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Solar thermal absorber coatings play an important role in the opto-thermal efficiency of receivers in Concen-
trated Solar Power (CSP). Two standard figures of merit are the solar absorptance ag, and thermal emittance &y,
derived from spectral directional hemispherical reflectance measurements at room temperature. These two
figures of merit allow comparing coating formulations in terms of performance and durability.

In this study, a black coating and a solar selective coating are optically characterized by different laboratories

to compare spectral datasets, solar absorptance o, and thermal emittance ey calculations. The comparison
includes various benchtop spectrophotometers operating in the UV-VIS-NIR and Infrared spectral ranges as well
as three commercial portable reflectometers/emissometers.

A good agreement is found between the nine parties participating in this intercomparison campaign. The black
coating g value is 96.6 + 0.2%, while the solar selective coating og,) value is 94.5 + 0.4%. For the thermal
emittance, spectral data is concatenated and integrated from 0.3 to 16 pm. The black coating g, value calculated
at 650 °C is 80.8 + 3.8%, while the solar selective coating ey, value calculated at 650 °C is 25.0 + 0.5%.

1. Introduction

Concentrated Solar Power (CSP) technologies coupled to thermal
storage can provide fossil-free electricity, process heat or synthetic fuels
around the clock at a competitive price, especially in sunniest regions of
the globe [1-4]. CSP technologies use a mirror field to concentrate
Direct Normal Irradiance (DNI) on a thermal receiver. A Heat Transfer
Fluid (HTF) absorbs the heat and transports it to a thermodynamic
process. Four types of mirror field configurations are typically identified
for CSP technologies, i.e. parabolic troughs [5,6], solar towers, also
known as Central Receiver Systems (CRS) [7,8], Linear Fresnel [9] and
Dish systems [10].
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One key component for any CSP technology is the thermal receiver.
Tubular receiver designs are most common among commercial plants.
Parabolic trough and Linear Fresnel receivers consist of an absorber tube
inserted in an evacuated glass envelope, while solar towers use external
tubular bundle heat exchanger designs, with several parallel absorber
tubes assembled in panels. The absorber tube is made of a metal sub-
strate, for instance stainless steel or a nickel-based alloy, on which a
Solar Thermal Absorber Coating (STAC) is applied. The typical absorber
operating temperature ranges from 300 to 600 °C for parabolic troughs
and solar towers using molten salt as a HTF [11,12]. For solar towers,
allowable flux density constraints have to be considered to avoid HTF
freezing below 300°C or pronounced corrosion above 600 °C [13,14].

The STAC opto-thermal performance is characterized by two key
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Nomenclature

Abbreviations

AM Air Mass

ASTM  American Society for Testing Materials
CERMET Ceramic Metallic

CSp Concentrated Solar Power
D&S Devices and Services

DNI Direct Normal Irradiance
DTGS Deuterated Triglycine Sulfate
FTIR Fourier Transform Infrared

HTF Heat Transfer Fluid
HSA High Solar Absorptance

1SO International Organization for Standardization
IR Infrared

MCT Mercure Cadmium Telluride

NIR Near Infrared

NIST U.S. National Institute of Standards and Technology
NPL U.K. National Physical Laboratory

SDHR  Spectral Directional Hemispherical Reflectance

SOC Surface Optics

SSC Solar selective coating

Participants
CIEMAT Centro de Investigaciones Energeticas, Medioambientales
y Technologicas

CNRS Centre National de la Recherche Scientifique
DLR Deutsches Zentrum fiir Luft- und Raumfahrt
HUJI Hebrew University of Jerusalem

ISE Institute for Solar Energy Systems

INTA Instituto Nacional de Técnica Aeroespacial
OPAC Joint CIEMAT-DLR optical laboratory at PSA

PROMES Procédés et Matériaux pour 1’Energie Solaire
PSA Plataforma Solar de Almeria

English Symbols

Cy Concentration ratio[-]

d Direct + circumsolar[-]

g Global[-]

I Intensity[-]

T Coating temperature[°C, K]

Gl Concentrated solar flux[W.m 2]
Z Trade-off factor[-]

Greek Symbols

X Asol Solar absorptance[%]
STAC Solar thermal absm.*ber. coating . o e Thermal emittance[%]
TNO Netherlands Organization for Applied Scientific Research 2 Wavelength[pim]
. gthlp
uv U.lt?avmlet Nopt-th Opto-thermal efficiency[%]
VIS Visible p Reflectance[%]
0 Incidence angle[°]

figures of merit [15], i.e. solar absorptance oy, and thermal emittance
€h , both measurable according to international standards [16-23]. High Table 1
Solar Absorptance (HSA) coatings [24-27] maximize primarily the solar List of participants.
absorptance os,), while Solar Selective Coatings (SSC) [28-31] also Participant Location Role
minimize the thermal emittance &g, The selection of an absorber coating - -
formulation depends on the optimization of the coating opto-thermal Brllﬁ];f;:;e Jerusalem, Israel ?:;p le preparation
efficiency [32,33], considering coating durability [24,25,34-38] in Measurement
order to minimize the levelized cost of coating (LCOC) [38,39]. CIEMAT Madrid, Spain Measurement

