et al. performed a complete review of HTFs for solar thermal collection and storage.™®’ Their
analysis used Murakami’s approach for optimizing multichannel heat sinks in electronic devices for the
case of solar collectors.’®® The optimization was based on the minimization of pumping power given a

certain temperature rise in the collector tube. The resulting FOM (shown below) was used to compare

different HTFs.

pz'OCzlj'6k1'8

FOM_enert = (18)
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Figure 16: Temperature-dependent performance of heat transfer fluids compared using three figures of merit: (a) the
Mouromtseff number, (b) FOM proposed by Bonilla,196 and (c) FOM proposed by Lenert et alX’ Liquid metals (purple)
show a superior heat transfer performance in comparison to oils (green) and molten salts (red)

Figure 16 shows a comparison of the three figures of merit for several heat transfer fluids relevant for
solar-thermal systems. The HTFs currently used fall into one of four categories: oils, molten salts,
pressurized gases, and other liquids. The Mouromtseff’s number and FOM e Show similar trends,
whereas FOMgqnina Shows different results as it ignores heat transfer in the radial direction, which is
important to HTF performance. The Mo and FOM\¢qe¢ Of liquid metals is the highest, primarily because
of their high thermal conductivity. Among the HTFs shown, saturated water has the highest FOMgonina
and second highest Mo and FOM |_.r: because of the high heat capacity which increases drastically at its
critical point (374 °C). Despite having very low viscosity, pressurized air and water vapor have the lowest
FOMs because of their low density, heat capacity and thermal conductivity. The FOMs of all liquid HTFs
increase with increasing temperature due to significant reduction in their viscosity. However, the viscosity
of water vapor and air increases with increase in temperature and hence their performance as HTF

degrades with increasing temperature.
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Since the outlet temperature of the solar collector is effectively the hot-side temperature of the power
cycle, it has a large effect on the efficiency of the power cycle (this will be discussed in more detail in
section 6). Higher efficiencies are possible at higher temperatures and therefore the HTF should remain
stable at as high a temperature as possible. While the operating temperature of a solar thermal plant
varies, it is commonly limited by the highest temperature that the HTF remains stable. The development
of thermally stable HTFs which exceed the disassociation points of currently used HTFs is an active area

of research, 1%

Another important aspect regarding the temperature stability of the HTF is its freezing point. The diurnal
nature of the sun forces the HTF to operate between the CSP plant’s peak operating temperature and the
night-time temperature. The HTF must therefore freeze at or below the night-time conditions or
safeguards must be built into the system to prevent the HTF from freezing in the plumbing, which can

cause damage and accelerated wear.

Other factors that cannot be ignored for any practical application include the HTF’s toxicity,
environmental danger, stability, compatibility with materials including metals, effect of impurities, and
cost. The long-term durability of different HTFs is another important concern that should be examined
experimentally.”®® Additionally, some recent studies have investigated the optical transmittance of several

HTFs, with the goal of using them as direct-absorption beam-splitting filters.?®

4.2. Types of heat transfer fluids

Considering the functionality of the HTF, there are a broad range of constraints, both practical and
fundamental, which determine the performance of a HTF. Figure 17 shows the operating temperature

range for different classes of HTFs. Synthetic and mineral oils have been the HTF of choice for a majority
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of solar thermal plants due to their stability over a relatively large temperature range. On the other hand,
molten salts promise higher efficiencies due to the possibility of higher operating temperatures, however
these efficiency gains are coupled with challenges associated with melting the salts and higher pumping
costs. Additionally, several new approaches using ionic liquids, fluids with nanoparticles and liquid
metals are currently being explored to overcome the deficiencies of oils and molten salts.'**?**® Finally,
some recent work in the literature has investigated using gas-based HTFs, e.g., using pressurized air and

steam, which can reduce the cost of electricity production.?®?%

Synthetic Oils

Molten Salts

Nanofluids
Liquid Metals

Pressurized gases

Other
Liquids

Steam
l | | | | | | )

0 100 200 300 400 500 600
Fluid temperature (°C)

Figure 17: Operating range of different types of CSP heat transfer fluids. Adapted with permission from reference 2%,
Copyright 2011 American Society of Mechanical Engineers. Traditional HTFs such as synthetic oils are stable only up to
~400 °C. Research efforts are targeted towards advanced HTFs, such as liquid metals and pressurized gases, which can
operate at much higher temperatures leading to higher efficiency

4.2.1. Oils
The most common types of HTFs are oils. They may be either mineral or synthetic oils. Mineral oils
generally include a mixture of higher alkanes obtained as petroleum distillate. Synthetic oils, on the other
hand, are artificially manufactured from chemically modified petroleum components. Synthetic oils have
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both a higher thermal conductivity and a lower viscosity which make them more attractive than mineral
oils (e.g. Caloria HT 34). Furthermore, mineral oils can be quite flammable and were responsible for an
accident at the first solar electricity generating station (SEGS 1) in 1999. In comparison, synthetic oils are

less flammable and are generally preferred over mineral oils.

Oils are important HTFs for solar-thermal applications since they offer the best available combination of
low freezing point and high upper temperature limit. Table 5 shows the temperature range and thermo-
physical properties of some commercially available mineral and synthetic oil based heat transfer fluids.
These HTFs are liquid at ambient conditions and do not require external temperature control to maintain a
reasonably low viscosity. Synthetic oils (e.g. Therminol® VP-1, Solutia Inc.) are common in parabolic
trough solar plants but are ultimately limited by their relatively low operating temperature of about
393 °C. While in principle the HTF performance improves with increasing temperature (due to the
reduction in the liquid’s viscosity and therefore required pumping power), solar engineers are typically
faced with stability issues which ultimately sets the operating temperature and maximum attainable
exergetic efficiency (see Section 5). Some recent studies suggest that biphenyl- and diphenyl- oxide based
thermal fluids such as Therminol VP-1 and Dowtherm A undergo gradual thermal decomposition at
temperatures close to 400 °C.%° This gradual thermal breakdown results in hydrogen gas formation that
permeates through steel tubes into the vacuum enclosure and increases the heat loss. A pressurization
system and a nitrogen blanket is thus provided to prevent air from contacting the hot oil which could lead
to performance degradation due to oxidation and increased flammability hazard. However, these

preventive mechanisms increase the operation cost significantly.

Oils have lower densities and heat capacities compared to other HTFs such as molten salts and,
consequently lower FOM (ref. Figure 16). Therefore larger fluid volumes are required that demand larger
storage space and higher costs. Additionally, the flammability and environmental toxicity of some of

these oil-based HTFs continue to be concerns and are active areas of development.
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Table 5: Representative list of oil-based HTFs (at ambient temperature). Table adapted from Looser.?%

Specific Thermal
Temperature  Density Viscosity
Fluid name Chemistry heat conductivity
range (kg/m?) (mPas)
(kJ/kgK) (W/mK)
Mineral oils
Therminol® XP - White mineral oil:
-20to 315 °C 875 1.85 22.7 0.124
Solutia petroleum
Heat transfer oil S2
Hydrocarbons Max. 320 °C 863 10 25 0.134
— Shell
Xceltherm® 445FP —
Naphthenic oil Max. 288 °C 862 36 36 0.132
Radco
Duratherm® 600 - Paraffinic
Max. 315 °C 844 1.97 65.86 0.142
Duratherm hydrocarbons
Synthetic oils
Therminol® VP-1 — Biphenyl and diphenyl
12 to 400 °C 1060 1.57 3.57 0.136
Solutia oxide
Dowtherm A - 73% diphenyl oxide,
15 to 400 °C 1064 1.56 5 0.140
Dow/IMCD 27% biphenyl blend
60-70%
Royco 782 — Anderol
polyphaloefins,  30- -40to 205 °C 829 1.96 18 0.167
Inc.
40% esters
Syltherm  XLT -
Dimethyl polysiloxane -40 to 400 °C 814 1.86 0.80 0.102
Dow/IMCD
Duartherm S — Silicone based -50t0 343 °C 957 1.69 49.24 0.130
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Duratherm

PSF-20cST Silicone
Polydimethylsiloxane  -50 to 220 °C 950 1.60 20 0.142
HTF - Clearco

Duratherm G -
Polyalkylene glycol -40 to 260 °C 914 1.97 82.08 0.164
Duratherm

4.2.2. Molten salts
One promising class of HTFs is molten salts, as they can operate at much higher temperatures than oils.
The higher operating temperature is enabled by a lower vapor pressure of the molten salts compared to
synthetic oils. While the highest operating temperature of molten salts (>1000 °C) is not yet reachable due
to receiver material limitations (as discussed in section 3), the higher operating temperatures that are
achieved today (as high as 550 °C) result in a higher exergetic efficiency and lower LCOE. Additionally,
molten salts can be directly used for thermal storage which increases the hours of electricity production

and further reduces the LCOE (discussed further in section 0).*°

Molten salts are typically binary and ternary compounds of inorganic ions and are divided in three main
classes — nitrates, chlorides and fluorides. From a thermophysical perspective, molten salts have much
higher volumetric heat capacity, thermal conductivity, and comparable viscosity (at their respective
operating temperature) than oil-based HTFs. Table 6 shows a representative list of a variety of molten salts

and their thermophysical properties (adapted from Sohal et al.).*!

