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ARTICLE INFO ABSTRACT
Keywords: Solar thermal absorber coatings play a key role in the thermal efficiency of receivers for applications in the field
Concentrated solar power of Concentrated Solar Power (CSP). The development of stable spectral selective coatings with a high solar

Absorber coating
Solar absorptance
Thermal emittance
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Thermal efficiency

absorptance ag, and a low thermal emittance ey, is often desired to reduce thermal losses. However, quantitative
indicators describing selectivity and the trade-off between solar absorptance and thermal emittance is seldom
discussed in the literature.

In this review, relevant opto-thermal figures of merit are analyzed for the comparison of reference solar
thermal absorber coatings, including real and ideal coatings, both black and spectral selective. The comparison is
made for a temperature ranging from 25 to 1000 °C and for a concentration factor ranging from 20 to 1000,
based on spectral data measured at room temperature from 0.25 to 20 pm.

New figures of merit are introduced, i.e. a normalized selectivity ratio Si*, a trade-off factor Ziade-off,
normalized solar reflectance index SRI* and a peak efficiency temperature Tpeak,opt. These metrics are derived
from existing figures of merit and adapted for CSP.

The set of figures of merit analyzed in this review offer a complementary perspective for the detailed char-
acterization of any coating opto-thermal performance. For solar thermal absorber coatings, thermal efficiency
Nthermat and peak efficiency temperature Tpeak,opt are respectively deemed more insightful than opto-thermal ef-
ficiency #ope.cn and maximum steady-state temperature Tssr,max, When comparing the relative opto-thermal per-
formance of two coating formulations.

These concentrating systems consist of optical concentrators tracking
the sun and focusing Direct Normal Irradiance (DNI) onto a receiver.
Increasing the concentration factor Cy allows miniaturizing PV cells, at
the cost of parasitic losses for device cooling [20,21]. For solar thermal
processes, increasing the concentration factor allows reaching higher
operating temperature levels, while miniaturizing the thermal receiver
and consequently reducing heat losses, thus improving the thermody-
namic efficiency. Today, CST power plants, in particular parabolic
troughs (PTC) and solar towers (CRS), have achieved technical maturity
for commercial systems [22]. The integration of molten salt thermal
storage tanks allows a cost-efficient and dispatchable power generation
[23].

Solar thermal receivers are one of the most critical components of
CST power plants. Commercial PTC and CRS power plants, illustrated in

1. Introduction

Concentrated solar radiation can be harnessed and converted into
electrical power by different technologies. Direct conversion can be
achieved by Concentrated Photovoltaics (CPV) [1,2] or Solar Thermo-
electric Generators (STEG) [3-5]. Alternatively, conventional thermo-
dynamic power cycles can be driven by the heat generated with
Concentrated Solar Thermal (CST) systems, such as Parabolic Trough
Collectors (PTC) [6-8] Linear Fresnel Collectors [9,10], Central
Receiver Systems CRS [11-14] or dish concentrators [15,16]. Hybrid
solar concentrators also exist, for example taking advantage of spectral
beam-splitting devices, to focus solar radiation on multiple receiver
types and thus increase further the conversion efficiency [17-19].
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Nomenclature

Abbreviations

AFD Allowable Flux Density

AM Air Mass

BSI Blackbody Spectral Irradiance
CERMET Ceramic Metallic

CNT Carbon Nanotube

CPV Concentrated Photovoltaics
CST Concentrated Solar Thermal
CRS Central Receiver System
DNI Direct Normal Irradiance
FoM Figure of Merit

FTIR Fourier Transform Infrared
HTF Heat Transfer Fluid

HSA High Solar Absorptance

IR Infrared

LCOC Levelized Cost of Coating

LWIR Long Wave Infrared

NIST U.S. National Institute of Standards and Technology

oD Outer Diameter

PTC Parabolic Trough Collector

PTR Parabolic Trough Receiver

PVD Physical Vacuum Deposition

RMSE Root Mean Square Error

SDHR  Spectral Directional Hemispherical Reflectance

SMARTS Simple Model for Atmospheric Transmission of Sunshine

STAC Solar Thermal Absorber Coating

STEG Solar Thermal Electric Generator

SSC Spectral Selective Coating

SSI Solar Spectral Irradiance

SST Steady-State Temperature

TBC Thermal Barrier Coating

UHI Urban Heat Island

English Symbols

Cy Concentratio ratio (Suns)

Cr Convection to radiation heat transfer adimensional
number (—)

fssc Spectral selective coating model (—)

Sshape Spectral shape factor (—)

fearnot Fraction of Carnot Efficiency (%)

Fiew View factor (—)

Epp Blackbody spectral Irradiance (W.m~2.ym~1)
Gsol Solar spectral Irradiance (W.m’z.pmfl)

Ryaq Radiation heat transfer coefficient (W.m 2K 1)
Rcony Convection heat transfer coefficient (W.m 2.K™})
kcoating ~ Coating thermal conductivity W.m LK
Kmetal Metal thermal conductivity W.m LK™
p-p- Percentage point (%)

i Useful heat flux (W.m %)

e Concentrated solar flux (W.m™?)

Graasky ~ Radiation heat flux (W.m™?)

Geonvamp  Convection heat flux to ambient (W.m™?)
Glond Conduction heat flux (W.m 2

Glomymrr  Convection heat flux to heat transfer fluid (W.m?)
Si Selectivity index (=)

Si* Normalized Selectivity index (—)

Taps Absorber surface temperature (K)

Tamb Ambient temperature (K)

Toxy Sky temperature (K)

Tsst,max Maximum steady-state temperature (K)

SRI Solar Reflectance Index (—)

SRI* Normalized Solar Reflectance Index (%)
Zirade-off  Trade-off factor (—)

Greek Symbols

sl solar absorptance (%)

Eh thermal emittance (%)

A Difference (—)

A wavelength (pm)

Acutoff  cut-off wavelength (pm)

Ncoaing ~ Coating opto-thermal efficiency (%)

Nthermar  Thermal efficiency (%)

p Reflectance (%)

2] Incidence angle (°)

Fig. 1, use tubular receiver designs. A Parabolic Trough Receiver (PTR)
consists of an absorber tube inserted into an evacuated glass envelope
[24,25]. External tubular receivers mounted in CRS consist of several
panels of parallel absorber tubes [26,27]. In both receiver configura-
tions, the absorber tube is made of a metal substrate, for instance a
stainless steel or a nickel-based alloy, on which a Solar Thermal
Absorber Coating (STAC) is applied.

Different STAC formulations are applied in state-of the art com-
mercial PTC and CRS power plants: Spectral Selective Coatings (SSC) are
typical for PTRs [28,29] while non-selective, High Solar Absorptance

(HSA) coatings are preferred for CRS [30-32]. A SSC is characterized by
a high solar absorptance a,, and a low thermal emittance ¢4, while a
HSA black coating only exhibits a high s, value (>95%). Several con-
siderations drive the selection of a coating, beside its opto-thermal
performance: i) the heat transfer fluid (HTF) operating temperature
range [33,34], ii) the coating durability in operating conditions [35-37]
and iii) the Levelized Cost of Coating (LCOC) [38,39]. These design
considerations are outlined in Table 1 and briefly discussed further.
For PTC systems, Diphenyl Oxide/Biphenyl based thermal oils are
the current state-of the art HTF [40,41], operating from 290 at the inlet

Fig. 1. Illustration of PTC and CRS technologies. a) Parabolic Trough Concentrator (Andasol-3, Spain) [80]. b) Central Receiver System (Gemasolar, Spain) [81].
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Table 1
Summary of boundary conditions for PTC and CRS applications relevant for
STAC selection.

Parameter Parabolic Trough Central Receiver System
Collector (PTC) (CRS)

Concentration factor Cy Constant, ~ x20 ... Variable, x100 ... x1000
x100 [6-8] [11-14]

Solar field aperture area 500,000 m?/50 MWe 300,000 m?/20 MWe [81]

(m?) [82]

HTF operating Thermal oils: Molten nitrate salts:
temperature range (°C) 290-425 °C [33, 270-600 °C [33,44,45]
40-43] Liquid sodium:

Molten nitrate salts:
270-600 °C [33,44,
45]

Parabolic trough
receiver:

“Standard” 72-76]

dimensions [24,25] Tower height: ~100 ... 250
Receiver height above  m

ground: < 5m Receiver height: ~10 ... 20

100-800 °C [33,34,49,50]

External tubular receiver:
Custom dimensions [26,27,

Receiver and absorber
geometrical dimensions

Absorber tube m
diameter: 70 mm Receiver diameter: ~10 ...
Receiver length: 4 m 20 m

Industrial production scale  Standardized design, Custom design, small series
large series ~20 receiver panels per
>20,000 PTR units for  tower
a 50 MWe ~ x50 tubes per receiver

PTC solar thermal
power plant [82]
Thin film multilayered  Silicon based ceramic black
SSC (CERMET) paint

PVD or sol-gel dip Thermal spraying

coating [28,29,64-68] technique [30-32,37,
61-63]

Atmospheric pressure (air)
re-coating allowed on site
[36-39,60]

panel [26,27,72-76]

STAC formulation and
application process

Vacuum sealed,
maintenance free
Stable in vacuum,
oxidation in air [35,
56-59]

>25 years [35,56-59]

Atmospheric conditions
and STAC maintenance/
durability

STAC service lifetime 5-10 years [36-39,60]

up to 390 °C at the outlet of a PTC loop, while new silicone oils currently
operate up to 430 °C [42,43]. Next generation power plants consider
molten nitrate salts as a HTF, shifting the maximum operating temper-
ature range toward 600 °C [44,45]. In the case of CRS, molten salts are
currently a state-of the art HTF. Next generation CRS power plants
consider new HTF formulations [46], for instance new ternary molten
salt mixtures [47,48], liquid sodium [34,49,50] or solid particles
[51-55] as a HTF to achieve a higher outlet temperature, toward
1000 °C. STAC formulations for PTC applications are thus typically
designed for a maximum operating temperature of 600 °C in vacuum,
while these formulations are designed to withstand an operating tem-
perature above 600 °C in air for CRS applications.