New STAC formulations have been developed within the EU project CIEMAT-DLR (OPAC, Plataforma Solar de Measurement
Raiselife [41] and their durability has been tested [42—-44]. In this paper, PSA) Al‘;’eria . Evaluation
we compare o and &g measurements made at room temperature in DLR (T;l:gr:f’csei::;ny Meastrement
different laboratories. On the one hand, both measurements are Fraunhofer ISE Freiburg, Germany Sample preparation
important to compare new coating formulations in pristine state. On the (x2)
other hand, these measurements are also relevant to measure deviations Measurement
with respect to the pristine state and thus track any optical coating HOT Jerusalem, Isracl Measurement

INTA Madrid, Spain Measurement

degradation that may occur during durability test campaigns. Mea- PROMES-CNRS Perpignan, France Measurement
surements at operating temperature have been discussed previouslyin OMT Solutions B.V. Eindhoven, Netherlands Calibration

the literature [45-50] for similar coatings and are here considered out of
scope for this laboratory intercomparison.

The laboratory intercomparison includes both benchtop spectro-
photometers and a few commercial portable devices. While spectro-
photometers provide a fine spectral resolution, Fourier Transform
Infrared (FT-IR) spectrophotometers typically require a cryogenic
cooling of the detector. Meanwhile, portable devices have a limited
spectral resolution, but allow performing a coating inspection on site.
The intercomparison is here outlined for two reference STAC, i.e. one
HSA black coating and one SSC, which have been exchanged between
participating laboratories.

The measurement protocol is first explained, describing the instru-
mentation set for optical measurements, the set of reference samples and
the equations for processing spectral measurements. Spectral data is
then compared, discussing spectral mismatch between optical in-
struments. Solar absorptance and thermal emittance calculations are
then analyzed, introducing some variants for the weighting, for instance

air mass or infrared spectral range. Finally, the propagation of uncer-
tainty on the opto-thermal efficiency is discussed.

2. Materials and methods
2.1. Organization and participants

This laboratory intercomparison test campaign involved 9 partici-
pants from 5 countries (France, Germany, Israel, Netherlands and
Spain). Participating laboratories are listed in Table 1 and their location
is shown on Fig. 1. Four reference flat samples, further described in
Section 2.3, were prepared for this campaign. Brightsource Industries
and Fraunhofer Institute for Solar Energy Systems (ISE) respectively
applied their STAC on two flat samples.

For each STAC, one sample was submitted to OMT Solutions B.V
[51]. for an independent calibration against NIST traceable standards.
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Fig. 1. Laboratory intercomparison — location of participants.
Table 2
Inventory of measurement instruments.
UV-VIS-NIR (< 2.5 pm) Infrared (> 1.5 pm)
Participant Spectro Portable Device Spectro Portable Device
photometer? device ? Model photometer? device ? Model
Brightsource = v socC - v SocC
Industries 410-Solar ET-100
CIEMAT v - Perkin Elmer v - Perkin Elmer
Lambda 950 Frontier FTIR
CIEMAT-DLR v - Perkin Elmer v - Perkin Elmer
(OPAC, PSA) Lambda 1050 Frontier FTIR
DLR v - Perkin Elmer - - N.A.
Lambda 1050
Fraunhofer ISE v - Bruker v - Bruker
Vertex 80 Vertex 80
HUJI v - Agilent - v Devices &Services
Cary 5000 AE1/RD1
INTA v - Agilent - v AZ Technology
Cary 5000 Temp2000A
PROMES- v - Perkin Elmer v - SOC 100 HDR
CNRS Lambda 950 + Nicolet 6700 FTIR
OMT Solutions v - Perkin Elmer v - Perkin Elmer
Lambda 1050 983 IR

These calibrated samples were then returned to OPAC laboratory, a joint
CIEMAT-DLR cooperation, at the Plataforma Solar de Almeria (PSA) in
Tabernas, Spain. Meanwhile, the other samples circulated between
participating laboratories, except OMT Solutions. After this laboratory
intercomparison test campaign, these samples were stored at OPAC
laboratory. Each participant submitted its processed dataset obtained
after instrument calibration to CIEMAT-DLR for evaluation.

2.2. Instrumentation

For each participating laboratory, measurement instruments are
listed in Table 2. Each participant uses two optical measurement in-
struments to characterize oo and ey, at room temperature. These mea-
surement instruments operate in complementary spectral ranges, i.e.
UV-VIS-NIR from ~ 0.3 to 2.5 pm, relevant for o], and the infrared
range above 2.5 pm, most relevant for eg,.
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Table 3
Comparison of spectral ranges reported in raw spectral datasets.

Participant Spectral range [pm] Spectral resolution [nm]
UV-VIS-NIR  Infrared UV-VIS-NIR Infrared
Brightsource [0.335-2.5] [1.5-21] 7 bands 6 bands
Industries
CIEMAT [0.25-2.5] [2.5-16] 10 nm ~ 2nm
CIEMAT-DLR (OPAC, [0.28-2.5] [2.0-16] 5nm 4 nm
PSA)
DLR [0.28-2.5] N.A. 5nm N.A.
Fraunhofer ISE [0.32-2.4] [1.5-16] 2.5 nm ~ 4 nm
HUJI [0.28-2.5] [2-50] 1nm Broadband
INTA [0.25-2.5] [3-35] 1 nm (<0.8 Broadband
pm)
2 nm (>0.8
pm)
PROMES-CNRS [0.25-2.5] [1.5-25] 10 nm Variable
OMT Solutions [0.22-2.51 [1.66-21.6] 5 nm Variable

Brightsource Industries is the only participant to use a portable de-
vice for both measurements, namely the SOC 410-VIS-IR modular solar
reflectometer/emissometer, developed by Surface Optics [52], which
combines two measurement heads (410-Solar [53] and ET-100 [54]).
This portable device can be transported in the field to measure os, and
e on flat and tubular samples.