A more complete list of physical
properties of molten salts including density, viscosity, vapor pressure, surface tension and refractive index

is provided by Janz.**?

While salt-based HTFs are extremely promising, there is still room for significant improvement through
further research and development. One of the most important areas of research is the problem associated

with the solidification of molten salts when the sun is not shining. For example, commercially available
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Hitec Solar Salt has a freezing point of above 140 °C which makes anti-freezing strategies a very
important consideration due to the diurnal nature of solar radiation. Studies investigating the practicality
of using molten salts in parabolic trough solar collectors also identified solidification of the salt as one of
the largest issues facing this technology.**® The solidification of salt ultimately increases the cost through
freeze prevention mechanisms. Conventionally, these issues are solved through continuous circulation of
the fluid overnight (added pumping cost), auxiliary heaters to maintain a minimum temperature (added
fuel cost), or electrical heaters along the pipeline (added electricity cost).? It is then of great importance
for researchers to investigate the lowering of the freezing point of these HTFs without compromising their

thermal-fluidic performance.

The working principle of reduced melting points is related to the entropy of mixing of pure
components.?**?"> Recent work by Raade created a molten salt HTF with a novel mixture of inorganic
salts.?® While many different unique mixtures exist, nitrate salts mixed with lithium, sodium, potassium,
cesium, and calcium cations were investigated by the authors. This work demonstrated a low melting
point around 65 °C by exploiting eutectic behavior. In addition, the thermal stability of the mixtures was

demonstrated to about 500 °C.

The chemical stability of molten salts was studied by Bradshaw and Siegel and key degradation
mechanisms were identified.?® The process of creating nitrite from the nitrate species in the HTF will
occur in the presence of oxygen and depends on its partial pressure in the surrounding environment. This
work identified the nitrate-nitrate reaction as the characteristic process of degradation regardless of other
existing components. In addition, nitrate salts react with carbon dioxide and moisture in the ambient air to
form carbonates and oxides which degrade the salt mixture characteristics. Molten fluoride salts may
release harmful acids such as HF with exposure to atmosphere and significantly increase metal corrosion

rates. Therefore, it is important to carefully control the operating environment of some molten salts.
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Corrosion of metal alloys by molten salts is another issue that needs to be addressed. While several
common nitrate-based salts, like Hitec, showed negligible corrosion of seamless stainless steel, other
copper and nickel-based alloys have reported corrosion rates of 1-10 um per year at 570 °C. The
corrosion rates can be >100 pum per year for halogen-based salts for high temperature operation.'® Pipes
and containers made from Inconel and Hastealloys were recommended for use with chloride and fluoride
salts. More experimental studies are required to ascertain material compatibility of molten salts at

different temperature and in the presence of air and impurities.

Table 6: List of some molten salts and their thermophysical properties. Adapted from Sohal,?* and Vignarooban et alt®®

Specific Thermal
Temperature Density Viscosity
Fluid Chemistry heat conductivity
range (kg/m?) (mPa's)
(kJ/kgK) (W/mK)
Nitrates
NaNO3z-NaNO,-
Hitec® 142 to 535 °C 875 1.85 22.7 0.124
KNO3
Solar Salt NaNO3-KNO3 220 to 600 °C 863 10 25 0.134
Chlorides
K-Mg chlorides KCI-MgCl, 435 to 800 °C 1060 1.57 3.57 0.136
Halotechnics SS-700 - 257 to 700 °C 2310 0.79 4 0.35-0.4
Fluorides and Carbonates
FLiNaK LiF-NaF-KF 454 to >900 °C 2020 1.88 2.9 0.92
Li-Na-K fluorides/ LiF-Na,COs-
~400 to 920 °C 2100 1.9 - 1.18
carbonates K2COs3
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Li2CO3-N&2CO3-
Li-Na-K carbonates ~400 to 850 °C 2143 1.45 4.3 1.25
K2CO3

4.2.3. Other liquids
Several other liquids have been proposed as possible heat transfer fluids for solar-thermal applications.
Most of these HTFs are currently in the research and development phase. These include ionic liquids and
nanofluids which are actively being studied in the community. In addition, liquid metals have received
significant attention as high performance heat transfer fluids. The main thrust of research for the liquid
metals is to develop corrosion resistance and safe handling processes, while improving the heat transfer

performance is the main focus for ionic liquids and nanofluids.

lonic liquids are similar in nature to molten salts but, by definition, have freezing points below that of

water.?*

As discussed previously, molten salts are usually binary and tertiary compounds of inorganic
ions (e.g. nitrates, chlorides, and fluorides). Significant suppression of the melting point, below room
temperature, is achieved in ionic liquids by replacing the inorganic cations with large unsymmetrical
organic cations, in addition to choosing eutectic compositions of binary and ternary systems as is done for

molten salts.!” These large organic cations result in strong ion-ion interactions that reduce the melting

point drastically.

Table 7 shows a list of ionic liquids with the imidazolium cation ([im]) investigated for solar thermal
applications and their thermophysical properties. lonic liquids with other cations have also been studied,
but the large and asymmetrical nature of [im] enables melting point depression below room temperature
which is quite attractive for CSP applications. Fredlake et al.?® report thermophysical properties of
several [im]-based ionic liquids as well as how they change with chemistry. For instance, better thermal

stability was associated with a large anion size, and the heat capacity was found to increase with
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increasing number of atoms in the ionic liquid. Overall, the density, heat capacity and thermal

conductivity are comparable to synthetic oils, however the viscosity is an order of magnitude higher.

The low vapor pressure, stability over a large temperature range, as well as large heat capacity of ionic
liquids suggests their suitability as HTFs for solar-thermal applications. However, issues such as higher
pumping cost due to large viscosity and chemical compatibility with certain metals need to be addressed.
Contamination by other species such as water, metal cations and chloride can alter the properties of the
ionic liquids and deteriorate heat transfer performance.?®® The high cost and limited availability of ionic

liquids are additional issues that need to be addressed.

Other heat transfer fluids that have been widely studied in the past two decades consist of suspensions of
sub-micrometer sized particles in a base fluid.?*?*° The motivation behind nanofluids, as they are
commonly known, is to enhance the heat transfer performance by adding high thermal conductivity
nanoparticles to the base fluid. However the degree of performance improvement is not easy to predict in
practice since it depends upon several competing factors such as the nanoparticle concentration, base

fluid, and particle size and morphology.?*®

Nanofluids achieve higher thermal conductivities under proper conditions,””* however that does not
necessarily lead to a higher efficiency.”**??° In addition, high nanoparticle concentrations increase the
viscosity (pumping power) and may lead to sedimentation issues. Optimal nanoparticle size and cluster
structure for nanofluids is also unclear. In contrast to thermophysical properties which may not change
drastically with the addition of nanoparticles, significant variation in the optical properties are possible.
This allows the use of nanofluids for direct solar absorption in the collector.”>?® The solar absorption is
enhanced by the addition of nanometer-sized particles, comparable in size to the wavelength of incident
radiation, to the base fluid. The extent of absorption is dependent on the particle size, particle shape, and
the optical properties of the particle and base fluid.?** In general, greater absorption is achieved for fluids

with non-metallic particles whereas metallic particles are desirable for a higher thermal conductivity.
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However, despite these advances, no study has shown evidence of nanofluid-based collectors

outperforming commercial vacuum tubes receivers.?

Several challenges need to be addressed for nanoparticle suspensions to be seriously considered for solar
thermal applications. Agglomeration in nanofluids due to particle-particle interaction can lead to
significant changes in the effective thermal conductivity as well as viscosity. This can lead to fluctuations
in the convective heat transport as well as pumping. More studies are necessary to understand the effect of
agglomeration and instabilities on the thermophysical properties and heat transfer performance.
Additionally, the high viscosity of the nanofluids results in large pressure drop and high pumping power
demand. The long-term stability of nanofluids also needs to be investigated since nanoparticles may lead

to erosion of metal surfaces. In addition, the cost of production remains prohibitively high.