The receiver assembly and its durability are further parameters to
consider when selecting a STAC formulation. PTR absorber tubes are
typically sealed in vacuum [56]. The vacuum is designed to remain
stable in the field over the receiver lifetime [57]. This vacuum improves
the receiver thermal efficiency by canceling convection losses, but it also
protects the STAC from high temperature oxidation. The glass envelope
protects the STAC from environmental stresses, such as sandstorms. In
case of a vacuum loss, the STAC performance may remain stable in air up
to the maximum operating temperature [58]. For CRS, the receiver is
mounted on top of a tower at a height typically above 100 m in desert
environments. STAC are exposed in air to higher operating tempera-
tures, oxidation and corrosion, as well as further environmental stresses.
In case of degradation, defect absorber coatings in PTRs cannot be
replaced, but single receivers can be replaced in the worst case [59]. For
CRS, a periodical recoating could be performed on site [36-39,60],
while current research tries to identify more efficient and durable STAC
formulations [61-63].
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For each CSP technology, a different coating process is applied. For
PTR systems, industrial grade SSC formulations are typically applied
using Physical Vacuum Deposition (PVD) or sol-gel dip-coating tech-
niques [29,35,64,65], which are cost-efficient in large series production.
One typical SSC architecture is a multilayered thin film coating (less
than 1 pm) applied on a polished metal substrate, consisting of an
infrared (IR) layer, a composite absorbing ceramic-metallic (CERMET)
layer and a top antireflection (AR) layer, with intermediate diffusion
barrier layers to improve further thermal stability [66-68]. For CRS,
industrial grade black coatings are typically applied by spraying tech-
niques in the workshop or on site for tubular absorber panels. These
coatings are typically silicon-based ceramic paint formulations
including black spinel pigments [31,32,37,61-63]. Such coatings may
require a thermal treatment (curing) in custom muffle furnaces or
directly on site. These coatings have a thickness of ~30-50 pm and can
be applied as a single layer or combined with a primer coating.

Finally, an accurate online monitoring of the absorber temperature is
also a critical part of plant operation, which may also be affected by the
STAC choice. In PTR, the HTF inlet and outlet temperatures are
measured and controlled in real time with built-in temperature sensors.
The absorber surface temperature Tg,s does not have to be monitored in
real time, as the concentration factor Cy remains nearly constant. The
glass envelope temperature can be monitored periodically with ground
based or airborne LWIR (8-14 pm) cameras to detect partial vacuum loss
[52,69-72].

In CRS, the HTF loop temperature is also monitored in real time with
a similar instrumentation. Online temperature monitoring is particularly
critical for molten salts, to avoid HTF freezing below 300 °C and pro-
nounced corrosion around 600 °C [44,45]. To comply with these con-
straints, a dynamic heliostat field aiming strategy allows defining a
variable concentration factor and an “Allowable Flux Density” (AFD) on
the receiver surface [73-76]. In order to avoid local overheating, the
absorber surface temperature Ty has to be monitored in real time with
ground mounted LWIR cameras (8-14 pm) to optimize the heliostat field
aiming strategy [77,78]. These cameras are nearly “solar blind” in this
spectral range if the absorber coating is similar to a blackbody [79].

Today, there are two main research paths in the field of coating
development for CRS applications, i.e. the development of stable high
temperature SSC and HSA coatings. Two standard opto-thermal figures
of Merit (FoM) are the solar absorptance ay, and thermal emittance &4
[83-92]. The selection of a research path is driven by a ranking and
trade-off between these reference FoMs: Is it rather worth selecting a
high temperature “space” black coating to maximize the ay, value to-
wards 100%, or selecting a high temperature SSC instead, with a high
asor and a low &, values? In addition to these reference FoMs, further
FoMs have been previously reported in the literature to compare the
performance of different STAC formulations:

Selectivity ratio as./em [92,93]

Selective coating spectral parameters, i.e. shape factor fqpe, cut-off
wavelength Acyz.of [94,95]

The useful heat gained by the STAC ¢, [96,97].

The coating opto-thermal efficiency #7ope.cn [11-13,30,38,39]

The trade-off factor between ay, and & [30,98]

The “stagnation” temperature Tssr,max [92,99]

The receiver thermal efficiency #ermar [11,12,96,97]

The Solar Reflectance Index SRI [87-89,100,101].

The aim of this paper is to provide a comparative analysis of FoMs
outlined above, relevant for characterizing the performance of high
temperature STAC. These FoMs are calculated on the basis of spectral
data measured at room temperature for reference coatings. The
respective influence of solar concentration C, and absorber surface
temperature Tgps are highlighted where relevant. FoM equations are
introduced and re-normalized, if necessary. Section 2 presents a
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framework describing the system definition, reference coatings. In
Section 3, FoM equations are defined and reviewed. FoM values are
calculated for reference coatings and analyzed in Section 4. .

2. Materials and methods
2.1. System definition

A heat flux diagram is sketched in Fig. 2 for CST systems and for a
high temperature STAC applied on a metal substrate. The Direct Normal
Irradiance (DNI) is specularly reflected by tracking mirrors and trans-
mitted through the atmosphere toward the receiver surface. The DNI is
concentrated by a optical concentration factor Cy. The STAC absorbs a
fraction a of the concentrated solar flux ¢;,;, which heats up the STAC
to a surface temperature Tgps. The complementary fraction (1- as) is
reflected to the ambient. The STAC loses heat by radiation (g ,) to-
ward the sky and by convection (¢}, qnp) to the ambient.

The net heat flux balance is written in (Eq. (1)), defining the useful
heat flux g,,,. This heat flux is transferred by conduction (gy,,4) through
the coating and metal substrate, inducing a first temperature drop at the
interface between coating and metal (ATcoating) and another tempera-
ture drop at the interface between metal and fluid (ATyeta) (Eq. (2)).
According to Fourier’s law, these temperature drops are proportional to
the respective thermal conductivities (kcoatings kmeta) and thicknesses.
The useful heat flux is then transferred by convection to the HTF (Eq.
(3.

q.;/se = aﬁ'(’]q.;/ol - q./r/adjky - q/c/onv,amb (1)
AT = AT oasing + AT etar (2
‘].Z.;e = q‘i’/nnd = q’i”onv‘HTF (3

2.2. Modelling assumptions

In order to compare the performance of different STAC for a wide
range of applications, further calculations are performed using the
following set of assumptions for simplification:

a) The atmosphere is not attenuating the radiation transfer between
mirrors and the receiver.
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b) The mirror is perfectly specular and it exhibits an ideal spectral
reflectance, i.e. it reflects 100% of solar DNI from 0.28 to 2.5 pm.
Beyond this wavelength, the reflectance is negligible.

c) The incidence angle 6 of DNI onto the mirror surface is nearly
normal (6 ~ 10°)

d) The incidence angle 6 of concentrated irradiance onto the
receiver surface is nearly normal.

e) The concentrated solar flux ¢}, is homogeneous on the receiver
surface.

f) The ambient and sky temperature are equal (Tqmp = Tsky) and set
to 25 °C.

g) The convection heat loss from the STAC to the ambient is
neglected (GLyy, amp)

h) The receiver is not covered by any glass envelope.

i) The receiver geometry is flat.

j) The view factor F,, to the surroundings is equal to 1.

k) The STAC is lambertian, i.e. it is a diffusely reflecting surface.

1) The STAC is opaque, i.e. its transmittance is null.

m) The STAC is isothermal and adiabatically insulated.

This set of assumptions is obviously ideal, in order to focus on a STAC
opto-thermal performance instead of other secondary variables. The
validity of these assumptions is briefly discussed in Table 2 for PTC and
CRS applications, including relevant references. The heat transfer from
the STAC to the HTF is not modelled in this paper.

2.3. Reference coatings

For the comparative analysis, four reference STAC are defined: i) a
reference SSC, ii) an ideal SSC with a sharp cut-off wavelength at 2.5 pm,
iii) a reference black coating, iv) an ideal blackbody coating. Their
spectral directional hemispherical reflectance (SDHR) pspur are plotted
in Fig. 3.

The SDHR has been measured [86] at OMT Solutions BV optical
laboratory in the Netherlands [114], at room temperature, with two
complementary spectrophotometers, for a near normal incidence angle 6
of 10°. The SDHR is measured from 0.25 to 2.5 pm with an ultra-
violet-visible-near infrared (UV-VIS-NIR) spectrophotometer, using a
NIST traceable white diffuse sintered PTFE standard (e.g. Spectralon®
[115]). The SDHR is then measured from 1.6 to 20 pm with a Fourier
Transform Infrared (FTIR) spectrophotometer, using a NIST traceable
specular gold standard (e.g., Infragold®, [115)]. A consistent spectral

Ly

T
abs
AT
qrud__\ky ~ f (glh']"‘.lh.s)
q'\U] qcnnd qcon\'.l ITF
» fluid
\.0:S
i P
p
qcnn\‘,umh HTF
coating

metal substrate

Fig. 2. Heat flux diagram for a high temperature STAC.
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Table 2

Validity and limitations of modelling assumptions for PTC and CRS applications.