Four participants use two benchtop spectrophotometers, i.e. CIE-
MAT, CIEMAT-DLR, Fraunhofer ISE and PROMES-CNRS. Fraunhofer ISE
is the only participant using a single benchtop instrument (Bruker Vertex
80) to cover the full spectral range. In the UV-VIS-NIR spectral range, a
PerkinElmer Lambda 950 or 1050 spectrophotometer is used by four
participants, i.e. CIEMAT, DLR, PROMES-CNRS and OMT Solutions. In

Spectral ranges

: '

Brightsource; UV-VIS-NIR
Brightsource; Infrared
CIEMAT; UV-VIS-NIR 1
CIEMAT; Infrared
CNRS-PROMES; UV-VIS-NIR
CNRS-PROMES; Infrared
Fraunhofer; UV-VIS-NIR | 1
Fraunhofer; Infrared 1 —
v v %
HUJI; UV-VIS-NIR 1
I
INTA; UV-VIS-NIR _ d
INTA; Infrared )
CIEMAT-PSA; UV-VIS-NIR 1
OMT Solutions; UV-VIS-NIR : |
OMT Solutions; Infrared 1
0.1 1 10 100
Wavelength [pm]

HUJI; Infrared
CIEMAT-PSA; Infrared !
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the infrared range, CIEMAT and CIEMAT-DLR both use a PerkinElmer
Frontier Fourier FTIR spectrophotometer, while PROMES-CNRS uses a
SOC 100 HDR model.

INTA and HUJI adopt an alternative approach: both use a benchtop
spectrophotometer (Agilent, Cary 500/5000), in the UV-VIS-NIR range
for oso] measurements, while they use a portable emissometer (AZ
Technology, Temp2000A [55,56] and D&S, AE1/RD1 [57,58] for ey
measurements.

Measurement spectral ranges and resolutions are detailed for each
participant in Table 3 and displayed in Fig. 2 a. on a logarithmic scale,
while spectral bands of the SOC portable device are detailed in Fig. 2 b.
The spectral resolution reported by each participant for benchtop
spectrophotometers is shown in Fig. 3 as a function of wavelength. It
corresponds to the wavelength steps reported by each participant for
raw spectral measurements.

The common spectral range of interest for UV-VIS-NIR measure-
ments is defined from 0.3 to 2.5 pm, while infrared measurements are
provided at least until 16 pm. For the SOC portable device and some
benchtop spectrophotometers, a spectral overlap exists between 1.5 and
2.5 pm (Brightsource Industries, CIEMAT-DLR, Fraunhofer ISE,
PROMES-CNRS, OMT Solutions).

For benchtop spectrophotometers, a constant spectral resolution is
observed for UV-VIS-NIR measurements, ranging from 1 to 10 nm, while
the spectral resolution is variable for Infrared measurements. This is
partly explained by the instrument optical setup, i.e. UV-VIS-NIR spec-
trophotometers typically use a monochromator to sample light at
different wavelengths, while FTIR spectrophotometers typically use an
interferometer and their spectral resolution is often defined in wave-
nbumber (cm-1), which translate in a variable wavelength step. For

SOC portable device

: B 410-vis-Solar |
2 | :
3 : 7 :
4 : 7 :
=N i ) ;
g6 i v/
7 b 7z
5 Z, ET100
7o ' v |
10 ! e :
11 ! 7 :
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B o e R MR )
0.1 1 10 100
Wavelength [pum]

Fig. 2. Comparison of spectral ranges a) Overview b) SOC portable device spectral bands.
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Fig. 3. Comparison of spectral ranges for benchtop spectrophotometers.
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Table 4
UV-VIS-NIR instrument specifications.
Participant Light source Detector(s) Integrating
sphere
Brightsource Tungsten 7 spectral bands 0: 20°; @: N.A.
Industries filament
CIEMAT UV: Deuterium InGaAs & PbS; Peltier 0: 8°; @: 150
cooling mm
VIS-NIR: white, diffuse
Tungsten
Halogen
CIEMAT-DLR UV: Deuterium InGaAs & PbS; Peltier 0: 8°; @: 150
(OPAC, PSA) cooling mm
VIS-NIR: white, diffuse
Tungsten
Halogen
DLR UV: Deuterium InGaAs & PbS; Peltier 0: 8°; @: 150
cooling mm

Fraunhofer ISE

HUJI

INTA

PROMES-CNRS

VIS-NIR:
Tungsten
Halogen

UV: Deuterium

VIS-NIR:
Tungsten
UV: Deuterium

VIS-NIR:
Tungsten
Halogen

UV: Deuterium

VIS-NIR:
Tungsten
Halogen

UV: Deuterium

VIS-NIR:
Tungsten
Halogen

Photomultipliers
Si & InGaAs diodes

InGaAs & PbS; Peltier
cooling

InGaAs & PbS; Peltier
cooling

InGaAs & PbS; Peltier
cooling

white, diffuse

0: 8°; @: 200
mm
white, diffuse

0: 8°; @: 150
mm
white, diffuse

0: 8°; @: 150
mm
white, diffuse

0: 8°; @: 150
mm
white, diffuse

Table 5

Infrared instrument specifications.