Liquid metals, with their superior heat transport properties and high operating temperature, are a
promising candidate for heat transfer fluids in CSP systems. Liquid metals have low vapor pressure, high
thermal conductivity and relatively low viscosity. As a consequence, FOMs of liquid metals are roughly
one order of magnitude higher than molten salts and several orders of magnitude higher than pressurized
air, allowing operation at higher heat flux densities. In addition, efficiency is improved by operating at

fluid outlet temperatures in the 700-1000 °C range, compared with <650 °C used currently.*®

Pacio et al.”**** have analyzed the performance of liquid metals as HTFs and compared three promising
candidates: liquid sodium, lead-bismuth eutectic (LBE) and molten tin (Table 7 shows the thermophysical
property values). Among the three, liquid sodium has the most favorable properties — highest heat
capacity, lowest density and lowest melting point. Furthermore, its cost is comparatively low and is
compatible with common structural materials such as steel. Liquid sodium and, to a lesser-extent, LBE
have been investigated for operation in the nuclear sector. The high reactivity of alkali metals, like
sodium, with both air and water make it a potential safety hazard. LBE is comparatively safer as it

oxidizes slowly in the presence of air and water, but corrodes steels much faster than sodium at high
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temperatures. Material compatibility studies of LBE with alternate structural materials such as tungsten,
molybdenum, and aluminum-coated steels have shown promise and are currently under investigation.??°
Molten tin also has good thermophysical properties but its high melting point and incompatibility with

steel at operating temperatures are issues that need to be addressed.

More recently, a multi-university team led by UCLA, as part of DOE’s SunShot Initiative, is working on
identifying new liquid metal HTFs using combinatorial material synthesis and thermochemical

modeling.?’

Another SunShot CSP project, led by Asegun Henry of Georgia Institute of Technology, is
developing high temperature (>1000 °C) thermochemical reactors using liquid metal HTFs to split water
and generate hydrogen fuel.””® The main goals of the project are to lower the melting temperature and
increase the upper limit of stable operation to above 800 °C. Other technical targets include parameters
such as melting point (< 100 °C), thermal conductivity (> 10 W/m-K), heat capacity (> 2 MJ/m°K) and
viscosity (< 2 mPa-s) of the fluid.”’ Additionally, the project has specific materials compatibility
requirements as well as an aggressive cost goal of < $1/kg — the approximate price of popular molten
salts. Other challenges include solidification, toxicity, corrosion and reactivity with materials used for

storage.”® Realizing these challenging targets would almost certainly lead to commercialization of liquid

metal HTFs in solar-thermal systems.

Table 7: Thermophysical properties of some ionic liquids and liquid metals used as heat transfer fluids.?%2%

Specific Thermal
Temperature Density Viscosity
Fluid Chemistry heat conductivity
range (kg/m3) (mPas)
(kJ/kgK) (W/mK)
lonic liquids
1-methyl-3-
[emim][BF4] 14 to 446 °C 1253 1.28 36 0.20

ethylimidazolium
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tetrafluoroborate

1-methyl-3-
[omim][BF4] butylimidazolium -87 to 424 °C 1175 1.66 120 0.19
tetrafluoroborate
1,2-dimethyl-3-
porpylimidazolium
[dmpi]lm 11to 457 °C 1421 1.20 90 0.13
bis(trifluorosulfonyl)
imide
Liquid Metals
Sodium Na 98 to 883 °C 808 1.25 0.21 46.0
Lead-Bismuth 44.5-55.5%wt
12510 1533 °C 9660 0.15 1.08 12.8
eutectic alloy Pb-Bi
Molten tin Sn 23210 2687 °C 6330 0.24 1.01 33.8

4.2.4. Pressurized gases
Pressurized gases offer several advantages over conventional HTFs in solar-thermal systems. Gases can
reduce some of the complexities associated with the handling of heat transfer fluids such as chemical
stability, material compatibility issues, sealing and safety. In addition they are capable of operating at
higher receiver temperatures which leads to higher energy conversion efficiency and lower operating
costs. One of the promising prospects is direct expansion, i.e., using the same fluid in the receiver as well
as in the turbine, eliminating the need for a heat exchanger and thereby reducing cost and complexity.
However, one of the biggest drawbacks is the poor thermal capacity of gases which may be overcome by
using high pressures and large mass flow rates, but it makes the handling difficult and increases the cost.

In this section we present some of the pros and cons of using pressurized gases such as CO,, N, and air.
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CO, has been widely studied as an HTF since its critical point (31 °C) is close to atmospheric
temperature. Operation close to the critical point results in a significant enhancement of the cycle
efficiency as a sharp increase is observed in the fluid heat capacity.?”® Several studies have looked at
enhancing the performance of linear (parabolic trough and Fresnel) solar-thermal systems by using close-
to-critical CO, cycles, multi-stage expansion/compression and regeneration, and optimizing the receiver
design.?-?2*% However, one of the drawbacks of using CO; is that the cycle must be closed, i.e., the
fluid must be recirculated from the collector to the turbine, to the condenser, and back to the collector.
This requires thicker pipes and measures to prevent leaks. Nonetheless, the promise of high efficiency and
compact size achieved by combining directly with supercritical CO, (s-CO,) cycle has made CO, an
appealing HTF.?"?** More details of the s-CO, heat engines are provided in section Error! Reference

ource not found..

The use of air as an HTF, unlike CO,, is simpler since operating pressure can be close to ambient and
perfect sealing is not a concern. A comparison between air and CO, as HTFs showed no significant
difference between the two as far as the receiver performance was concerned.?* However, using air
provides other advantages, including compatibility with packed-bed thermal storage and no fluid cost. For
these reasons, and because the large surface area of cavity receivers offsets the low heat transfer capacity
of gas-based HTFs, air is often used in central receiver systems.?**** Investigations with other gas-phase
HTFs, such as N,, have shown performance comparable to synthetic oils, however commercial

development is unlikely due to the high capital cost.”*®

Table 8: List of pressurized gas-based heat transfer fluids.?’

Specific Thermal
Temperature Density Viscosity
Fluid Chemistry heat conductivity
range (kg/m?) (mPa's)
(kJ/kgK) (W/mK)
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Air (30 — 100 bar) >-215 °C 1.20 1.01 0.019 0.024

COz -73 to 1000 °C 1.84 0.844 0.015 0.015

N2 >-196 °C 1.165 1.04 0.018 0.024

Water vapor (30 -
>234 °C 0.80 1.97 0.012 0.016
100 bar)

4.2.5. Steam

The HTF in a traditional solar thermal power plant transports heat to the power cycle which is most
commonly a water-steam cycle such as steam-Rankine. To avoid excessive costs associated with the HTF
or the large heat exchanger equipment which thermally couples the HTF to the power cycle, engineers
have tested the idea of direct steam generation (DSG). Water collects the heat directly and it becomes
superheated steam which is directly fed into the power cycle. The high temperature water-steam mixture
(>400 °C) has a higher heat capacity than other gases which increases the efficiency of the receiver as
well as the power cycle. The feasibility of DSG was initially proven under real conditions at the Direct
Solar Steam (DISS) facility at Plataforma Solar de Almeria (PSA) in 1997-98.%® The success of DISS and
other studies led to the development of pre-commercial DSG facilities including a 5-MW INDITEP plant,
and commercial power plants including 11 MW PS10 and 20 MW PS 20 power plants in Andalusia,
Spain.?®**° The results from these projects point towards a 8-14% reduction in LCOE compared to

SEGS-like plants using synthetic oils as the HTF.**

Despite the promise of direct steam generation, several engineering challenges, arising due to the two-
phase flow, need be addressed. These include the higher operating cost due to high pressure required to

pump the two-phase mixture.?’

The non-uniform heat transfer from pipe walls result in large temperature
gradients which can damage the pipes. At a system-level, the stability of the temperature and pressure at

the outlet is another big concern. Hence current research efforts are focused on the optimization of the
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collector loop and power cycle design, the regulation of outlet temperature and pressure, and the

reduction of collector piping costs.™’

5. Thermal Energy Storage

To generate electricity on demand despite solar transients (such as clouds passing overhead or the sun
setting) storage should be used. Storage is very valuable for renewable energy technologies, as storage
makes them more reliable, more amendable to integration in the grid, and in the case of solar power
allows electricity production to be shifted to meet peak demand.?***** The most appropriate storage
mechanism for use with CSP is thermal energy storage (TES) due to the intermediate heat step already
present in CSP systems.?****® Plants with solar multiples greater than unity, defined as the ratio of
insolation to the receiver at the design point to the nominal heat input of the heat engine, can use the extra
solar energy collected during peak sunlight hours to charge a TES system, and discharge the TES later to

produce electricity when the sun is no longer shining.