Assumption Parabolic Trough Central Receiver System
Collector (PTC) (CRS)

a) Atmospheric Short range (<10 m) Medium range (100 m
attenuation between  Assumption valid ... 1 km); Assumption
mirrors and receiver not valid [102-104]

b)  Ideal mirror Ideal assumption for clean second surface glass
specular solar silvered mirrors (solar weighted hemispherical
reflectance reflectance >95%) [105-107]

[0.28-2.5] pm

c¢)  Near normal Variable incidence on one  Variable incidence angle
incidence angle of axis tracking parabolic on two axis tracking
DNI onto mirrors mirrors [7,95,108] heliostats [13,14,108]

d) Near normal Variable incidence on Variable incidence on
incidence of tubular receiver [7,95] receiver surface due to
irradiance onto aiming strategy [109]
receiver

e) Homogeneous Assumption Assumption not valid,
concentrated solar approximately valid, variable flux due to
flux q;’u . circumferential variations heliostat field layout

[7,95] dynamic aiming
strategy [72-76]

) Isothermal ambient Assumption only valid Assumption only valid
and sky under laboratory room; under laboratory
temperatures (Tomp PTR facing mirror and sky ~ conditions; Receiver
= Tsy) [24,25,56,71] vertically mounted [26,

27]

g)  Negligible Assumption valid for an Assumption not valid,
convection from evacuated receiver tube convection losses cannot
STAC to ambient [7,24,25,56,57,69-71] be neglected at tower

height [26,110]

h)  Receiver without Assumption not valid, Valid assumption [26,

glass cover concentric glass envelope 27]
[24,25]
i) Flat receiver Assumption not valid Assumption not valid
geometry (Diameter: > 70 mm) [24,  Variable tube diameter
25] [72-76]
i) View factor Fe,, = 1 Assumption not valid, Assumption not valid,
concentric glass envelope neighboring absorber
[24,25] tubes [109]
k)  The STACis Assumption not valid, Assumption nearly valid
lambertian SSC is specular [111] for a diffuse black paint
[111,112]
1 The STAC is opaque  Assumption notvalidfora  Assumption valid for a
thin film STAC with micrometric black
multiple layers [28,29, coating [30-32,37,
66-68] 61-63,98]

m  The STAC is Assumption valid for a Assumption valid for a

isothermal receiver section, thin film receiver section.

SSC with high thermal
conductivity [113]

Thermal gradient across
the black coating (few
pm thick, with low
thermal conductivity)
[31]

overlap is observed in the range from 1.6 to 2.5 pm, with an average
residual mismatch smaller than 2% points (p.p.).

Reference SSC and HSA flat samples are shown in Fig. 4 along with
bare and coated tubular samples. Similar samples have been tested
within the European research project RAISELIFE [116,117] for tem-
perature levels above 600 °C.

References spectra for ideal selective and black coatings were both
modelled by a Heavyside unit step function (Eq. (4)), with respective
cut-off wavelengths Acy.of of 2.5 and 0 pm. Both reference coatings are
designed to maximize ay,, regardless of the operating point {Cy, Taps}-
The reference SSC is not necessarily optimal in terms of efficiency [94,
95].

05 4 < Aewr
Pspir idea () :{ L aA> iaiaji C))

A few assumptions are made regarding coating spectral properties in
subsequent calculations. First, it is assumed that these reference coatings
are thermally stable for any temperature, i.e. pspyr remains constant
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before and after isothermal exposure and does not age. Furthermore, it is
assumed that pspyr is not temperature dependent (Eq. (5)), i.e. the SDHR
does not shift when the sample is heated up. Previous research has
shown that this assumption is not necessarily valid, requiring more so-
phisticated instrumentation to measure SDHR at operating temperature
[90,91,118-123].

Apspir(4s 0; Tavs)

0 5
dTab: ( )

2.4. Inventory of FoMs

A list of relevant opto-thermal FoMs for the characterization of STAC
performance has been outlined in Section 1. A synoptical diagram is
shown in Fig. 5 to illustrate interactions between FoMs. Their equations
are developed in the next subsections.

The synoptical diagram shown in Fig. 5 is split into four levels,
sorting FoMs by increasing level of complexity. Spectra are listed on the
top level as inputs for the calculation process. Spectral data include
coating SDHR (Fig. 3), Solar Spectral Irradiance (Fig. 5), Blackbody
Spectral Irradiance (Fig. 6). Information about the operating conditions
{Cx; Tapst are also relevant.

The first level includes elementary FoMs, i.e. the SSC model, the solar
absorptance as a function of air mass, as,; (AM) and the thermal emit-
tance as a function of absorber temperature, &4 (Taps). The second level
includes compound FoMs, i.e. Selectivity ratios (Si, Si*), the useful heat
flux q;;e, the opto-thermal efficiency 7oy, and the trade-off factor Zgqge-
off- Third level FoMs are built from Level 2 FoMs, introducing reference
“cold” and “hot” temperatures. These FoMs are the maximum steady-
state temperature Tsstmax, solar reflectance indices (SRI, SRI*), the
receiver thermal efficiency #ermq and the peak efficiency temperature
Tpeak,opt-

Relevant FoMs for the comparative analysis of STAC performance are
listed in Table 3 with their respective symbols, units, input variables,
targets for STAC and ranges.

3. Definition of FoMs
3.1. Level 1 FoMs

3.1.1. Solar absorptance
Solar absorptance as is a standard FoM for STAC [83,86,87]. The
formula is expressed in (Eq. (6)):

21 = psomr (2 0, Tuns))Goot (A, AM )2

SO AM = _ 6
B 12 G2, AM)d 6)

Where Ggo (A,AM) is the solar spectral irradiance expressed in W.m 2
pmfl for a given Air Mass AM, pspyr (A,0,Tamp) is the SDHR measured at
near normal incidence (0~10°) and at ambient temperature (Tmp ~
25 °C) [83,86].

The SDHR is weighted by a reference solar spectral irradiance (1 Sun,
i.e. Cx = 1) on the wavelength range [A; — A2]. In practice, calculations
for CSP relevant materials are carried out with the ASTM G173-03
spectrum and reported for AM1.5, considering direct + circumsolar
irradiance [124]. The wavelength interval considered for integration
usually spans from A; = 0.28 pm to Ay = 2.5 pm. The influence of the
mirror spectral specular reflectance [105] is not considered here. In this
paper, the spectral resolution is set to 1078 pm (1 nm).

The ASTM G173-03 is computed with SMARTS v2.9.2 [125] for the
U.S. 1976 Standard Atmosphere from 0.28 to 4 pm [126-128], using the
AMO extraterrestrial spectrum derived in Ref. [129], which has been
updated in Ref. [130]. The reference solar spectral irradiance data for
calculation is plotted in Fig. 6 a. In this paper, the AM variable is allowed
to vary between AMO (Extraterrestrial) to AM5 to assess its influence on
the solar absorptance calculation. For AM1.5 conditions (direct +
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Fig. 3. Spectral directional hemispherical reflectance (SDHR) data for reference STAC. a) SDHR for reference STAC plotted from 0.28 to 20 um. b) Spectral overlap
between 1.6 and 2.5 pm for the two STAC samples measured with UV-VIS-NIR and FTIR spectrophotometers.

a)

Fig. 4. Pictures of absorber coatings applied on T91 flat and tubular metal substrates. a) Flat reference sample coated with the ref. SSC b) Flat reference sample
coated with the ref. HSA black coating. ¢) Tubular samples, bare polished substrate and coated with the ref. SSC. d) Tubular samples, bare sand blasted substrate and

coated with the ref. HSA black coating.

circumsolar), the solar irradiance integrated from 0.28 to 4 pm equals
900 Wm™2

The cumulative fraction of solar spectral irradiance SSlcymrel is
expressed in (Eq. (7)) and plotted in Fig. 6 b after normalization with
respect to AM1 (1 kW,/m?). This indicator allows a better visualization of
the spectral weight distribution. It also corresponds to the solar
absorptance of an ideal blackbody (pspyr = 0). The AMO curve is
smooth, as the atmosphere does not hamper extraterrestrial solar irra-
diance. This spectrum can be reasonably approximated by a blackbody
at a temperature of 5777 K [96]. As the AM value increases, the weight
distribution shifts slightly toward higher wavelengths, as the solar
spectrum peak shifts toward the near IR range. A few atmospheric ab-
sorption bands (0.9, 1.2, 1.4, 1.9 pm) do not contribute to the spectral
weight distribution, as solar spectral irradiance is spectrally filtered by
the atmosphere. An asymptotical value of 99% is reached at 2.5 pm, if Ap
=4 pm.
=" Goui(2,AM)d2

B S @)
2 Goot(A, AM)d

SSIcum.rcl =
3.1.2. Thermal emittance

Thermal emittance &g cqic is another standard FoM for STAC [83,
88-92]. The formula is expressed in (Eq. (8)), where Epp (A, Taps) is the

blackbody spectral irradiance expressed in W.m™2. pm ™! (Eq. (9)). The
SDHR measured at room temperature is weighted by a reference
blackbody spectral irradiance at an absorber temperature T,ps on the
wavelength range [\ — As].

T2 = psomn (2 0, Tuns) Evi (2, Tus )2
glhAcal(‘(Tab:) = 7
13 Epp (A, Tups)da

1

(®

2mhc?
Ebb (17 Tab:) =~ 7 ~ 71 (9)

lewz)

The wavelength interval [A; — A3] considered for integration is not
consistent in the literature. Ideally, the interval range should be as wide
as possible to cover the highest fraction of Stefan Boltzmann’s law. In
this paper, we set A.; = 0.28 pm and A3 = 20 pm. In practice, the interval
range is often limited to the FTIR spectrophotometer working range,
typically from 2 to 16 pm. The start wavelength A; should however
match to the UV-VIS-NIR spectrophotometer, as a fraction of thermal
radiation may be emitted at short wavelength (Fig. 7a). The SDHR
measurement data should thus be thus concatenated, checking for the
spectral mismatch in the overlap range (Fig. 3b). Another common
reporting shortcoming consists in communicating a ey, value only for
one absorber temperature T,ps. The calculation should be preferably
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Fig. 5. Synoptical diagram of STAC opto-thermal FoMs.
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Fig. 6. Reference data for Solar Spectral Irradiance. a) SSI plotted for different AM values from 0.28 to 4 pm. b) Cumulative SSI fraction normalized by 1000 W/m2

(x1 sun) for different AM values.

reported over a temperature range.