Participant Light source Detector Integrating
sphere
Brightsource IR filament 6 spectral bands 6: 20°; @: N.A.
Industries 1.5-5 pm: PbSe,
Peltier Cooling
5-21 pm: DTGS
CIEMAT IR filament Detector: MCT 0: 12°; @: 76.2
mm
Liquid nitrogen Gold, diffuse
cooling
CIEMAT-DLR IR filament Detector: MCT 0:12°; @: 76.2
(OPAC, PSA) mm
Liquid nitrogen Gold, diffuse
cooling
Fraunhofer ISE IR filament Detector: MCT 0: 8°; @¥: 200 mm
(glowbar) Liquid nitrogen Gold, diffuse

HUJI

INTA

PROMES-CNRS

Electrical heated
detector
Heated cavity

IR filament

cooling
Broadband
detector
Pyroelectric
detector
Detector: DTGS

N.A., @: 57 mm
N.A.
6: 8°; Adjustable

[8-80°]
@: N.A.

further analysis, spectral datasets are interpolated with a 1 nm wave-

length step.

Further instrumentation details related to the light source, detector
type and integrating sphere are respectively listed in Table 4 for the UV-
VIS-NIR spectral range and in Table 5 for the infrared range. Pictures of

Solar Energy Materials and Solar Cells 238 (2022) 111579

benchtop spectrophotometers and portable instruments are respectively
shown in Fig. 4 and Fig. 5.

2.3. Reference and calibration samples

Four flat absorber samples were prepared for this test campaign. The
metal substrate is made of ferrensitic/martensitic steel T91/P91 and the
sample size is 50 x 50 mm. Two samples were coated with a black
coating, while two samples were coated with a SSC. One sample of each
coating is shown in Fig. 6. The black coating is applied on a sand blasted
substrate, while the SSC is applied on a polished substrate.

One sample of each coating was submitted to OMT Solutions for
calibration, using NIST traceable calibration coupons as a baseline,
respectively a white diffuse sample for the UV-VIS-NIR spectral range
and a gold diffuse or specular sample for the infrared spectral range.
Spectral data is shown on Fig. 7 for samples calibrated by OMT Solutions
as well as commercially available calibrated sample coupons, i.e. white
diffuse Spectralon® (99% reflectance) and gold diffuse Infragold® [59].

These reference calibrated sample coupons exhibit a nearly constant
spectral response in the range of interest and thus can be approximated
as gray bodies. The black coating shows on the one hand a nearly flat
and low reflectance in the UV-VIS-NIR spectral range and on the other
hand a variable response in the infrared range, while the SSC spectrum
approaches a sigmoid profile, with a low reflectance in the UV-VIS-NIR
range and a high reflectance asymptote in the infrared range.

Available measurement datasets are listed in Table 6. The black
samples could be measured by all participating laboratories, while the
SSC sample could not be measured in the UV-VIS-NIR range by HUJI and
DLR (Cologne) due to technical issues. Infrared measurements could not
be performed at DLR Cologne as no instrument was available for this
measurement.

Reference samples used for baseline measurements are listed in
Table 7 for each participant. It is worth mentioning that Fraunhofer ISE
does not perform baseline measurements. Different baseline samples
may be used to measure the black coating and the SSC, considering
whether the surface is diffuse (black coating) or specular (SSC). These
baseline samples are traceable to primary standards calibrated by
reference laboratories (NIST, OMT Solutions, TNO, NPL).

2.4. Optical characterization

Applicable standards for benchtop spectrophotometers using inte-
grating spheres are ISO 22973:2014 [16], ISO 16378:2013 [17] or
ASTM E903:2020 [18]. For portable devices, ASTM C1549:2016 [19] is
applicable for solar absorptance, while ASTM C1371:2015 [20] or ASTM
E408:2013 [21] apply for portable emissometers. In this section, the
processing of spectral data is outlined further for benchtop
spectrophotometers.

2.4.1. Spectral processing

Benchtop spectrophotometers measure the spectral directional
hemispherical reflectance (SDHR) for any sample, using an integrating
sphere. For all spectrophotometers, except for the FTIR measurement at
Fraunhofer ISE, a background (spectrum are first recorded. A reference
sample (Table 7) is then mounted on the integrating sphere sample port
and its SDHR is measured as a baseline. This sample is then removed and
replaced by the material to be measured. Knowing the zeroline I ero, meass
the baseline calibrated reflectance prefcalib, the baseline and reference
sample measured intensities Ipase, meas and Isample, meas, ONE derives the
sample reflectance psample,spHr applying (Eq. (1)). This reflectance is
measured for a wavelength A (Table 3), at a near normal incidence angle
0 (8-12°) (Table 4 - Table 5), at room temperature (T ~ 20-25 °C).

1\' mple.meas Iz ro
P sample SDHR (2,0, T) =" =2 @

Pref calib
Iba:e,mcas — Lero X

For the FTIR spectrometer at Fraunhofer ISE a different procedure is
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-

UV-VIS-NIR
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FTIR integrating sphere

Fig. 4. Benchtop spectrophotometers a) PerkinElmer Lambda 1050 b) PerkinElmer Frontier FTIR with Pike Ltd integrating sphere (upward sample positioning). c)

Bruker Vertex 80 with.