Thermal energy storage is one of the main advantages of CSP, because TES is significantly cheaper than
other energy storage technologies (e.g., batteries) and is not compatible with other intermittent renewable
energy technologies such as photovoltaic cells and wind turbines. There are some grid-level energy
storage technologies that are economically competitive with TES, such as pumped hydro and compressed
air, however these exceptions are geographically limited.?*® For intermittent renewable sources, the value
of their generated electricity decreases at high grid penetration.?’ If storage is included, e.g., CSP with
TES, then the generated electricity maintains a high value even in the high renewable penetration
scenario. Jorgenson et. al. found that in certain deployment scenarios, electricity from CSP with storage

could be more than twice as valuable as electricity from PV to the utility provider.*
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There are two primary characteristics of a TES system: capacity and power. Capacity is a measure of how
much thermal energy a TES system can store, while power is a measure of how much heat the system can
deliver while discharging. Ideally a TES system can have both high capacity and power at low cost, and
for commercial TES systems a primary concern is achieving low specific cost (cost per unit capacity, e.g.,
$/kwWh). System capacity and power are related to the thermal properties of the materials being used for
the TES (e.g., specific heat for capacity or thermal conductivity for power) as well as the system design
(e.g., volume of material for capacity or heat exchanger area for power). The system also typically has a
specific range of operating temperatures which need to be compatible with the concentrator, receiver and
heat engine. The TES system also has a characteristic storage time, i.e., how long the system can provide
power for, which can be found simply by dividing system capacity by power. There are different
applications for different storage times,**® and TES is most appropriate for response on the order of hours.
In this several hour range of response, TES can address weather transients and load shifting to the

244

evening.”™ At the long end of this range, base load (i.e., continuous) power generation has also been

considered by using TES systems with = 15 hour storage time.**®

An important metric for TES systems is exergetic efficiency. In electrical storage systems (e.g., batteries)
an important metric is the round trip efficiency, which refers to how much electrical energy you can
recover from the charged system divided by the electrical input required to charge the system. Round trip
efficiency would be the relevant metric for TES in the case where electrical heaters were being used to
charge the system. In TES used with CSP, the relevant metric is exergetic efficiency, which refers to how
much exergy can be recovered from the charged system divided by the exergy input required to charge
the system.?>**® Exergy is the maximum work available in heat of a given temperature, assuming a
certain cold reservoir temperature. Exergy B can be calculated by multiplying the thermal energy Q by

the Carnot efficiency:
T,
B=0 (1 - —C) (19)
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where Ty is the temperature the heat is delivered at and T, is the cold reservoir temperature. The

exergetic efficiency ng of the TES system can be calculated by:

T,
Qe (1-1,5)
Np = T’ (20)
[
Qin (1 T T, )
H,in

where Q,,; and Q;, refer to the heat recovered from and supplied to the TES system, respectively, and
Ty outr and Ty, refer to the temperature at which heat is recovered from and supplied to the TES system,
respectively. Exergetic efficiency will be reduced below unity due to a few factors. The first factor is heat
losses from the storage media while it is being stored in its charged state (e.g., due to storing thermal
energy materials at high temperature) which can be minimized with insulation and good container design.
The second factor is the temperature drop required to charge or discharge the TES, and is influenced by
the material thermal conductivity as well as system design. For example, to heat a storage medium to 400
°C, the charging process might need to be driven with an HTF at 410 °C, and in discharging that storage
medium the HTF might be recovered at 390 °C. It can be challenging to minimize this exergy loss
because the thermal conductivity of many TES materials is inherently low and because high performance
heat exchangers for efficiently charging and discharging the TES can lead to large system costs. It is

important to consider exergetic efficiency, not just energy efficiency, in TES system design.?*

Material properties and system design are both important to the TES system performance.?* This review
will focus primarily on the choice of storage materials, however some system design concepts will be
covered briefly. One distinction in system designs is one-tank vs. two-tank systems. In a one-tank design,
all the storage media is kept in the same container, but separated spatially (e.g. hot fluid at the top of the
tank and cold fluid at the bottom in a thermocline design).”**** In a two-tank design, the charged (e.g.,

hot) and discharged (e.g., cold) storage media are kept in separate tanks. One-tank systems have the
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potential to be cheaper, while two-tank systems allow decoupling of capacity from power.?**%%2°

Another distinction in system types is direct versus indirect systems. In direct systems the HTF is also
used as the storage medium while in indirect systems, the HTF transfers heat to another medium for
storage. While indirect systems suffer from lower exergetic efficiency than direct methods, they are often
used due to cost and storage density reasons.”® Another big part of system design is overcoming the low
thermal conductivity of many TES materials. This is typically accomplished by using extended heat
transfer surfaces of materials with high thermal conductivity (e.g., metals) or heat pipes within the space

where the TES is stored to quickly deliver or recover heat.”"**®

Selecting an appropriate storage material is critical to a high performance TES system. For all types of
TES, there are certain desirable material characteristics:?*
1. Large gravimetric and volumetric storage capacity (high heat capacity/latent heat/heat of reaction
as well as high density) — (to achieve high storage capacity)
2. High thermal conductivity/diffusivity/effusivity — (to achieve high thermal power and exergetic
efficiency)
3. High cycling and thermal stability — (for long system lifetime)
4. Non-toxic, non-flammable, non-corrosive and can be handled/contained easily — (for ease of
system implementation)

5. Small coefficient of thermal expansion — (to minimize thermal stresses in system)
6. Inexpensive and earth abundant materials — (for low system cost)

The first two characteristics relate directly to the system performance for achieving high storage capacity,
high power, and high exergetic efficiency. The rest do not relate directly to these performance metrics but
are critical to the implementation of actual systems and their feasibility as utility-scale, commercial

solutions.

There are three classes of TES material: sensible, latent and thermochemical. In sensible TES, heat is
stored by raising the temperature of the storage material. In latent TES, heat is stored by subjecting the
storage material to a phase change, thus latent TES materials are also referred to as phase change
materials (PCM). In thermochemical TES, heat is stored by subjecting the storage material to a reversible

chemical reaction, i.e., an endothermic reaction is facilitated by input heat, and heat can be recovered later
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by the reverse exothermic reaction. Sensible TES is the most commercially developed type of TES but
has the lowest storage density, while thermochemical TES is the least developed but offers the highest

potential for storage density (see Figure 18).%*

As TES technologies mature, more CSP plants will be
able to move from sensible storage to latent and then thermochemical storage to take advantage of the
higher storage densities. The rest of this section will cover these three classes of TES, primarily

addressing materials that have been investigated for use in TES systems.

TES classes:

Sensible

Latent (PCM)

Thermochemical

More industry experience
Alisuap abelio)s JaybiH

Figure 18 The different classes of thermal energy storage: sensible, latent (or phase change material), and
thermochecmical. Sensible TES is the most commercially mature but has the lowest energy density, while thermochemical
TES is the least commercially mature but has the potential for the highest energy density

5.1. Sensible storage
Sensible TES can be broadly divided into two categories: solid and liquid (gas is not used due to its low
density). In principle there are also systems that combine solid and liquid, for example a fluid flowing
over a packed bed of solid particles.”* This distinction is not overly important, as both solid and liquid
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sensible TES operate on the same principle: heat is stored by heating up a material. In both cases, the heat

stored Qsensinie depends on the temperature change AT and the specific heat ¢, of the material:

Osensible = VpCp (T, —Ty) = meAT (21)

where V' is the volume of the storage material used, p is the density of the material, m is the mass of
storage material used, and T, and T; are the charged and discharged material temperatures, respectively.

Specific heat values of solids can be estimated by the Dulong-Petit law:

ot = 3RAT 22)
3R
Cp = ﬁ (23)

where g0 1S the heat stored per mole, R is the universal gas constant, and M is the molar mass of the
material. It was found that a mole of a material almost always has the same heat stored for an identical
AT, which is approximately 25 J/K/mol. This can equivalently be understood as a heat capacity of 3k, T

for each atom from the equipartition theorem (6 degrees of freedom, 2 vibration modes in each direction,
multiplied by %ka for each degree of freedom), where k; is the Boltzmann constant and T is the

absolute temperature of the material. Since interatomic spacing does not vary significantly among solids,
the relative volume of atoms in the lattice (i.e., the packing fraction) does not change much between
materials which leads to similar volumetric energy densities pc,. Because most non-porous materials
have similar pc,, values (i.e., less than an order of magnitude variation among them), as shown in Figure
19, the energy storage in sensible TES technologies is strongly driven by the volume of the system. The
total capacity of the system (i.e., in kWhy/m? rather than kWh/m®K) can be calculated by integrating the
volumetric heat capacity over the operating temperature range. Larger operating temperature ranges will
give higher capacities, but the system must be compatible with receiving heat over widely varying
temperatures. Table 9 lists some materials which have been considered for sensible TES, as well as their

relevant properties. Sensible storage technologies are relatively mature, and deployed sensible TES
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systems have achieved efficiencies higher than 90%.%*° The remainder of this section will discuss sensible

TES materials in more detail.
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Figure 19 Volumetric heat capacity vs. temperature for various materials. Discontinuities in curves correspond to phase

changes. Adapted with permission from reference 2**. Copyright 2012 Begell House, Inc.