The blackbody spectral irradiance Epp, (A, Taps) is plotted in Fig. 7 a on
a semi-logarithmic plot and the cumulative fraction of blackbody spec-
tral irradiance BSIcym rel (EQ. (10)) is shown in Fig. 7 b. as a fraction of
Stefan Boltzmann law (0.T%). As Tabs increases, blackbody spectral
irradiance peak shifts towards shorter wavelengths, accordingly to
Wien’s displacement law. The cumulative fraction BSI.ym re1 below 2.5
pm thus increases for higher temperature, starting from 200 °C (Fig. 6b).
The cumulative fraction BSIcymrel up to 20 pm approaches Stefan’s
Boltzmann law as temperature increases. At 25 °C, this fraction only
reaches 73.5%, while it reaches 97.9% at 600 °C.

A

f;ﬁ Epp (2, Taps)dA

f»1</1; Eyp (4, Taps )dA

BSIcum,rel = (10)

It is worth observing that solar and blackbody spectral irradiances
partially overlap (Fig. 8). In Fig. 8 a, the respective spectral irradiances
are normalized by their maximum values, while cumulative spectral
irradiances are shown in Fig. 8 b. For a high temperature STAC, the
influence of this overlap on the opto-thermal performance is a function

of Cy and Tgps. This overlap affects the trade-off between ay, and &, for
any SSC.

3.1.3. SSC model parameters

A STAC is often simply defined as SSC when it has a “high” solar
absorptance a,, and a “low” thermal emittance ¢4. A few scientific in-
struments, i.e. portable solar reflectometers and emissometers
[131-134] allow a quick measurement of these FoMs in the field ac-
cording to defined standards [87-89]. Due to their moderate spectral
resolution, information is however lost about relevant spectral features
of the STAC. The coating designer should thus rather rely on calibrated
spectrophotometric data. As observed in Fig. 3 a, SSCs exhibit a rather
smooth sigmoid shaped spectrum. This allows defining a spectral model
fssc () for the SDHR, described by a few parameters that can be easily
interpreted as specific FoMs for SSC, assuming the residual error is
negligible.

Simple models have been proposed in the literature, such as step
functions and logistic functions [94,95]. The Heavyside unit step func-
tion has been expressed in (Eq. (4)), a modified step function [94] is
described in (Eq. (11)), while a versatile logistic model [95] is
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Table 3
Inventory of selected STAC opto-thermal FoMs.

Level Label FoM Units Variables Target Range
1 Solar Asol [%] SDHR, AM Max 0-100%
absorptance
Thermal Eth,calc [%] SDHR, Taps Min 0-100%
emittance
SSC model fssc(A) [-] fshapes Meut- Curve 0..1
offs fit
asymptotes
2 Selectivity Si [-] Osol; Ethycalcs Max >0
ratio AM; Taps
Normalized Si* [-] Usol; Ethcalc Max Infinite
selectivity ratio AM; Taps
Useful heat flux g, w/ Olsol; €y calcs Max >0
m’] C AM;
hconv;
Tabs; Tsky;
Tamb
Opto-thermal Nopt-th [%] Usol; Ethcalc Max 0-100%
efficiency Cyx; AM;
Beony;
Tabs; Tskys
Tamb
Trade-off factor Zirade- [-] Usol; Eth,calc -] Infinite
off Cy, AM;
hconv;
Tabs; Tskys
Tamb
3 Max. Steady- Tssr, [K] Gre =0 Max >0
State max
Temperature
Solar Reflective ~ SRI [-] TssT,max, Min -
Index TssT, white;
TssT, black
Normalized SRI ~ SRI* [%] TssT,max, Min 0-100%
Tref,min; Tref,
max
Thermal Nihermat (%] Neoating,opt-thy ~ Max 0-100%
efficiency Nearnot
Peak efficiency Tpeak, [K] Nthermal Max >0
temperature opt

formulated in (Eq. (12)). SSC spectral models are summarized in Table 4
with their characteristics. These models capture at least one of the
following features:

o Cut-off wavelength Acygoff
e Shape factor fghape, describing the steepness of the curve
e Asymptotical values, i.e. when A— 0 and A - 4o

) W.mZum™y

abs

E AT

25°C
200°C
400°C
600 °C
800°C
1000 °C

S I I O U IR I R

Wavelength [um]
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— Plows A < jmu‘—ujf
Pspur(4) = {phigh; 2> o 11)
L
Pspur(4) = + Offset 12)
14 exp |:f;hape (% - AL.“,],<,//>:|

3.2. Level 2 FoMs

3.2.1. Selectivity indices

The next FoM is the selectivity ratio (Eq. (13)) [92,93], introducing
here the symbol Si. This FoM allows a simple discrimination between
SSCs and black coatings. The Si index is maximized for a SSC and close to
1 for a non-selective, grey body.

[e2%)] (AM)
Em (Tubs)

One potential issue with this FoM occurs for SSC at low tempera-
tures, because the thermal emittance could achieve infinitesimally small
values. This would yield a nearly infinite Si value. As such, the Si index is
re-normalized to correct this issue, coining the Simon’s number Si* as
expressed in (Eq. (14)). With this variant formulation, a grey body
achieves a null value and a SSC reaches a positive value.

Si= 13)

Si" = In(Si) 14

3.2.2. Useful heat flux

The useful heat flux ¢/, (W.m~2) is a common FoM [96,971, already
introduced in (Eq. (1)). This equation is further developed in (Eq. (15))
for the special case of a small flat or convex surface, e.g. a receiver tube,

surrounded by an enclosure (view factor Fy,, = 1) at a temperature Ty,
[135,136].

e = rdly = &(Tur) (T = T ) = heom (T = Tuw) 1s)

where h.ony is the convection heat transfer coefficient (Units:W/ (m?. K)).
An analogous heat transfer coefficient h;44 can be defined for radia-
tion (Eq. (16)):

n gth(Tan)g(ijs - Tjky) 16
rad — Ta[;: — Tsky ( )

A dimensionless number Cr can be introduced to compare respective
heat transfer coefficients for convection and radiation (Eq. (17)):

1 tasymptote
oo} |
fo8 i

=)
7]
D07
° 25°C
= 0.6 200°C |4
s 400°C
E 05 600°C |
3 800°C
o4 1000 °C |4
3
N
T 0.3 ]
E
202 1

0.1 1

0

N T I RO U RN CRGCIR

52

Wavelength [um]

Fig. 7. Blackbody spectral irradiance. a) Planck’s law of blackbody radiation for an absorber temperature ranging from 25 to 1000 °C b) Cumulative fraction of

Stefan-Boltzmann law (c.T*).
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Fig. 8. Comparison of solar and blackbody spectral irradiances. a) Spectral irradiances normalized by their maximum value. b) Normalized cumulative spectral
irradiances. The solar spectral irradiance is normalized by the integral value computed at AM1.5 (direct + circumsolar) from 0.28 to 4 pm, while the blackbody

spectral irradiance is normalized with respect to Stefan Boltzmann law (c.T%).

Table 4
Summary of SSC model parameterization.

Model Unit step function Ref. [94] 3 parameters Ref. [95] 2 parameters Ref. [95] 4 parameters Logistic function (3 parameters)
Equation (11) (11) (12) aaz) a2
Parameters and values Prow =0 0 < prow <1 L=1 0<L 0<L
Phigh = 1 0 < phigh < 1 Offset = 0 Offset > 0 Offset = 0
Acut-off > 0 fshape = +00 Acut-off > 0 fshape = +00 Acut-off > 0 fenape > 0 Acut-off > 0 fshape > 0 Acut-off > 0 fehape > 0
# parameters 1 3 2 4 3
Acut-off Explicit Explicit Explicit Explicit Explicit
fohape Not defined Not defined Explicit Explicit Explicit
Value at Acyoff 0 Plow L/2=0.5 Offset + L/2 L/2
Asymptote 1 0 Plow Offset = 0 Offset Offset = 0
rL—0
Asymptote 2 1 Phigh + Offset
A=+ o0

L
1
oo ()|
cut—oj

hCUVlV
Cr=1In (—) a7
hmd
T he Cr number approaches zero if convection and radiation are of
the same order of magnitude. It is expressed in logarithmic form as both
heony and hyqq coefficients can be infinitesimally small, respectively for a

I 2
q‘z/j\'e ~C, /[1 *PSDHR(L ‘97 Tamb)]G.w/()HAA’[)”UL - /[1 *PSDHR(L 9-, Tamb)]Ebbuv Talvs)d}L

A A

vacuum enclosure and a low emittance coating. According to our as-
sumptions (Section 2.2), our analysis is carried out for a regime where
convection is negligible in comparison to radiation heat transfer (i.e. Cr
— -00).