Fig. 5. Portable reflectometers and emissometers. a) SOC 410-Vis-IR portable solar reflectometer and emissometer, b) Devices and Services AE1/RD1 c¢) AZ

Technology Temp 2000A.

a) b)

Fig. 6. Flat coated samples a) Black coating b) SSC.

Calibrated reference samples
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Fig. 7. Spectral directional hemispherical reflectance (SDHR) of calibrated
reference samples, including 2¢ spectral uncertainty bands in the infrared range
for black and SSC calibrated reference samples.

applied. A calibration is done every 3 months approximately using the
reference coupon cited in Table 7. In a sample measurement, we mea-
sure the reference (which is either the diffuse wall of the UV/VIS inte-
grating sphere or a gold IR-mirror within the IR integrating sphere) and
sample in alternating minute intervals. The mean value of the mea-
surements is formed and the measurement is corrected with the
respective calibration curve from the calibration.

Sample reflectance is assumed to remain stable for any wavelength at
higher temperature (Eq. (2)). Measurements at higher temperature
require more sophisticated instrumentation [22,23,45,46], experi-
mental data for other similar absorber coatings has been previously
published [47-50].

Doy (10.7)_

T (2)

The spectral deviation between both spectrophotometers is calcu-
lated according to (Eq. (3)), using interpolated spectral data with a 1 nm
wavelength step. The common interval for comparison between
CIEMAT-DLR, Fraunhofer ISE, CNRS-PROMES and OMT-Solutions
ranges from 2 to 2.5 pm. In this interval, spectral mismatch statistics
(average, standard deviation) are derived according to (Eq. (3)).

Ap(A) = P sample FTIR (4) = P sample,UV—VIS—NIR (4) 3

For further calculations, available experimental spectral data is
concatenated, considering UV-VIS-NIR measurements until 2.5 pm and
then infrared measurements above 2.5 pm.

2.4.2. Spectral weighting

The solar absorptance oy is calculated for each reference sample,
weighting the sample reflectance psamplecorr With a reference solar
spectrum according to (Eq. (4)). The common integration interval is
defined from A; = 0.3 to Ay = 2.5 pm. The reference solar spectrum Gg)
(A,AM) is defined according to ASTM G173-03 [60] derived from
SMARTS v2.9.2 [61]. Three spectra are considered for the comparison, i.
e. extraterrestrial (Air Mass AMO), AM1.5 global and direct + circum-
solar, AM1.5.
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Table 6
Inventory of measurement datasets.

Solar Energy Materials and Solar Cells 238 (2022) 111579

Black coating Solar selective coating
Participant UV-VIS-NIR | Infrared | UV-VIS-NIR Infrared
Brightsource Industries v v v v
CIEMAT (Madrid) v v v v
CIEMAT-DLR v v v v
(OPAC, PSA)
DLR (Cologne) v N.A X N.A
Fraunhofer ISE v v v v
HUJI v v X v
INTA v v v v
PROMES-CNRS v v v v
Number of participants 8 7 6 7

Table 7
Calibrated reference samples for baseline measurements.
Reference Black coating SSC
sample
Participant UV-VIS-NIR Infrared UV-VIS-NIR Infrared
Brightsource NIST NIST traceable,  NIST NIST
Industries traceable, specular gold traceable, traceable,
diffuse coupon diffuse specular gold
sample coupon coupon
CIEMAT Labsphere Gold diffuse Labsphere Gold diffuse
(Madrid) calibrated, calibrated,
White White
diffuse diffuse
CIEMAT-DLR OMT OMT OMT OMT
(OPAC, calibrated, calibrated, calibrated, calibrated,
PSA) Black Black sample Black sample ~ SSC sample
sample
DLR Black N.A. N.A. N.A.
(Cologne) sample,
OMT
calibrated
Fraunhofer NIST NPL TNO NPL
ISE®) traceable, calibrated, calibrated, calibrated,
white sprayed aluminium aluminum
diffuse aluminum mirror mirror
HUJI White Carbon or White Carbon or
diffuse stainless steel diffuse stainless steel
INTA Labsphere AZ Labsphere AZ
calibrated, Technology, calibrated, Technology,
White Gold diffuse White Gold specular
diffuse diffuse
PROMES- Labsphere AVIAN Labsphere NIST
CNRS calibrated, Technologies, calibrated, traceable,
White Gold diffuse White Gold specular
diffuse diffuse
® (AM) _ ;ll [1 - p.\umple,curr (’L 97 Tamb)} ~Gsol (}HAM)‘M (4)

A
[ Gu(A.AM)d2

The thermal emittance &y, is calculated for each reference sample,
weighting the sample reflectance psample,corr With a reference blackbody
spectrum at a given absorber temperature T, according to (Egs. (5) and
(6)). The common integration interval is defined from A; = 0.3 to A3 =
16 pm. For a given integration interval [\ — Agl, the fraction f,;« of
Stefan Boltzmann law is expressed in (Eq. (7)).