Table 9 Selected materials which have been considered for sensible TES. Material properties are representative values
from within operating temperature range. Values are from Geyer (Ref. 2*°) unless noted otherwise

Material Operating Thermal Density | Specific | Volumetric heat
temperature | conductivity | (kg/m® | heat capacity
range (°C) (W/m/K) capacity | (kWhg/m¥/K)

(kJ/kg/K)
Liquids | Water 200-300 0.7 800 4.9 1.09

Mineral oil 200-300 0.12 770 2.6 0.56

Synthetic oil 250-350 0.11 900 2.3 0.57

Silicone oil 300-400 0.10 900 2.1 0.52

Liquid sodium 270-530 71 850 1.3 0.31
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Nitrite salts 250-450 0.57 1825 15 0.76
Nitrate salts 265-565 0.52 1870 1.6 0.83
Carbonate salts 450-850 2 2100 1.8 1.05
Hitec™ 220-600 0.46 1900 15 0.79
HitecXL** 120-500 0.52 1990 1.4 0.77
Solids | Cast iron 200-400 37 7200 0.56 1.12
Cast steel 200-700 40 7800 0.60 1.30
Sand/rocks/gravel 200-300 1 1700 1.30 0.61
Concrete 200-400 1.5 2200 0.85 0.52
Castable ceramic®™® | 200-390 1.35 3500 0.87 0.84
Advanced concrete®™ | 200-390 1.0 2750 0.92 0.70
NaCl 200-500 7 2160 0.85 0.51
Silica fire brick 200-700 1.5 1820 1.00 0.51
Magnesia fire brick 200-1200 5 3000 1.15 0.96
Graphite®™ 200-2000 40 1900 1.75 0.92

One well established method for storing thermal energy is using a steam accumulator, which uses water
as the TES material **>*®® In a steam accumulator pressurized, saturated water stores the thermal energy.
To extract the thermal energy, steam is produced by lowering the pressure of the saturated water. While
there is a phase change process occurring, thermal energy is stored in raising the temperature of the water,
not in boiling it and converting it to steam. Since the thermal energy is extracted from the steam
accumulator via the evaporated steam, the discharge rate is not limited by the thermal conductivity of
water. Such a system can be charged with saturated water directly or can be fed with cool water and
heated with a different HTF through a heat exchanger. Operating temperature and pressure in these

systems are limited by the critical point of saturated water (374 °C, 221 bar). For its operational
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temperature range, a steam accumulator is a very cheap and energy dense option for TES. A deployed
example of a steam accumulator used with CSP is at the Planta Solar towers in Sevilla, Spain, where such

a system provides approximately 1 hour of thermal storage, operating at temperatures from 250 — 300

°C 34,267

Oils are another liquid that have been considered for use as sensible TES materials. Mineral oil could be
used as an effective thermal storage material with low cost, however its flammability leads to safety
concerns.”®® Mineral oil also has a limited operating temperature range without going to expensive
pressure vessels. While in principle synthetic oils or silicone oils could be used as a thermal storage

material, they are too expensive to achieve a reasonable storage capacity at acceptable system costs.

For higher temperature storage than can be achieved with a steam accumulator, molten salts are the best
option. Salts have reasonably high storage densities and are inexpensive, making them an economical
storage material.®®® For molten salts, the operating temperature range is limited on the low end by the
freezing temperature and on the high end by corrosion. Freezing is a major concern for these systems, as
frozen salts can damage piping and pumps, so they are often equipped with protection measures such as
auxiliary heaters.”® Nitrite, nitrate and carbonate salts all have reasonable properties as TES materials,
however improved properties (in terms of both cost and performance, especially lowering melting
temperature) can be achieved by mixing salts. One commercially used salt mixture is NaNO3z-NaNO,-
KNO; (0.07-0.40-0.53 by mass) which is known as Hitec.”®" A slightly different mixture of Ca(NO3)-
NaNO;-KNO; (0.48-0.07-0.45) is known as HitecXL and has a lower melting point. Research effort
continues to attempt to develop better molten salts for thermal energy storage. Peng et al. designed a
guaternary mixed molten salt for TES composed of K, NaNO,, Cl and NOs with a melting point as low as
172 °C for certain eutectic mixtures.”® Zhao and Wu demonstrated a mixed salt of KNO;, LiNO; and
Ca(NOg), with a very low melting temperature of 80 °C. lonic liquids (salts with organic cations and low
melting temperatures discussed previously in section 4) have also been considered for use as TES

materials.?**?"° Their low melting temperatures makes freezing less of a concern than for molten salts.
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While their other properties (volumetric storage capacity and thermal conductivity) are similar to molten
salts, ionic liquids are more expensive than molten salts, which has limited their adoption in commercial

TES systems.

Solids also offer promising, inexpensive sensible TES solutions.?™>%"> With a solid material as the TES, it
is common to use a packed bed of solids with HTF running through to charge and discharge the system. If
the HTF is a gas (e.g., air) its sole purpose is to transfer heat, however if the HTF is a fluid, the fluid heat
capacity will commonly be comparable to the solid and it thus can act as a supplementary storage

material.

At first glance, metals seem like they could provide a competitive TES material. Metals offer high
thermal conductivity and heat capacity, which would lead to high system capacity and power, but they are

significantly more expensive than other options.?”

Due to their high cost, metals are used for enhancing
the thermal conductivity of a TES system (e.g., through the integration of metal fins), but are not typically

considered for use as the bulk storage material in TES systems.

A very inexpensive approach is to use sand, gravel or concrete as the solid sensible TES material. With
sand or gravel, a packed bed configuration is typically used, however flowing sand configurations have
also been proposed.?”**"> Concrete can be formed into bricks and arranged in a packed bed configuration
or HTF pipes can be set to run through large concrete blocks.?**?”® Work has been performed to develop
concretes with better thermal properties, and which are compatible with finned HTF heat exchanger

271

designs.“"" Concretes and castable ceramics have been developed with volumetric heat capacities greater

than 0.7 kWhy/m*K 2% For higher temperature applications, silica, alumina and magnesia bricks have

been suggested with molten salt as an HTF.?"

Another proposed thermal energy storage material using
sensible heat is graphite, due to its good high temperature stability and high specific heat at elevated
temperatures. The company Graphite Energy has a demonstration project integrating graphite TES into a

3MW demonstration power tower plant in Lake Cargelligo, Australia.””’
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5.2. Latent storage
In latent TES, thermal energy is stored by subjecting the storage material to a phase change process, thus
latent TES systems are commonly referred to as phase change materials (PCM). Typically the phase
change process used is melting a solid into a liquid, but occasionally solid-solid phase changes are used
(e.g. between two different crystalline phases). Liquid-gas phase changes are not used due to the large
expansion undergone in boiling, which leads to either high storage volumes or strict pressure vessel
requirements. In latent TES, the energy stored Q;,:.n: depends on the latent heat (or enthalpy) of melting

for the material Ah,,:

Quatent = VpAhy, = mAhy, (24)
where V is the volume of the storage material used, p is the density of the material and m is the mass of

storage material used. Latent heat of melting roughly scales linearly with melting temperature for
different classes of materials, e.g., metals tend to have a molar latent heat value of 1 - 1.5 times the
melting temperature times the universal gas constant (8.3 J/mol/K).?”® Thus higher energy densities can
typically be achieved for PCMs with higher melting temperatures, as shown in Figure 20, however the
intended application will limit the usable melting temperature range. PCM storage can also take
advantage of sensible temperature change if the operating temperature range extends significantly beyond

the melting temperature.
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Figure 20 Typical ranges of melting temperatures and volumetric latent heats for different categories of materials
considered for PCM TES. There are metals and metal alloys with melting temperatures higher than 800 °C, however
there are limited examples with competitive latent heats at the time of writing

Latent TES offers a few advantages compared to sensible TES. First, the energy density is typically much
higher, since Ah,, > c,AT for most systems. Second, the charging and discharging processes usually
occur at a constant temperature, which can be advantageous from a system standpoint for targeting a
specific heat engine operating temperature. For non-eutectic alloys there is a melting range rather than a
specific melting temperature. For latent TES materials, a high enthalpy of melting is desired to achieve
good energy density. Many different materials systems have been investigated in search of high latent
heats.?’®?®° High thermal conductivity is also desirable to allow quick (and efficient) charging and
discharging of the PCM. Some materials used or proposed for use in latent TES systems are listed in

Table 10.

Table 10 Selected PCM TES materials. Not all thermal conductivity values are available, however salts tend to have low
values (<1 W/m/K) while metals tend to have high values (>50 W/m/K).