Neglecting convection (Eq. (16)), simplifies to (Eq. (18)) in lumped
form:

q.Z\-e = awlq./s-,ol — € (TahS)o' (Tghs - T?ky) 18)

Where ¢y, is defined according to the following integral (Eq. (19)):
A
i=c. |

A1

Goi(2,AM)d2 19)

(Eq. (18)) can also be formulated in integral form (Eq. (20)), if
spectral data is available over a given spectral range [A; ... Asl,
assuming further that Ty is negligible in comparison to Taps:

(20)

For a STAC performance comparison, the absolute value ¢, in W/m?
may be difficult to interpret out of context, the marginal useful heat
difference Aq)is thus considered to compare for instance the perfor-
mance of a black coating and a SSC at a given operation point {Cy; Taps}
(Eq. (21)):

Aq;/se (va Tahs) = q::c,bzack - qifse.ssc (21)

For a given operation point {Cy; Tgps}, the marginal useful heat dif-
ference is here defined positive if the black coating performs better than
a SSC, and negative otherwise.
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3.2.3. Opto-thermal efficiency

The coating opto-thermal efficiency 5op.n is a FoM [11-13,30,38,39]
defined as the ratio of the useful heat flux ¢, and the concentrated solar
flux dj,;. Assuming negligible convection (Cr — -0), foprtn can be
expressed in lumped form (Eq. (22)):

S 51/1( ab\) (T::h; Tjkx)

Huse
o Ago1 —
frot Goor

(22)

1 opt— th =

This FoM can also be written in integral form (Eq. (23)), by dividing
(Eq. (20)) and (Eq. (19)):

C [1 _,051)[-1}3(/‘l 9 Tnmb)}Gwl l AM diA — f 1 _pSDHR l 0 Tamb)}Ebb(/‘L Tabs) da

A1
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remaining useful range for improvement is thus limited. The influence of
the thermal emittance & depends on the operating point {Cy; Tgps}-

A similar sensitivity analysis as in (Eq. (25)) could be derived with
respect to the parameter Cy, yielding further trade-off factors between
the respective STAC and the concentrator designs. The #4p:.s, FOM can be
improved either by increasing solar absorptance as;, reducing thermal
emittance &g or increasing concentration factor Cy, as illustrated in
Table 5.

Paradoxically, a sensitivity analysis of nyp.:n with respect to the
parameter T,ps yields a negative value, i.e. the STAC opto-thermal effi-
ciency decreases at higher temperature. This does not reflect the influ-
ence of absorber temperature Typs on the thermal efficiency nermal of

(23)

”npr rh

o1 (A, AM)dA

C.J; G

The marginal opto-thermal efficiency difference Angpe.q is expressed
in (Eq. (24)) as above in (Eq. (21)) to compare a black coating and a SSC
at a given operation point {Cyx; Tqps}:

Aﬂapmh (C)H Tab.\) = 24

Nopt—th black — Nopt—tn.ssc

3.2.4. Trade-off factor

The coating opto-thermal efficiency #qprn allows deriving a first
trade-off factor Ziageoff [30,98], a compound FoM describing the
trade-off between aso and &4 FoMs, as a function of the operation point
{Cx Taps}- Partial derivatives are expressed in (Eq. (25)):

4 4
-1 ar]opl—th _ (Tabs Tsk\)
’ C. [ Guor(A,AM)d

Oy,
The Zirade-off is defined in (Eq. (26)) by dividing both partial de-
rivatives in (Eq. (25)):

G Guld,AM)d
o(Th. ~ T4,

According to (Eq. (26)), varying ase by 1% point (p.p.) has the same
effect on the opto-thermal efficiency nope.th as varying em by - Ziage—of P-
p- The solar absorptance as, is thus a dominant opto-thermal FoM.
However, its initial value for a STAC should be above 95%, the

3’70,”—:;1

aa.ml (25)

AS,;,
Aay

eradc —off — (26)

Table 5
Sensitivity of opto-thermal efficiency Nopt.th; Gsot (AM1.5 d) =
600 °C, Tgy = 25 °C.

900 W/m?; Taps =

Scenario Oso1 [0 ... 1] gm [0 ... 1] Cx [-1] Nopt-th [%]
Ref A (SSC, 0.95 0.15 100 89.6%
PTC)
Increase oo 0.96 (+ 1p. 0.15 100 90.6% (+ 1p.
m p) p.)
Decrease e, (1) 0.95 0.122 (-2.8p. 100 90.6% (+ 1p.
p) p.)
Increase Cx (1) 0.95 0.15 123 (+ 90.6% (+ 1p.
23%) p)
Ref B (Black, 0.95 0.90 1000 91.7%
CRS)
Increase 0tso1 0.96 (+ 1p. 0.90 1000 92.7% (+ 1p.
m p.) p.)
Decrease g, (1) 0.95 0.65 (- 30p. 1000 92.7% (+ 1p.
p.) p)
Increase Cy (1) 0.95 0.90 1400 ( + 92.7% (+ 1p.
40%) p.)

10

the thermodynamic cycle.

3.3. Level 3 FoMs

3.3.1. Maximum steady-state temperature

The next FoM is the maximum Steady-State Temperature TssT,max
also referred to as the “stagnation” temperature [92,99]. This parameter
is measurable for a high temperature STAC in a non-destructive setup
[93], for a low concentration factor (Cx < 10), otherwise the STAC may
exceed its maximal operating temperature and would suffer an irre-
versible degradation.

By definition, Tsgr,max corresponds to the temperature of the STAC
when no useful heat can be extracted from the absorber, i.e. (Eq. (15))
equals zero. All the absorbed solar flux is then radiated away by the
STAC. Neglecting convection losses (Eq. (18)), can be rewritten as in
(Eq. (27)).

0.25
Ao (AM)G!, + €, (TSST.max)U T3,

27
& (TssTmax) O @7)

Tss7 max =

The parameter Tsst,max appears on both sides of the equations, as e,
is temperature dependent for reference materials (Eq. (27)). is hence
solved numerically for Tsst max-

3.3.2. Solar reflectance indices

The solar reflective index SRI [87-89,100,101] is another standard
FoM, rather used in the building industry to characterize construction
materials suitable for mitigating the Urban Heat Island (UHI) phenom-
enon [137-141]. This FoM is calculated on the basis of ag, and gy, values
measured with portable devices [87-89,131-134]. Its original formu-
lation is related to the computation of maximum steady-state tempera-
ture Tsst,max, outlined in the previous subsection.

For building applications (Eq. (15)), is solved for Tssr max With the
following standard parameters [100]:

o g, =1000 W m~2 (Cx = 1; AM1.5; global radiation [124]);
o heopy =12Wm 2K !
o Tgy = 300 K; Tamp = 310 K

The Tssr,max value computed for a given material is then compared to
two reference bodies, for which stagnation temperatures are also
computed as outlined above:

e Reference black surface: (0o = 0.95; &, = 0.90)
o Temperature Tpigck, sst (82.6 °C)
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e Reference white surface; (0go) = 0.20; g, = 0.90)
o Temperature Typir, sst (44.7 °C)

The SRI is computed according to (Eq. (28)):

Thtack,sst — Tssr.max

SRI =100 (28)

Thiack,sst — Twhite,ssT

A low SRI value indicates a cool roof material, while a high SRI
values indicates a hot roof material. A few issues have been expressed for
this FoM in the building industry [101]. Although the SRI is expressed in
percent, its value can reach either negative values or values above 100,
as the reference black and white materials are not optimized: the solar
reflectance or “albedo” index is varying between 0.2 and 0.95, while the
thermal emittance or “melano” index is constant at 0.9.

The SRI calculation is adapted in this paper, first by setting adapted
boundary conditions relevant for concentrated solar power, according to
the modelling assumptions (Section 2.2):

e Solar irradiance: AM1.5; direct + circumsolar [124].
e Variable concentration factor Cy variable

e Negligible convection losses (heony = 0)

o Sky temperature Tgy = 25 °C

Furthermore, a renormalized SRI* FoM is defined (Eq. (29)), intro-
ducing spectral selective reference coatings, which spectral profiles are
defined according to (Eq. (11)) [94]:

e Reference “cold” coating:

0 {Acutoff = 2.5 pm; prow = 0.99; phigh = 0.01}
e Reference “hot” coating:

0 {Acut-off = 2.5 pm; piow = 0.01; phigh = 0.99}

Tm ref Tss max
100 hot ref SST,

SRI" = (29)

Thotrer — Teotd.re

The choice is made to define two reference coatings with symmet-
rical spectral selectivity (Si, Si*), i.e. one “cold” reference coating (low
asol, high &) and one “hot” reference coating (high og), low eg,). The
“hot” reference coating is nearly equivalent to the ideal SSC introduced
in Section 2.3, while the “cold” reference coating acts as an “anti-solar”
surface [142]. Instead of defining a constant value for ago and e,
spectral profiles are defined to achieve a constant oy, value while
achieving a realistic ey, value at higher temperature.

3.3.3. Thermal efficiency and peak efficiency temperature
The last FoMs included in this review are the thermal efficiency
Nthermat [11,12,96,97] and the peak efficiency temperature Tpeak,opt- The
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a
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o, |
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& h------- e et > P,
8 096 0.966 - ;0.966 0.966 0.966 0.966 0.965 10.965
&
2 095
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@ o
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thermal efficiency of a thermodynamic cycle is bounded by an upper
limit, defined by the Carnot cycle (Eq. (30)):

T:ink, cold

(30)

Mearnor = Tsink coa
where Tink, cold and Tsink,hot respectively correspond to the temperature
of the cold and hot heat sinks. In practice, only a fraction fcamoet ~0.7
[12] is accessible due to engineering limitations.

The thermal efficiency nhermal is thus formulated as a product in (Eq.

(31)):
(€19)

Minermar = rlopr—th 'fCamot Ncarnor

Assuming negligible convection (Cr —- o), a cold heat sink Tsink.
cold With a sky temperature Tsky, a hot heat sink Tsink not with absorber
temperature T,ps and assuming a fraction feamor = 0.70 (Eq. (32)), is

derived:
%4
Tsky> 1— h
’ Taps

The thermal efficiency nermal €quals zero for two temperatures, i.e.
sky temperature and maximal stagnation temperature. It peaks at an
optimal absorber surface temperature Tpeak,opt (Eq. (33)).

en(Taps )0 <T:11bs -

-1
o1

N camor R Jcamor | Osot — (32)

a’1Carrm!
aTabs T

‘peak.opt

-0 (33)

4. Results and discussion
4.1. Level 1 FoMs

4.1.1. Solar absorptance

The solar absorptance oo is calculated according to (Eq. (6)) for
different AM values, ranging from AMO to AMS5. Results are illustrated in
Fig. 9 a. for reference coatings (Fig. 3), while the cumulative solar
absorptance (Eq. (7)) is shown in Fig. 9 b for AM1.5 (direct +
circumsolar).