Alternative upper limits are considered, i.e. 20, 25 and 50 pm, using
spectral data up to 25 pm, if available, or extrapolating spectra other-
wise, assuming reflectance is constant beyond 16 pm While ISO
22975-3:2014 [16] suggests that a constant value may be assumed

beyond 25 pm, this is not always valid and this assumption depends on
the coating [62-63].

f}L} [1 - p.\umple,curr (}‘7 0: Tamb)} Epp (/L Tab.v)d}L

Sth.r'al(‘(Tﬂbé‘) =4 (5)
‘ff Ebb (ﬂ, Tabs)dﬂ
2mhc?
Ep(4 Taps) =—F——F <7 ©
2 {exp (Mthh) - 1}
;11 Epp (A, Taps )dA _ f;: Eyp (4, Taps)d &)

S = By T oT*

Reference solar spectra are plotted in Fig. 8 a from O to 4 pm, while
the AM1.5 direct + circumsolar spectrum is compared against black-
body spectra at 25 °C and 750 °C from O to 50 pm in Fig. 8 b. Coverage
fraction f,« are shown as a function of blackbody temperature,
respectively for benchtop spectrophotometers in Fig. 8 ¢ and portable
emissometers in Fig. 8 d.

As the blackbody temperature increases, the blackbody spectrum
progressively overlaps with the solar spectrum in the UV-VIS-NIR range
according to Wien’s displacement law (Fig. 8b), justifying the concate-
nation of UV-VIS-NIR and Infrared spectral datasets. Adjusting the upper
integration limit toward 50 pm allows achieving a higher coverage
fraction at lower temperature (Fig. 8c). Portable emissometers show
variable behavior in terms of coverage fraction (Fig. 8d). While the SOC
device allows computing a ey, value at a given absorber temperature, AZ
Temp2000A only reports a value at ambient temperature 25°C, D&S
AE1/RD1 reports a gy, value at an intermediate temperature of 65°C, as
its calorimetric measurement principle requires heating the sample on a
heat sink plate.

2.4.3. Opto-thermal efficiency

Both standard figures of merit a,,; and &y can be combined into a
compound figure of merit, namely the opto-thermal efficiency nope.s [31,
37-38], which is expressed in (Eq. (8)). This equation assumes a flat
plate geometry, negligible convection losses and a negligible heat sink
temperature. Furthermore, the thermal emittance is supposedly calcu-
lated for a coverage fraction f,1+ = 100%.

I 4 4

Nopt—m zw = o1 — ﬁ.é‘,},(T) (8
D01 sol

Taking the partial derivative of 7o, With respect to as; and &g, (Eq.
(9)), a trade-off factor Z can be defined between both figures of merit
(Eq. (10)), which is a function of the operating conditions, i.e. absorber
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The trade-off factor can be interpreted as follows: if ay, is increased
by +1 p.p., by how many percentage points does the &4 value have to be
reduced to achieve a constant 7oy, ?

Partial derivatives can also be used further to calculate the uncer-
tainty propagation of as, and &y, on the compound figure of merit 7gpe.th,

b) 1000 I
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as expressed in (Eq.(11) and (12)).
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The trade-off factor Z is shown in Fig. 9 a. as a function of the
operating point, i.e. the absorber temperature and the concentration
ratio {Taps; Cx}, while the weighting coefficient of the thermal emittance
error, i.e. 1/Z, is shown in Fig. 9 b. Thermal emittance is important at a
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Fig. 12. Concatenated spectral datasets from 0.3 to 16 pm. a) Black coating, b) Solar selective coating.

low concentration ratio and a high absorber temperature (top left
corner), while solar absorptance is dominant at a high concentration
ratio and a low absorber temperature (bottom right corner). For
example, at Cx ~ 20 suns and Tups ~ 300 °C (parabolic trough),
increasing aso; by 41 p.p. has the same effect on 774y, as reducing e, by
Z ~ -3.3 p.p, thus favoring solar selective coatings. At Cx ~ 1000 suns
and Taps ~ 300 °C (central receiver system), the value of the trade-off
factor Z is ~ -163 p.p, in this case high solar absorptance black

coatings become more relevant.
3. Results and discussion
3.1. Spectral processing

Spectral datasets obtained from benchtop spectrophotometers for
black and SSC samples are respectively plotted over the UV-VIS-NIR
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Table 8
Spectral mismatch statistics.

Black coating Solar selective coating

Participant mean [%] stdev [%] mean [%] stdev [%]
CIEMAT-DLR (OPAC, PSA) 0.8% 0.5% 1.1% 1.1%
Fraunhofer ISE 0.3% 1.2% 2.5% 0.7%
PROMES-CNRS —0.2% 0.2% 4.3% 0.6%
OMT Solutions —-1.1% 0.4% —0.3% 0.3%

spectral range in Fig. 10 and over the infrared range in Fig. 11. In the
UV-VIS-NIR range, spectral datasets are consistent among participant up
to 2 pm. In the infrared range, a dispersion of a few percentage points
can be observed for the black coating, while a consistent spectral
behavior is observed for the SSC up to 16 ym. For CIEMAT-DLR dataset,
the low detector sensitivity above 16 pm induces an important waviness.
A spike can be observed around 4.3 pm in some datasets, as CO2 at-
mospheric absorption is not corrected by nitrogen purging during
spectral measurements.

Concatenated spectral datasets from 0.3 to 16 pm are shown in
Fig. 12. Spectral datasets from 0.3 to 2.5 pm are taken from UV-VIS-NIR
measurements (Fig. 10), while datasets above 2.5 pm are taken from
FTIR measurements (Fig. 11). The spectral mismatch in the overlap
range between UV-VIS-NIR and infrared spectrophotometers is analyzed
in Fig. 13, including mismatch statistics computed over the common
overlapping spectral range from 2 to 2.5 pm, according to (Eq. (3)).
Detailed mismatch statistics is listed in Table 8 for this spectral range.