Material | Phase Thermal Density | Specific | Volumetric | Ref.
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change conductivity (kg/m®) | latent latent heat
temperature | (W/m/K) heat (KWhy/m®)
°C) (kd/kg)
Metals Zn 419 50 6760 | 112 210 2
Al 660 o1 2380 | 397 262 2
Alloys Mg-Zn 340 n.a. 4600 | 185 236 T
(46-54)
Mg-Cu- | 452 n.a. 2800 | 254 198 %7
Zn  (60-
25-15)
Al-Si (88- | 557 n.a. 2540 | 498 351 y
12)
Al-Si (12- | 576 160 2700 | 471 353 7
88)
Zn-Cu- | 703 n.a. 8670 | 176 424 =
Mg (49-
45-6)
Salts LiNO; | 254 0.6 1780 | 360 178 2
NaNO, 270 0.6 1810 180 91 244
NaNO; 306 0.51 1910 175 93 244
NaOH 322 0.8 2130 210 124 244
KNOs; 337 0.45 1880 | 100 52 2
KOH 380 05 2044 | 150 85 258
MgCl, 714 n.a. 2140 452 269 758

87




NaCl

800

2160

480

288

257

Salt
mixtures/

composites

KNOs;-
KCI

(95.5-4.5)

320

0.5

2100

74

43

257

NaCl-
Li,COs-
Na,COs3
(24.5-

20.5-55)

393

1.0

1800

240

120

244

K,COs-
Li,COs;-
Na,CO,
(35-32-

33)

397

n.a.

1900

275

145

244

MgCl,-
NaCl (52-
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Metals and metal alloys have been proposed as PCM TES materials, as they have properties which are
desirable for PCMs: they have high thermal conductivity and large latent heat. While from a performance
point of view metals are a promising option for PCM TES, they are expensive. The cost drawback can be
addressed in part by alloying metals with cheaper materials. For example, aluminum silicon alloys have

been shown to have good thermal properties, and silicon is inexpensive and earth abundant.?

Salts offer a more economical option than metals for a PCM TES. There is a wide range of melting

temperatures for different single and mixed salts.?®

While some salts have sufficient latent heat, they
typically have very low thermal conductivity (<1 W/m/K) which limits the thermal power that can be
achieved in salt-based TES systems. As such, significant effort has been made to develop system designs
which can achieve reasonable thermal powers despite the low intrinsic thermal conductivity of salts. PCM
systems can be augmented with fins of higher thermal conductivity (e.g., metal) to increase the effective

thermal conductivity of the material.”’

Another system design encapsulates PCMs and stores the capsules
in packed beds to enable faster charging and discharging, since the relevant length scale for heat
penetration becomes the capsule diameter rather than the tank diameter.”®® Graphite has also been used as
a matrix to increase the effective thermal conductivity of PCMs.?®**®* Similarly, an enhancement of
thermal conductivity has been demonstrated by integrating carbon structures (e.g., graphite or carbon

nanotubes) into the PCM at a microscopic level, with Ge et al. achieving a thermal conductivity of >5

W/m/K in LiNaCO; based PCM composites.”

In order for PCM TES to become more widely adopted, it is important to find inexpensive PCM
candidates with improved properties compared to what has already been proposed and demonstrated. In

addition to new latent storage materials, it is also critical to find affordable materials to make containers,

89



heat exchangers and capsules which are compatible with the PCMs and allow for fast and efficient
charging and discharging. High performing PCMs, appropriate materials to contain the PCMs and good

system design are all necessary for latent storage to be utilized in real applications.

5.3. Thermochemical storage

In thermochemical TES, thermal energy is stored in a reversible chemical reaction. An endothermic
reaction is driven by heat input, and energy is stored in chemical bonds of the chemical product.?®® The
product of this reaction can be stored until the thermal energy needs to be recovered. To recover the
thermal energy, the reverse exothermic reaction is performed, releasing the thermal energy for use with

the heat engine to produce electricity. Such a chemical reaction can be written:

AH,
AB<=A+B (25)
where AB is the reactant (the discharged state), A and B are the products (the charged state), and AH,. is

the molar heat of reaction. Thermochemical energy stored Q¢nermochemicar 1S 9iVen by:

Qthermochemicat = NalAHy (26)
where n, is the number of moles of one of the products. Advantages of thermochemical storage include

higher energy density than sensible or PCM storage, and no thermal losses, as typically the chemicals can
be stored at room temperature in their charged state.”®” Some chemical systems can also supply heat at
different temperatures than the heat is absorbed at (called heat transformers when heat is supplied at a
higher temperature and chemical heat pumps when heat is supplied at a lower temperature).”** Some
chemical processes can be driven by sunlight directly rather than heat (these are known as "solar

fuels"),?® however such reactions will not be covered in this review.

One distinction between different types of thermochemical TES systems is open versus closed systems.***

In an open system, the reaction is performed at ambient pressure and exchanges gas with the atmosphere,
whereas in a closed system the reaction occurs in a sealed container. Open systems are less expensive to

implement, however open processes are less controlled and can be contaminated by particulates from the
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environment. Another important distinction is the phases of the chemicals involved in the reaction. Some
well-studied reactions involve only liquids and gasses. For example, NaOH-water systems have been
demonstrated, however the operating temperatures are not high enough for CSP applications.”®® Another
reaction that has been demonstrated with parabolic dishes is disassociation of ammonia into nitrogen and
hydrogen gases.?*® A similar NH;SO, system with higher storage density has been proposed but has yet to
be demonstrated.?®” Cyclohexane (C¢Hy,) dehydrogenation (reacting to form benzene and hydrogen) is
another potential reaction which has been proposed for use as thermochemical TES with reasonable
energy density. Work has explored other organic systems as well, such as methane reforming, however
they have significantly lower energy densities. Challenges with these organic systems include the need for
good catalysts and poor reaction reversibility.?®” Much more effort has been focused on solid-gas
reactions, such as dehydration of metal hydroxides or metal hydrides, decarboxylation (removing carbon
dioxide) of metal carbonates, and redox reactions of metal oxides. An example for each of these types of

reactions is listed in Table 11 and will be covered briefly below.

Table 11 Selected thermochemical TES materials.?®’

Material Chemical reaction Operating Reaction Energy density

temperature [°C] | enthalpy [KWh/m®]
[kd/mol]

Ammonia NH; & % N, + % H, 400-500 67 745

Cyclohexane CiHyy & CoHg + 3H, 300-400 207 530

Calcium Ca(0H), & Ca0 + H,0 400-600 104 437

hydroxide

Magnesium MgH, & Mg + H, 350-500 75 580

hydride

Calcium Caco, & Ca0 + CO, 900 178 692
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carbonate

Cobalt oxide 20050, = 6C00 + 0, 900 205 295

In dehydration of metal hydroxides, energy is stored by removing water from a metal hydroxide. One
potential system is calcium hydroxide: the dehydration reaction is performed by removing a water
molecule from calcium hydroxide (Ca(OH),) to form calcium oxide (CaO). Repeated cycling of the
calcium hydroxide dehydration reaction has been successfully demonstrated in fixed bed reactor
configurations.”>*? One of the recurring challenges in metal hydroxide systems is the low material

thermal conductivity which limits the reaction rate.?*

In dehydration of metal hydrides, energy is stored by removing hydrogen from a metal hydride. One
example is magnesium hydride (MgH,), which is reacted to form magnesium and hydrogen. There have
been successful experimental demonstrations of reversible reactions in excess of 1000 cycles.?®* These
dehydration reactions face challenges in poor heat transfer and slow reaction kinetics, however doping

(e.g., with iron or nickel) has been used to improve reaction rates in the case of magnesium hydride.

In decarboxylation of metal carbonates, energy is stored by removing carbon dioxide from a metal
carbonate. These decarboxylation reactions usually occur at very high temperatures (>450 °C, typically
around 900 °C),*®” which are not common in CSP plants now but may be appropriate for future, higher-
efficiency, higher-temperature plants. As one example, calcium carbonate (CaCOs3) can be reacted to form
calcium oxide (CaO) and carbon dioxide at around 900 °C. A number of studies have been performed
exploring this reaction for use as thermal energy storage.?**** The poor reactivity of the reactant leads to
conversion efficiencies around 20% when the bulk of the calcium carbonate had been decarboxylated,

which would need to be improved considerably for use in CSP applications.