In Fig. 9 a, ideal SSC and blackbody coatings both achieve a
maximum o] value (100%), as these coatings absorb all the solar ra-
diation. The reference SSC reaches a o, value of 94.6% (AM1.5), while
the oo value reaches 96.6% (+2 p. p.) for the reference black coating.
This coating reaches an ag, value above 96% and is thus qualified as
HSA.

As can be observed in Fig. 9 a, the AM variable has a weak influence
on the oy, value. For the reference black coating, the same g, value
(96.6%) is computed from AMO to AM3, meanwhile the oy, value varies

0.9
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Fig. 9. Calculation of as, (Eq. (6)) from 0.28 to 2.5 pm a) as a function of AM for reference coatings. b) Cumulative solar absorptance according to (Eq. (7))

considering the coating SDHR.
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from 93.9% (AMO) to 94.6% (AM1.5 ... 3) for the reference SSC.
Looking at the cumulative solar absorptance for AM1.5 (Fig. 9b), one
observes that the 2 p. p. difference at between the reference black
coating and SSC first appears and amplifies around 1.7 pm, in the
shortwave IR range. At this same wavelength, the reference black
coating is already 2.7 p. p. from the ideal profile (red curve) to achieve a
maximal o value. This diagram offers a finer appreciation of the
spectral deviations to compare and improve STAC formulations.
Maximal solar absorptance (~100%) has been achieved so far with
Carbon Nanotubes (CNT) [143]. Such “space black” coatings are typi-
cally applied by vacuum deposition or spraying processes. These
high-performance coatings are rather designed for stray light suppres-
sion on sensitive optical devices for space missions [144,145], consid-
ering their cost of application, high temperature stability and
environmental durability [146]. For high temperature STAC, the upper
sl limit for stable formulations reaches 98% [98]. A Haynes 230 metal
substrate oxidized at temperatures above 700 °C reaches a oy, value
above between 92 and 94% [31,98], due to the formation of a duplex
oxide scale [147]. For CRS applications, a re-coating threshold value of
95% is reported [37]. The useful oy, range for high temperature STAC is
thus restricted from 90 to 100%. An increase of a few tenth of a p. p.
represents a significant improvement for the solar absorptance.

4.1.2. Thermal emittance

The thermal emittance ey, is computed according to (Egs. (8) and (9))
for an absorber temperature T,ps ranging from 25 to 1000 °C for the
reference coatings and shown in Fig. 10 a. The cumulative thermal
emittance is plotted in Fig. 10 b. for Taps = 600 °C. It is worth remem-
bering that the coverage fraction of Stefan Boltzmann law increases with
temperature (Fig. 7b) and the spectral calculation is here performed
over the spectral range [0.28 ... 20 pm] for the available spectral data
(Fig. 3a).

ISO 22975-3 [83] recommends for instance a spectral range from 2
to 50 pm for lower temperatures, extrapolating spectral data beyond 20
pm. Omitting data above 20 pm would influence the &g, calculation. For
the reference black coating, its spectral reflectance should remain low
(Fig. 3a) and the ey value should thus increase moderately by a few
percent points. For a SSC, the spectral reflectance reaches an asymp-
totical value in the IR range (Fig. 3a) and the extrapolation can be
justified, the ey, value should decrease marginally by a few percent
points.

From 25 to 1000 °C, the ideal SSC reaches the lowest ey, value for any
temperature (Fig. 10a). Its e, value is lower than 10% below and 600 °C.
For the reference SSC, the &y, value approaches 23% at 600 °C. For the
reference black coating, the ey, value reaches 78% at 600 °C. The ideal
blackbody is obviously the worst coating, with a maximal thermal
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emittance (100%).

The useful optimization range for the ey FoM is constrained,
although the ideal SSC is here only optimized to maximize og,. This
value is 55 p. p. above the reference SSC and 68 p. p. above the ideal SSC
at the same temperature. The &g, value can thus be potentially improved
by a few decades in the best case. The temperature dependence of the &,
value is more pronounced for SSCs than for black coatings. For SSCs, the
e value increases at higher temperature. For a black coating, this
temperature dependence is moderate.

Looking at the cumulative thermal emittance (Fig. 10b) calculated at
600 °C, one can notice that asymptote ey, value is reached earlier on for
SSCs. In the case of the ideal SSC; there is a sharp transition at 2.5 pm
(cut-off wavelength). Before this wavelength, the ideal SSC is first
aligned with the ideal blackbody. Beyond 2.5 pm, the ideal SSC does not
emit radiation. The reference SSC converges to 99% of its asymptote g,
value around 12 pm. For black coatings, the asymptotical convergence is
not completed yet at 20 pm, this is even more pronounced at lower
temperatures.

Instead of reporting ey, values at arbitrary temperature levels, tem-
perature correlations or tables should be documented, for example with
fourth order polynomial fits. Such polynomial fits are implemented for
further calculations in this paper.

4.1.3. SSC model parameters

SSC models (Table 4) are fitted to the reference SSC (Fig. 3a),
applying ordinary least squares for logistic models (Eq. (12)) to mini-
mize the root mean square error (RMSE). Fitted parameter values are
listed in Table 6. Spectral curves are shown in Fig. 11 a, while residuals
are shown for logistic functions in Fig. 11 b.

A better fit is achieved for the reference SSC (Fig. 11a) with logistic
models (Eq. (12)) than with step functions (Eq. (11)). The residual
analysis (Fig. 11b) indicates that the maximal deviation is observed in
the shortwave range (<2.5 pm), which would directly affect the ogo)
calculation (Eq. (6)). A higher noise is observed beyond 2.5 pm for FTIR
data. A spike is observed at 4.3 pm, corresponding to a strong CO5 ab-
sorption band, as the instrument has not been purged during the
measurement.

The identified parameters of the SSC spectral curve slightly differ
from one logistic model to the other, depending on the applied con-
straints for (Eq. (12)). The cut-off wavelength Acyt.off Spans from 2.4 to
2.46 pm, while the spectral shape factor fsape Spans from 7.37 to 7.92.
The logistic model with 4 parameters seems to be the most flexible and
accurate model, with the minimal RMSE value.

These logistic models can simulate the ideal blackbody and SSC for
asymptotical parameter values:
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th,calc
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Fig. 10. Calculation of thermal emittance &y, (Egs. 8-9) a) as a function of T,ps for reference coatings. b) Cumulative thermal emittance at 600 °C according to (Eq.

(10)) considering the coating SDHR.
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Table 6

Results of SSC spectral model curve fitting applying ordinary least squares.
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Model Ref. [94] (3 parameters) Ref. [95] (2 parameters) Ref. [95] (4 parameters) Logistic function (3 parameters)
Identified parameters prow = 0.01 L=1 L = 0.9970 L =1.0207
Phigh = 0.95 Offset = 0 Offset = 0.0182 Offset = 0
Acut-off = 2.4 pm Aeutoft = 2.4003 fopape = 7.9179 Meutoft = 2.4645 fepape = 7.6227 Aeut-off = 2.4367 fopape = 7.3696
RMSE 0.1182 0.0112 0.0093 0.0101
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Fig. 11. Spectral curve fitting of reference SSC with parameterized spectral models (Table 4). a) Comparison of spectral models. b) Residuals for logistic models

derived from (Eq. (12)).
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e blackbody: {Offset = 0; L — 0; Acutoff = +00; fshape = +00}
e ideal SSC: {Offset = 0; L — 1; Acut-off = 2.5 pm; fopape — 400}

However, logistic functions are not appropriate to model accurately
the black coating spectrum.

4.2. Level 2 FoMs

4.2.1. Selectivity indices

Selectivity indices Si and Si* (Eq. (13) and (14)) are plotted for
reference coatings at AM1.5 as a function of T,ps in Fig. 12. The Si index
spans a wide range, from 1 for an ideal blackbody to ~10* for an ideal
SSC at 100 °C. After logarithmic scaling, the Si* index spans from 0 for
an ideal blackbody to ~10 for an ideal SSC at 100 °C. As an order of
magnitude, the best Si* value that can be achieved at 600 °C is about 2.3
for an ideal SSC, i.e. the gg, value can only be reduced down up to a tenth
of g1 for a STAC, as the contribution of blackbody spectral irradiance
below 2.5 pm increases at higher temperatures.

13

Selectivity indices Si and Si* are temperature dependent, because of
the temperature dependence of the ey, FoM, especially for selective
coatings. The selectivity of a SSC thus decreases at a higher absorber
temperature, as the &g, value increase.

4.2.2. Useful heat flux and opto-thermal efficiency

Marginal differences in useful heat flux Aq),, (Eq. (21)) and opto-
thermal efficiency A, 4 (EQ. (24)) between the black coating and
the reference SSC are plotted in Fig. 13 as a contour map of two vari-
ables: the concentration factor Cyx and the absorber surface temperature
Taps-

The oy, value for reference black coating is 2 p. p. higher 2 p. p.
higher than in comparison to the o) value for the reference SSC (Section
4.1.1). This advantage outweighs the benefit of a low &y, value for high
Cx and low Tqp values (Fig. 13, bottom right corners). In these regions, i.
e. Ady, and An,, gare both positive and the black coating is more
efficient than the reference SSC. The reference SSC is more efficient in
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comparison to the black coating for low Cy and high Tqp,s values (Fig. 13,
top left corners). A Pareto front can be identified on both contour maps
(Fig. 13, black dotted line), where both coatings are equally efficient.

For PTC configurations, the Cy value is typically lower than 100 and
the temperature ranges from 300 up to 600 °C. For this configuration,
Fig. 13 confirms that a SSC is more efficient than a black coating. For a
CRS configuration, the allowable flux density (AFD) [72-76] are
implemented for a molten salt HTF to avoid metal corrosion. For the
Solar Two power plant [26,27,72] A solar flux of 850 kW m 2 is allowed
at the 290 °C receiver inlet, while a lower solar flux of 240 kW m2is
allowed at the 565 °C receiver outlet. Such constraints are rather
favorable for the black coating according to Fig. 13, although the Pareto
front is crossed. The real SSC is thus not always optimal for this later
application. In order to select the most efficient coating, the Aq.,, or
Aoy FoMs have to be integrated over the relevant Cx and Taps do-
mains, considering their correlation.