It is worth observing on Fig. 12 that spectral datasets agree reason-
ably well, considering the experimental uncertainty of acquired
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reflectance spectra. The experimental uncertainty of the PerkinElmer
Lambda 1050 has been analyzed in details for specular mirrors in
Ref. [64] and a maximum combined standard uncertainty u, = 0.008 (k
= 1) has been reported. For FTIR measurements, OMT Solutions com-
municates a combined standard uncertainty u, = 0.01 (k = 2) for ac-
curate measurements on flat diffuse gold samples. For UV-VIS-NIS
measurements, spectral datasets agree within +1.p.p. for black and se-
lective samples, up to ~ 2 pym. For FTIR measurements, spectral datasets
agree within £2 p,p. for selective samples, while a standard deviation of
~= 3 p,p. is observed for black samples beyond 2 pm, affecting further
spectral weighting.

The spectral mismatch characterizes the deviation between UV-VIS-
NIR and FTIR spectrophotometers in a common spectral range. A sig-
nificant spectral deviation is observed from 1.5 to 2 pm for the black
coating in Fraunhofer ISE dataset. This spectral range is discarded from
the statistical analysis. The average spectral mismatch (2-2.5 pm) lies
respectively between -1.1% and 0.8% for the black coating and between
-0.3% and 4.3% for the SSC. Spectral mismatch is seldom described in
the literature. However, it is a valuable quality indicator for the optical
measurement process and baseline selection. A minimal value should be
ideally achieved. Nonetheless, noisy detector signals, reference sample
choices and integrating sphere configurations are mainly responsible for
this mismatch.

3.2. Spectral weighting

Calculated oy values according to ASTM G173-03 are shown in
Fig. 14 and reported in Table 9. At AM1.5d, the black coating has a mean
0501 Value of 96.6% and a standard deviation of 0.16%, while the SSC a
mean o) value of 94.5% and a standard deviation of 0.35%. A higher
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Table 9
Solar absorptance calculations according to ASTM G173-03.

Measurand 5ol (ASTM G173-03) [%]

Sample Black coating Solar selective coating

Participant AMO AM1.5g AM1.5d AMO AM1.5g AM1.5d

Brightsource - 96.6% - - 95.0% -
Industries

CIEMAT (Madrid) 96.42% 96.50% 96.48% 93.24% 94.00% 93.93%

CIEMAT-DLR (OPAC, PSA) 96.71% 96.77% 96.73% 93.81% 94.53% 94.43%

DLR (Cologne) 96.76% 96.82% 96.78% - - -

Fraunhofer ISE 96.32% 96.36% 96.34% 93.79% 94.54% 94.44%

HUJI 96.53% 96.61% 96.58% - - -

INTA 96.33% 96.40% 96.37% 93.86% 94.58% 94.50%

PROMES-CNRS 96.53% 96.60% 96.57% 93.73% 94.45% 94.38%

Mean value 96.53% 96.58% 96.56% 93.91% 94.52% 94.45%

Standard deviation 0.16% 0.16% 0.16% 0.59% 0.33% 0.35%

deviation is thus observed for the SSC. A higher sensitivity to the solar
spectrum is also observed for the SSC (Spread AMO vs. AM1.5d: 0.5%)
than for the black coating (Spread AMO vs. AM1.5d: 0.03%).
Calculated &y, values are shown in Fig. 15 and reported in Table 10.
Values are reported over the temperature range from 25 to 750 °C.
Consistent curves are calculated for the SSC, while a deviation of a few
percentage points is observed for the black coating, in line with spectral
deviations observed in Fig. 11 a. At 650 °C, the standard deviation on &g,
is respectively 3.8% for the black coating and 0.5% for the SSC.
Values reported by portable devices are also displayed on Fig. 15 a
and Fig. 15 b. Although a direct comparison is not feasible, due to
different spectral ranges and reference temperatures, values obtained
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with the TEMP2000A at 25°C are in line with thermal emittance curves
for both samples. The SOC ET-100 portable emissometer computes an
accurate value at 650 °C for the SSC, while the value reported for the
black coating is lower than the mean value by a few percentage points.
Finally, the D&S AE1/RD1 emissometer reports a correct value for the
black coating, but the value reported for the SSC lies significantly above
the mean g, value.

The D&S AE1/RD1 device has a lower resolution, as values are re-
ported without any decimal unit, with a reported uncertainty of +1.4 p.
p-Meanwhile, the TEMP2000 A portable device reports values with one
decimal unit, with an uncertainty of +1 p.p. for gray samples and +3 p.
p. for non gray samples according to the device manual [55]. For the
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Fig. 15. Thermal emittance calculations. For benchtop spectrophotometers, the integration interval spans here from 0.3 to 16 pm. a) Black coating b) Solar se-

lective coating.

Table 10

Thermal emittance calculations. Integration interval for spectrophotometers:
from 0.3 to 16 pm. (*) The outlying value reported for the SSC by the D&S AE1/
RD1 is omitted in the standard deviation calculation.