In redox reactions of metal oxides, energy is stored by reducing a metal oxide to form oxygen. An

example metal oxide is cobalt(ll,111) oxide (CozO,4), which can be reacted to form cobalt(ll) oxide (CoO)
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and oxygen. Redox reactions of metal oxides for thermal energy storage are relatively unstudied, but

theoretically offer high energy density for high temperature systems.?®’

While these thermochemical storage materials show great potential with high energy densities and an
absence of thermal losses (which allows for the prospect of TES with unlimited storage time), much work
remains to be done before thermochemical TES technology can be commercially adopted. From the
chemical perspective, high reversibility of reactions must be demonstrated, along with reasonable reaction
rates and conversion efficiencies. Affordable system designs are also necessary for commercial
feasibility. If these obstacles can be overcome, it would improve the current suite of options for CSP

storage, and allow CSP to play a more significant role in the global renewable energy portfolio.

6. HEAT ENGINE

The heat engine is the system in a CSP plant which converts the collected heat to electricity. This is
traditionally achieved via a thermodynamic cycle converting the heat to mechanical energy, which is used
to drive a generator and produce electricity (some alternatives exist at the research stage and will be

discussed in 6.3). The thermodynamic cycle typically has four steps:

A working fluid is compressed to high pressure

The fluid is heated using the solar energy input

The fluid is expanded to low pressure through a turbine (which produces mechanical work)

The fluid is cooled back to its initial temperature
The net power output of the heat engine is given by the power produced by the expansion step minus the

power input required for the compression step. Current CSP plants typically use Rankine cycles with
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water/steam as the working fluid, with water being evaporated during the heating portion of the cycle.”
The other commonly used cycle is a Brayton cycle, which uses a single phase working fluid. Heat engines
used in CSP plants share many parts with traditional (e.g., fossil fuel fired) power plants. Due to the long
history of research into engines for use with fossil fuels, a great portion of the potential cost reduction in
steam-Rankine and air-Brayton heat engines for use with CSP simply comes from scaling up the plant
rather than technology improvements (scaling up these plants also leads to higher heat engine
efficiency).”®” However, there are some newer engines and working fluids being developed which could

lead to cost reduction in CSP plants.?®

6.1. Heat engine efficiency

While the heat engine should be reliable and ideally require low capital investment, the main performance
metric of the heat engine is how efficiently it coverts heat to electricity. Increase in efficiency is mostly
driven by operating at higher temperatures. The highest achievable efficiency is the well known Carnot
efficiency 7., given by no = 1 — T /Ty, where T, is the temperature of the sink where the heat is being
rejected to in the cooling step (i.e., cold side temperature) and Ty is the temperature the heat is being
supplied at in the heating step (i.e., plant operating temperature). It is clear that increasing the operating
temperature will increase the maximum achievable efficiency if the cold side temperature can be held
constant. Cold side temperature should be kept as low as possible, which is limited in practice by the

ambient temperature the plant operates in as well as the heat transfer to the ambient environment?%#°

The Carnot efficiency represents the maximum performance limit, and cannot be achieved by real heat
engines. A lower efficiency, called the Chambadal-Novikov efficiency, can be derived for a heat engine
with irreversible heat transfer processes operating at maximum power output.*® The Chambadal-Novikov

efficiency ncy is given by

New =1— |— (27)

94



The Chambadal-Novikov efficiency follows the same trend as the Carnot efficiency of increasing with
operating temperature. The efficiency of real heat engines matches the Chambadal-Novikov efficiency
much more closely than the Carnot efficiency, and as such the Chambadal-Novikov is generally a
reasonable estimate to use for calculating heat engine performance in system level analysis.” A common
(and reasonably accurate) estimate of Chambadal-Novikov efficiency in the temperature range typical of
CSP systems is to simply take 2/3 of the Carnot efficiency. The Carnot and Chambadal-Novikov
efficiencies are shown in Figure 21 for operating temperatures typical of current systems (350 °C - 600
°C) up to temperatures that could be achieved with high concentration ratio concentrators and advanced
receivers. Table 12 lists typical operating temperatures and efficiencies for heat engines which are or

could be used with CSP.
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Figure 21 Carnot and Chambadal-Novikov efficiencies for typical CSP operating temperatures as well as approximate
efficiencies of real cycles

Table 12 Typical operating temperatures and efficiencies for heat engines compatible with CSP.

Cycle Operating temperature | Typical efficiency (at | Reference
range max temperature)
Steam-Rankine 350 - 600 °C 40% o

95




Stirling 400 - 800 °C 45% ’

Supercritical Steam- | 600 - 760 °C 45% 30T

Rankine

Supercritical CO, | 500 - 800 °C 50% 302

Brayton

Combined cycle > 800 °C 60% 303
6.2. Novel cycles

While current CSP plants use steam Rankine cycles, since they are efficient in the appropriate operating
temperature range, work is being done to investigate new engines and working fluids which operate at
higher temperatures, in preparation for when deployed concentrator/receiver configurations can operate
efficiently at higher operating temperatures (and heat transfer fluids are developed which are stable at
those temperatures). The exception for current plants using Rankine cycles is parabolic dish receivers as
they are typically paired with Stirling engines, since the engine is mounted to the dish which limits its
size, and Stirling engines are more suitable at the kW scale. Stirling engines have been developed which
could be paired with CSP systems that can achieve reasonable efficiencies (slightly below Chambadal-

Novikov) for operating temperatures in the range of 400 — 800 °C.%3%

6.2.1. Supercritical steam
Typical steam Rankine cycles are limited in operation temperature to about 600 °C. Higher efficiency can
be achieved in supercritical steam Rankine cycles, using higher pressures and temperatures up to 760
°C.**" Supercritical fluids show compressibility and heat transfer characteristics similar to liquids
(reducing compressor work and enhancing regenerative heat exchange), but can still reach high

temperatures which typically lead to vaporization. Systems are limited to sub-critical operating
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temperatures due to materials issues with the standard steels used for the boilers where the steam is
heated. Reliable operation at higher temperatures will require different alloys, such as high nickel content

steels.?%83%

6.2.2. Supercritical CO;

A promising option for a heat engine operating at temperatures from 500-800 °C is supercritical CO, used
as the working fluid in a Brayton cycle.®®® Supercritical CO, (or s-CO,) engines have been considered for

nuclear plants as well as CSP, 2%

although only small scale generators have been demonstrated at this
point.®*” The primary advantages of the s-CO, engine are high efficiency (potentially > 50%) and small
turbine size due to the relatively low fluid flow rate required.®® Advances in the design of sub-
components and finding materials which are reliable and resistant to the corrosive nature of supercritical

CO, are needed before significant commercial adoption of s-CO, engines will be possible.***%®

6.2.3. Combined cycles

Another option for a heat engine to use with CSP is a combined cycle, which combines a high-
temperature “topping” cycle and a lower temperature “bottoming” cycle. Typically a Brayton cycle is
used as the topping cycle and a Rankine cycle is used as the bottoming cycle. Combined cycles are very

efficient heat engines, with the potential to surpass 60% heat to electricity conversion efficiency.*®

Using
a combined cycle is challenging for solar systems due to the high operating temperatures required (> 800
°C). As such, most efforts to use combined cycles with CSP consider integration with fossil-fuel fired

309,310

plants, such as the 75 MW Martin Next Generation Solar Energy Center in Florida, even if the heat

engine could be completely fueled by solar input in the design condition.***

If well-established cycles are used (e.g., air-Brayton for topping and steam-Rankine for bottoming), the
challenges in further development of combined cycles with solar input largely lie in the
receiver/concentrator end and efficient operation at high operating temperatures. There are however novel

cycles that have been proposed for use as the bottoming cycles, such as organic Rankine cycles (ORC),*"
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mixed water-ammonia cycles,* and organic flash cycles (OFC).*** These cycles offer the potential for

higher efficiency with further development.

6.3. Direct heat-to-electricity conversion

While deployed solar thermal systems use traditional heat engines to convert heat to electricity via a two
step process (heat to mechanical energy and mechanical energy to electricity), an active area of research
is in developing direct heat-to-electricity conversion technologies which do not require an intermediate
conversion to mechanical energy. An efficient and cost effective direct conversion technology would
allow for scalable solar thermal systems (e.g., residential installations in addition to utility-scale),
allowing investment in smaller plants that do not require the large amounts of capital necessary for 100
MW+ generators. Direct conversion technologies could also potentially offer better reliability and lower
maintenance than current options due to the lack of moving parts in most direct heat-to-electricity
technologies.®* The most active areas of research for direct heat-to-electricity conversion of solar energy
are solar thermoelectric generators (STEGS) and solar thermophotovoltaics (STPV), both of which will be

briefly reviewed below.