4.2.3. Comparison of spectral STAC opto-thermal efficiencies

Respective STAC cumulative opto-thermal efficiencies are analyzed
spectrally according to (Eq. (20); Ay = 2.5 pm; A3 = 20 pm) in Fig. 14.
Two extreme configurations are selected according to the above dis-
cussion, i.e. one configuration in favor of the reference SSC (Fig. 14 a; Cx
~ 250 suns, Taps ~ 600 °C) and another in favor of the reference black
coating (Fig. 14 b; Cx~ 850 suns, Taps 300 °C). These graphs illustrate a
“spectral race”, i.e. the detailed integration from 0.28 pm up to a
wavelength A.

It is worth remarking from Fig. 14 that The STAC ranking differ

14

slightly from one configuration to the other. In both cases, the ideal SSC
is best ranked STAC (blue line). All other curves peak around 2.5 pm, at
which point solar radiation is fully absorbed.

In the first case (Fig. 14 a; Cx = 250, Taps = 600 °C), the reference SSC
ranks second (blue dotted line), the ideal blackbody third (black line)
and the reference black coating fourth (black dotted line), nearly on par
with the ideal blackbody. The gap in nepr.th between the reference SSC
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Fig. 15. Contour map of trade-off factor as a function of Cy and Teps.
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and the ideal blackbody after integration up to 20 pm is about 6 p. p. The
curve for the reference SSC respectively crosses the reference black
coating curve at 3.5 pm and the ideal BB at 5 pm.

In the second case (Fig. 14 b; Cx = 850, T,ps = 300 °C), the ranking is
different: the ideal blackbody ranks second (black line), the reference
black coating third (black dotted line) and the reference SSC fourth (blue
dotted line). This time, the spectral curves do not cross. The reference
SSC is the least efficient coating this time.

Both graphs offer a valuable perspective on the respective benefits of
SSC and black coatings in terms of opto-thermal efficiency. In the first
case, improving the coating spectral selectivity is relevant. In the second
case, maximizing ago) is more relevant. Improving the coating spectral
selectivity becomes a secondary goal.

4.2.4. Trade-off factor

The trade-off factor Ziade-off (Eq. (26)) is plotted as a function of Cx
and Ty in Fig. 15. This figure confirms previous observations made in
Sections 4.2.2 and 4.2.3. At (Cx ~ 250 suns, Taps ~ 600 °C), Zirade-off ~
—6.85, i.e. an increase of 1 p. p. in a,, has the same effect on nep.h as
reducing &, by 6.85 p. p. At (Cx~ 850 suns, Taps 300 °C), Zirade-off ~ 134,
i.e. an increase of 1 p. p. in a5, would be compensated by a reduction of
—134 p. p. in gg,. Considering the respective useful optimization ranges
discussed in sections 3.1.1. and 3.1.2, it is confirmed that selecting a SSC
is not necessarily the best option, the operating range {Cy; Taps} has to be
carefully examined.

4.3. Level 3 FoMs

4.3.1. Maximum steady-state temperature

The maximum Steady-State Temperature Tssrmax is calculated for
reference STAC (Section 2.3) and further references introduced in Sec-
tion 3.3.2. according to (Eq. (27)). The results are shown in Fig. 16 aon a
semi-log plot while the search process is illustrated in Fig. 16 b at Cx =
1000 for reference STAC. The Ty variable is swept beyond the allowed
maximum operating temperature (600 °C).

Tsst,max increases with respect to Cy according to a logarithmic
profile, in compliance with (Eq. (27)). According to thermodynamic
constraints, Tsstmax cannot exceed the apparent sun temperature (Tsyn
= 5777 K) and the upper theoretical bound concentration factor Cy is
limited to 215 for linear focusing concentrators and 46,250 for point
focusing concentrators [96,97].

For the Tsst,max FoM, the following STAC ranking is observed in
Fig. 16 a: i) Ideal and reference SSC achieve the highest Tssr,mqx value
(blue line and blue dotted line), ii) The reference black coating ranks
third (black dotted line) and the ideal blackbody ranks fourth (black
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line).

More precisely, the ideal SSC ranks first up to Cx = 750. The refer-
ence SSC then surpasses the ideal SSC beyond Cx = 750, only by a few
Kelvins. It is worth remarking that e, curves shown in Fig. 10 a actually
cross for SSCs around T,ps = 1400 °C, i.e. the ideal SSC has then a higher
thermal emittance than the reference SSC. The ideal SSC is thus not
optimized for high temperatures.

This reasoning is of course hypothetical, as the reference SSC is not
designed to withstand such high temperature levels. In practice, it is
technically impossible to measure Tsst,mqx at high solar fluxes in a non-
destructive setup, as irreversible degradation of the STAC and the metal
substrate is expected.

4.3.2. Solar reflectance indices

Solar reflectance indices SRI and SRI* are respectively calculated
according to (Eq. (28)) and (Eq. (29)) for all reference coatings defined
in this paper. The results are plotted for SRI in Fig. 17 a and for SRI* in
Fig. 17 b, as a function of Cy.

In Fig. 17, The SRI scaling bias is confirmed, as several reference
coatings achieve a value beyond the interval [0-100]. For instance, All
STAC except the ideal blackbody reach negative SRI values. This is
explained according to Fig. 16 a, these STAC reach a higher stagnation
temperature TssTmax in comparison to the SRI black reference. The SRI
scale is also not adapted for the cold reference introduced to define the
SRI* FoM, as this coating achieves a SRI approaching 200!

The normalized SRI* FoM is bound between 0 and 100% for all
defined reference coatings (Fig. 17b), except for the ideal SSC, which
SRI* value is negative, but not exceeding —1. SRI* decreases with
increasing Cy and the hierarchy observed for Tssrmax is respected
(Fig. 16 a.). All STAC achieve a SRI* lower than 50%. The SRI white
reference reaches the highest SRI* value (>50%).

A correlation can be noticed between selectivity indices (Si/Si*) and
Tsst,max, justifying a rescaling of the SRI FoM. This is illustrated in
Fig. 18, taking respectively as x-axis and y-axis the thermal emittance gy,
and the solar absorptance o).

In Fig. 18 a, the diagram can be divided into two sectors along the
axis Si* = 0 (grey body, black dotted line). Reference STAC are located
in the upper half (blue and black lines). SRI reference coatings span on a
vertical red dotted line, as their &y, is constant (90%). SRI* references
span on an orthogonal line to the axis Si* = 0 (purple dotted line). As Si*
increases, the stagnation temperature Tsst,mayx increases (Fig. 18b). SRI*
reference coatings thus cover a wider temperature range in comparison
to SRI reference coatings and are more appropriate for CSP applications.
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4.3.3. Thermal efficiency and peak efficiency temperature

The thermal efficiency nermar (Eq.(31) and (32)) is calculated for
reference STAC as a function of Tqps, at Cx = 100 (Fig. 19a) and Cx =
1000 in (Fig. 19b), including Carnot efficiency ncamot (Eq. (30)) as an
upper limit. This representation offers a global perspective for the
comparison of STAC performance: the thermal efficiency curve increases
steeply from 0% at 25 °C above ~50% at 100 °C, it reaches a maximum
plateau and it then drops down to 0% at Tssrmax- The length of the
plateau indicates the optimal operating temperature range for a given

16

concentration factor Cy.

In Fig. 19, the ideal SSC reaches the maximal Nhermal Value among
STAC for any temperature. At Cx = 100 (Fig. 19a), the ideal blackbody
ranks second up to 300 °C, while the reference SSC and black coating are
on par up to 300 °C. Above 300 °C, the reference SSC then ranks second,
while black coatings drop in thermal efficiency nermar until they ach-
ieve Tssr,max. Both SSCs exhibit a wider plateau at maximal efficiency,
from ~300 to 600 °C for the ideal SSC and from ~250 to 450 °C for the
real SSC. These temperature ranges are compatible with the PTC
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application. For this configuration, a selecting a SSC is thus more effi-
cient than a black coating, as discussed previously in subsection 4.2.3.

At Cx = 1000 suns, the ranking is different: the ideal blackbody
(black line) ranks second up to ~ 800 °C. The reference black coating
(black dotted line) ranks third up to 600 °C. The reference SSC (blue
dotted line) respectively surpasses the reference black coating at 600 °C
and the ideal blackbody at 800 °C. A wide plateau is observed for the
reference SSC and black coating, from ~300 to 650 °C. As discussed in
Subsection 4.2.3, black coatings perform quite well in these conditions
for a wide temperature range, compatible with the CRS application.

The peak efficiency temperature Tyeak op: (EQ. (30)) is plotted for all
STAC in Fig. 20 as a function of Cy. This plot confirms the observation
that a SSC (blue lines) reach its optimal #ermq Value at a higher tem-
perature than a black coating (black lines). The ranking is consistent
with (Fig. 16) for the Tsst max FOM: the ideal SSC ranks first (blue line),
the reference SSC second (blue dotted line), the reference black coating
third (black dotted line) and the ideal blackbody fourth (black line). A
SSC thus allows operating efficiently at higher temperature level than a
black coating, for any Cx value.
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The current definition of nNermal Neglects the temperature drop
across the STAC and metal substrate (Fig. 2), as the heat transfer from
the STAC to the HTF is not modelled in this paper. Assuming a thin film
SSC (« 1 pm) with high thermal conductivity (~10 W m! K’l), the
temperature drop across the STAC can be neglected (AT « 1 K). How-
ever, for a sprayable ceramic black coating (~40 pm), and a low thermal
conductivity of (~1 Wm ™! K1), the temperature drop across the STAC
should not be negligible (AT ~ 10 K) and the coating would then act as a
Thermal Barrier Coating (TBC) [148]. The lack of experimental thermal
conductivity data for STAC at operating temperature does not yet allow
for an accurate correction for this effect.

4.4. Summary and discussion

To summarize our comparative analysis of FoMs, references STAC
(Section 2.3) are evaluated and ranked in Table 7 for opto-thermal FoMs
listed in Table 3 and analyzed in this paper.

The four reference coatings are divided into two subgroups, i.e. two
black coatings on the one hand and two SSCs on the other hand. Black
coatings respectively exhibit high og,) and ey, values (ogo) > 95%, € >
80%), while SSC exhibit a high s, and a low &g, values (a0 > 95%, €, <
80%). Both reference FoMs are coupled, as there exists an overlap be-
tween solar and blackbody spectral irradiance (Fig. 8). Compound FoMs
allow a finer ranking of STAC based on their opto-thermal performance.

Any SSC can be characterized in first approximation by a simple
spectral model fssc()), parameterized with a few spectral FoMs, i.e. a
cut-off wavelength Acyroff, @ shape factor fegape and asymptotical
reflectance values piow and phigh. This spectral model is however not
suitable for black coatings. The goodness of fit of such spectral models
thus allow discriminating between SSCs and black coatings.

Some FoMs allow a categorical discrimination of our reference STAC
into two subgroups, i.e. black coating and SSC, while being applicable
for any coating. These FoMs are namely the selective index Si, the
maximum steady-state temperature Tsst,max and the solar reflectance
index SRI (Fig. 18). These FoMs do not require a detailed knowledge of
spectral features. Two of these FoMs (Si and SRI) have been tentatively
renormalized (Si* and SRI¥). Si* is a logarithmic transformation of Si, to
re-scale its range. Boundary conditions and reference coatings are
updated for SRI* to correct shortcomings of the SRI. The SRI and SRI*
calculations both rely on a theoretical FoM, i.e. Tsgt max. This later FoM
typically exceeds the maximal operating temperature allowed for the
STAC.

Table 7
Comparison of reference STAC for different opto-thermal FoMs.
Level FoM Optimization Reference SSC Ideal SSC Reference black Blackbody
Target
1 501 (AM1.5 d) Max 94.6% (4th) 100% (1st) 96.6% (3rd) 100% (1st)
€th.cale (Tabs) Min 10 — 40% (2nd) 0 — 30% (1st) 77 — 83% (3rd) 100% (4th)
(100 < Taps < 1000 °C)
1 fssc(M) Min (RMSE) Logistic model Unit step function N.A. Constant
Acut-off <2.5 pm ~2.4 2.5 -+
fshape Max ~7 -+ -0
Asymptote 1: piow Min ~0.018 0 -0
Asymptote 2: ppigh Max ~0.972 1 -0
2 Si (100 < Taps < 1000 °C) Max 10.9 — 2.5 (2nd) 6.10° ->~3 (1st) 1.16 — 1.25 (3rd) 1 (4th)
Si* (100 < Taps < 1000 °C) Max 2.4 - 0.9 (2nd) 8.7 —» 1.15 (1st) 0.15 - 0.23 (3rd) 0 (4th)
Gire Max Dynamic ranking (Pareto fronts)
Nopt.th Max Ideal SSC always ranked first
Zirade-off [-1 Reference SSC more efficient for low values (<30)
Reference black coating favored for high values (>30)
3 Tsst,max (20 < Cx < 1000) Max 740 — 820 —» 520 —» 480 —
1915 °C 1920 °C 1760 °C 1720 °C
SRI (20 < Cx < 1000) Min —110- —26 (2nd) —140 - —26 (1st) —13 - —2 (3rd) ~4 (4th)
SRI* (20 < Cx < 1000) Min 10 —» —0.3 (2nd) —0.75 - —0.1 (1st) 39 - 10 (3rd) 44 — 13 (4th)
TNthermat (20 < Cx < 1000) Max Dynamic ranking (Pareto fronts)
Ideal SSC always ranked first
Tpeak,opt (20 < Cx < 1000) Max 2nd 1st 3rd 4th
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Other FoMs, i.e. g, Nopt-thr Nthermah allow a dynamic ranking
depending on the operating point {Cy; Taps}. These FoMs are directly
related to the STAC opto-thermal efficiency. The dynamic ranking
among STAC is a function of the trade-off FoM, i.e. Zadeofr. For these
three FoMs, the ideal SSC always ranked first in the considered operating
range [Cy: 20 ... 1000 °C; Typs: 25 ... 1000 °C]. Different cases could be
identified: i) for a “low” Cx and a “high” T,ps, the solar absorptance o is
dominant over the thermal emittance &g, It is thus preferable to maxi-
mize o) (black coating) before minimizing ey, (SSC); ii) for a “high” Cy
and a “low” Taps, Oso] has a lower weight and it thus clearly relevant to
minimize &y,. and thus select a SSC, for instance in PTC applications; iii)
for intermediate operating ranges, a Pareto front could be identified,
where both the reference black coating and SSC perform equally well.
(Fig. 13). The Pareto front for g, and ., could be also analyzed from
a spectral perspective (Fig. 14), to better understand at which wave-
length the ranking among STAC may evolve, before reaching an
asymptotical value.

However, by definition, ¢, and #op:#, monotonously decrease at
higher absorber temperature Taps. This is not the case for #hermq;, Which
reach an optimum at the peak efficiency temperature Tpeak,opt, Defore
dropping to zero at Tsst,max (Tpeak,opt « TssT,max). The FOM 7gpe.q4 offers a
more realistic perspective of the system efficiency and the FOM Tpeak,opt
indicates the optimal temperature range for the STAC operation.

The FoM set analyzed in this review offer a complementarity
perspective for ranking different STAC formulations, while the meth-
odological framework is also applicable for solar selective reflective
materials [141,142,149,150].

5. Conclusion

In this review, opto-thermal Figures of merit relevant for the char-
acterization of Solar Thermal Absorber Coatings were analyzed and
compared. These figures of merit were calculated on the basis of spectral
measurements (0.25-20 pm) made at room temperature for a near-
normal angle of incidence. Reference solar thermal absorber coatings
included two types of coatings, i.e. solar selective and black coatings.
For each coating type, a reference coating and an ideal coating were
analyzed.

For the comparative analysis, a set of modelling assumptions were
made for simplification, in particular a flat geometry, negligible angular
effects, negligible convection and stable optical properties at operating
temperature. The list of figures of merit includes two standard in-
dicators, i.e. solar absorptance oy, and thermal emittance &, spectral
parameters for a solar selective coating model (fssc(M)), i.e. cut-off
wavelength (Acyroff), shape factor (fahape) and reflectivity asymptotes
(prow and phigh}. Further existing compound figures of merit were
analyzed, i.e. Selectivity ratio Si, useful heat flux g, opto-thermal ef-
ficiency #opeth, Maximum steady-state temperature TssT,max, Solar
reflectance index SRI and thermal efficiency #ermq. Additional figures
of merit were introduced, i.e. a normalized selectivity ratio Si* and solar
reflectance index SRI*, a trade-off factor Zyqde.off and a peak efficiency
temperature Tpeqx,ope- The interactions between all figures of merit were
summarized in a synoptical diagram.

A first subset of figures of merit allows a finer characterization of
selectivity, i.e. spectral model parameters {Acut-off, fshape> Plow and phigh},
the selectivity radio Si, the maximum steady-state temperature Tsst,max
and the solar reflectance index SRI. Si and SRI figures of merit have been
tentatively normalized (Si* and SRI*) for a better adaptation in the field
of CSP. Their correlation to the absorber temperature T,ps and the
maximum steady-state temperature Tsst,max has also been highlighted.

A second subset of figures of merit, i.e. useful heat flux ¢j,,, opto-
thermal efficiency 7oy and thermal efficiency nmerma allow a dy-
namic ranking of solar thermal absorber coatings, depending on the
specific operating point {Cy; Taps} and the corresponding trade-off factor
Zirade-off Detween solar absorptance oso) and thermal emittance ew,. The
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existence of a Pareto front between a reference black coating and a
reference solar selective coating has been shown and a spectral evolu-
tion of cumulative opto-thermal efficiency has also been illustrated. At
high concentration and low temperature, the influence of solar absorp-
tance is dominant over thermal emittance, favoring black coatingsfor
central receiver systems. . Spectral selectivity is more important to
achieve at lower concentration and higher temperature, for instance in
parabolic trough applications.

Thermal efficiency #ermal corrects a shortcoming of the opto-thermal
efficiency #5ope.c» Which decreases at higher temperature by definition,
while a higher temperature is desired to maximize the thermal effi-
ciency. Thermal efficiency #erma offers the most comprehensive
perspective: it increases up to a plateau around the peak efficiency
temperature Tpeak,opt, then it then decreases until the maximum steady-
state temperature Tsst,max- The peak efficiency temperature Tpeax,opt iS
deemed more relevant as the maximum steady-state temperature Tsgr,
max> as the peak efficiency temperature Tpeax,opt indicates the optimal
operating temperature range of a solar thermal absorber coating, while
the maximum steady-state temperature Tsstmax typically exceeds the
maximal operating temperature of such coatings.

Further research is conducted within the EU project SFERA-III to
verify whether spectral properties measured at room temperature for
oxidized substrates and black coatings are stable at higher temperature
up to 800 °C, without compromising the coating durability. These
measurements have on the one hand a potential impact on the calcu-
lation of o) and e, if any spectral shift is detected. On the other hand,
potential spectral shifts at higher temperature may also affect infrared
temperature measurements, requiring a new method for retrieving the
effective band emissivity and calibrating in situ the infrared thermog-
raphy setup.
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