6.3.1. Solar Thermoelectric Generators (STEG):
In a solar thermoelectric generator, heat is converted to electricity using a thermoelectric generator.
Thermoelectric materials develop a voltage gradient when subjected to a temperature gradient due to the
Seebeck effect, which arises due to majority carriers (electrons for n-type materials and holes for p-type
materials) diffusing from the hot end to the cold end of the material **° If the thermoelectric material is
then put in series with an electrical load, a current will flow and electrical power is generated. TEGs are
commonly associated with waste heat recovery applications,*’ however when coupled to a solar absorber,
thermoelectrics can produce electricity from renewable solar energy. A schematic of a typical STEG

configuration is shown in Figure 22.
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Figure 22 Diagram of a solar thermoelectric generator (STEG). A temperature gradient arises when a pair of
thermoelectric legs is sandwiched between an illuminated solar absorber (hot side) and a heat sink (cold side). The TE
legs are electrically in series, which allows for current to flow if the TEG is connected to an electrical load

STEG efficiency is the product of receiver efficiency (sunlight to heat efficiency) and TEG efficiency
(heat to electricity efficiency). High performance STEGs typically use spectrally selective absorbers, so
improvement to receiver efficiency can be driven by the same techniques discussed in section 3. TEG

efficiency is a function of the dimensionless thermoelectric figure of merit ZT, defined by:

SZ
2T = T" (28)

where S is the material Seebeck coefficient, ¢ is the electrical conductivity and k is the thermal

conductivity. This figure of merit is significant because the maximum efficiency achievable by a TEG

with an average figure of merit ZT over its operating temperature range is given by:*'®

UTEG=(1_%)( 1+_T_1 > (29)
H \NJ1+ZT + T /Ty

where T, and Ty are the TEG cold and hot side temperatures, respectively. The first bracketed term is
Carnot efficiency, while the second term is a value less than one, which increases with increasing ZT.
Thus, as ZT approaches infinity, the TEG efficiency approaches the Carnot limit. Early materials which
achieved high ZT values (typically around 0.5-1) included bismuth telluride, lead telluride, and silicon

319

germanium alloys.”™ More recently, higher ZT values have been reported in these same materials in
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nanostructured forms,3%°-22

as well as new materials such as skutterudites and lead antimony silver
tellurium.***% While the focus in thermoelectric materials development is often on increasing peak ZT,
average ZT over the operational temperature range is more important for the performance of real devices,
and should be the development driver for demonstrating high device efficiencies.’®® In addition to the
development of TE materials themselves, good contact materials with high thermal and electrical
conductivity and complementary Seebeck coefficients to their TE material are also very important to
demonstrating high performance in a device.*”**® There is significant room to improve ZT values and

contact materials through investigating new materials systems and fabrication processes, and as such TEG

efficiencies should continue to improve in the following decades.

The first experimental demonstration of a STEG was reported by Telkes in 1954, for which an efficiency
of 0.63% was achieved without concentration and 3.35% was achieved with concentration.*® Little
experimental progress was made which outperformed this work until a demonstration of 4.6% solar to
electric efficiency by Kraemer et al. in 2011, which was achieved under one sun insolation at an operating
temperature around 200 °C.*® This is a rare example of a solar thermal conversion process producing
electricity without optical concentration, and was accomplished using an evacuated enclosure, a spectrally
selective absorber, and thermal concentration (the absorber area is much larger than the cross sectional
area of the thermoelectric legs). Other simulation work has predicted that with optical concentration and
higher temperature thermoelectric materials, STEGs surpassing 10% efficiency should be achievable for
line-focus systems and STEGs surpassing 15% efficiency should be achievable for point-focus
systems.***3% Most existing work on STEGs with concentration still use low operating temperatures
(~200 °C), thus achieving similar efficiencies to the non-concentrated work.** Recent work by Kraemer,
et al. has demonstrated 9.6% efficiency (not considering concentrator efficiency) at high concentration in
a segmented STEG.*** If STEGs with efficiencies comparable to existing CSP technologies can be

demonstrated, they could lead to more economic, scalable CSP systems.

6.3.2. Solar Thermophotovoltaics (STPV):
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In a solar thermophotovoltaic (STPV) generator, heat is generated from the absorption of sunlight and is
converted into thermal radiation. This thermal radiation is directed towards a single-junction
thermophotovoltaic (TPV) cell where it is ultimately converted into electricity. The benefits of such a
strategy are that the frequency dependent TPV converter is ideally illuminated by a photon spectrum that
is much more efficiently converted than incident sunlight is on a PV converter. The challenge of STPV
conversion is that an intermediate absorption/re-emission process is necessarily introduced into the

system, and this must be done efficiently enough such that the spectral enhancement outweighs its effect.

solar
radiation

absorber

thermal emitter

convertible
photons

Un-convertible
photons

photovoltaic cell

Figure 23: Schematic of a STPV device. Incident concentrated solar radiation is thermalized at the hot absorber element.
The heat conducts to a thermal emitter which radiates photons to a photovoltaic cell. The photon spectrum is tailored
either by spectrally selective emission or long wavelength reflection

The main reason why the absorption/re-emission process has proven to be so inhibiting is due to the
necessary high temperature of operation. Because STPV relies on the conversion of thermal radiation into
electricity, even the lowest bandgap semiconductor materials (~0.5 eV) require a blackbody spectrum of
temperatures above 1000 °C in order to be efficient. While 1000 °C is certainly below the melting point
of many materials, it is still an incredible engineering challenge to put together a reliable system that is

capable of efficient STPV conversion.
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The generation of heat from incident sunlight in an STPV converter has the same principles discussed in
section 3. Once the absorber/re-emitter reaches its extraordinary equilibrium temperature, it will emit
thermal radiation towards a single-junction TPV cell. An important characteristic of this TPV generator is
spectral control. There must be a systematic way of suppressing the illumination of the TPV cell by sub-
bandgap photons. Historically, this has been accomplished on the “cold-side” of the device, e.g., with a
back surface reflector or an optical filter attached to the TPV cell. However, recent research has focused

on the development of refractory materials that provide spectrally selective emission.™

A selective emitter is a material that when heated to incandescence is able to discriminate emission based
on the frequency of the photon. In this way, and because of Kirchhoff’s law of thermal radiation, a
selective emitter is quite similar to the selective absorber. Instead of the transition from high to low
emission separating the solar spectrum and the blackbody thermal emission spectrum, however, in a
selective emitter the transition separates supra-bandgap photon emission from sub-bandgap photon

emission.

Chan, et al. developed and integrated a one-dimensional photon crystal made of alternating thin films of
Si/SiO, in order to create both constructive and destructive wave interference.®*® Rinnerbauer et al.
developed two-dimensional photonic crystal by fabricating a large array of nano-scale cavities in a
tantalum slab in order to take advantage of cavity modes for enhanced emission above the bandgap, with

141

a tunable transition frequency.”™ The emitter relies on the intrinsic low emission of the underlying metal

at longer wavelengths. Li, et al. used interesting optical properties of titanium nitride to develop high

336

temperature spectrally selective emitters.”™ Arpin, et al. developed a self-assembled three dimensional

photonic crystal using a tungsten coated inverse opal structure.'*

Recently, there have been a few successful demonstrations of solar powered thermophotovoltaic
converters. Datas, et al. built a prototype which achieved about 1% solar to electric conversion efficiency.

The low efficiency was largely due to over-heating of the TPV cells and reliance on natural selectivity of
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high temperature emitters. ** Lenert, et al. integrated nanophotonic surfaces including vertically-aligned
carbon nanotubes to demonstrate a 3.2% STPV conversion efficiency.’®® Rinnerbauer, et al. used a
monolithic two-dimensional photonic crystal absorber and emitter on a single chip to demonstrate 3.5%
STPV conversion efficiency.® Shimizu, et al. also used a selective absorber/emitter to estimate up to 8%
conversion efficiency, although this was not directly demonstrated.**® STPV efficiency is predicted to
reach 20% for systems scaled up to larger absorber/emitter areas (which reduces the effect of edge losses)
and which use higher quality PV cells and sub-bandgap filtering."®> A demonstration of an STPV device
with efficiencies comparable to existing CSP plants would suggest the potential for economical STPV

systems and smaller scale CSP technology.

7. CONCLUDING REMARKS

There is a wide spectrum of maturity for CSP technologies, ranging from PTC plants which are a well-
established commercial technology, to parabolic dish concentrators, which have yet to be demonstrated at
scales much greater than 1 MW. For the less mature technologies of power tower, LFR and parabolic
dish, there are still many system level lessons to be learned as more of these systems become deployed. In
addition to the plant level challenges, there are compelling research questions which can be explored at
each stage of a CSP plant: the concentrator, the receiver, the heat transfer fluid, the thermal storage and
the heat engine all have room for improvement to push overall plant performance higher. With the added
requirements on reliability and cost for actual deployment, challenges in increasing performance are made
even greater. While daunting, the pragmatic challenges associated with use in commercial plants are still
interesting from a technical perspective as their solutions will involve innovative use of manufacturing
methods and materials. With continued development moving into the future, CSP will maintain its role as

an integral part of the renewable energy landscape.
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