Measurand €th,cale (T)
Sample Spectral Black coating SsC
range
Participant [pm] 25°C 650 °C 25°C 650 °C
Brightsource Industries [1.521] N.A. 75.2% N.A. 24.0%
*)
CIEMAT (Madrid) [0.3-16] 79.3% 78.7% 9.39% 25.4%
CIEMAT-DLR (OPAC, [0.3-16] 83.6% 82.1% 7.96% 25.2%
PSA)
Fraunhofer ISE [0.32-16] 85.6% 84.9% 8.88% 25.0%
HUJI (* 65°C) [2-50] 83% N.A. 14% N.A.
INTA [3-35] 81.9%  N.A. 8.76% N.A.
PROMES-CNRS [0.3-16] 83.4% 83.0% 8.90% 25.1%
Mean value 82.8% 80.8% 9.7% 25.0%
Standard deviation 2.1% 3.8% 0.5% 0.5%
*)

SOC portable device, the reflectance accuracy for the 20° incidence
angle reported by the manufacturer [52-54] is +3 p.p. for any spectral
band, i.e. for the 410-Solar and the ET-100 measurement heads.

The wavelength interval upper limit is extended from 16 pm toward
50 pm for ey, calculations with benchtop spectrophotometers. De-
viations with respect to 16 pm are shown in Fig. 16. For the black
coating, calculated & values increase by a few percentage points at
lower temperature as the upper limit shifts toward 50 pm, as the fraction
f,r+ increases (Fig. 8c). The opposite trend is observed for the SSC, i.e.
calculated &4 values decrease for similar conditions.

At higher temperatures, calculated values converge while the
dispersion decreases, regardless of the upper integration limit for the
black coating. As the blackbody spectral irradiance shifts to shorter
wavelengths according to Wien’s displacement law, the far infrared
spectrum has a lower influence in the calculation. For the solar selective
coating, a systematic offset, lower than one percentage point, remains at
higher temperature. Shifting the upper wavelength limit gives more
weight to the high reflectance asymptote in the calculation (Fig. 7).
Nonetheless, assuming a constant reflectance level beyond 16 pm,
following the ISO 22975-3 as a guideline [16], may not be an appro-
priate rule for a SSC, as shown in the literature [62,63]. A sigmoid
spectral model [15] may be a better alternative to estimate the asymp-
totical behavior and smooth far infrared spectral measurement noise.
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3.3. Opto-thermal efficiency

The opto-thermal efficiency nep.t is calculated for a set of operating
points {Taps; Cx} according to (Eq. (8)), using oy and temperature
dependent ey, values derived in Section 3.2. Contour maps are shown for
both coatings in Fig. 17. The nopt.tn value converges towards oo at low
temperature, as the thermal emission becomes negligible. The black
coating outperforms the solar selective coating at low temperature and
high concentration (bottom right corner), while the solar selective
coating performs better than the black coating at higher temperature
and low concentration (top left corner). A Pareto front exists where both
coatings have a similar opto-thermal efficiency [15].

The propagation of measurement uncertainties on nopt.th is calculated
according to (Eq. (12)), estimating the respective uncertainties on Ao
and Agy, from Section 3.2, neglecting any temperature dependence.
Results are shown for both coatings in Fig. 18. The uncertainty term
Aao] is dominant, according to Fig. 9. It corresponds to the lower un-
certainty bound uc (Nopt.th). On the other hand, the uncertainty term Aeg,
gains weight at higher temperature and becomes dominant for low
concentration factor (Cx < 10).

4. Conclusion

In this study, spectral directional hemispherical reflectance mea-
surements have been compared at several laboratories on two flat solar
thermal absorber coatings, i.e. a high absorbing black coating and a
solar selective coating. Measurements have been carried out at room
temperature both with benchtop spectrophotometers and portable
devices.

A good agreement was found between spectrophotometer datasets.
In the UV-VIS-NIR range, all datasets agree well until 2.0 pm. Above 2.5
pm, a minor deviation can be observed for both coatings. In the Infrared
range, a good agreement is observed for the solar selective coating until
16 pm. For the black coating, a higher dispersion is noticeable. Spectral
mismatch in the range from 2 to 2.5 pm is less than 1 p.p. for the black
coating, while a slightly higher deviation is noticed for the SSC.

Applying ASTM G173-03 (direct + circumsolar), the o, average and
standard deviation are respectively 96.6 + 0.16% for the black coating
and 94.5 £+ 0.35% for the SSC. The selection of the reference solar
spectrum does not significantly affect the og, calculation for the black
coating, while the sensitivity is more pronounced for the solar selective
coating. The SOC 410-Solar portable device delivers values in agreement
with benchtop spectrophotometers. .

For &g, calculations, a good agreement is found for the SSC (650 °C:
Eth,cale = 25.0 £ 0.5%), while a larger deviation can be noticed for the
black coating (650 °C: &t calc = 80.8 + 3.8%), mainly explained by the
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dispersion of infrared spectra. The calculated temperature dependence
of ey, is moderate for the black coating and more pronounced for the
solar selective coating, as the overlap of the blackbody and solar spectra
increases.

Extrapolating spectral data from 16 to 50 pm has a moderate impact
on gy, calculation results. For the black coating, ey, values converge at
higher temperature, while their dispersion decreases. For the solar se-
lective coating, a systematic offset of 1 p.p. remains at higher temper-
ature, as more weight is given to the solar selective coating high
reflectance at long wavelengths. Extrapolating spectral data beyond 16
pm according to ISO 22975-3 may not be a suitable guideline for any
coating. In the case of solar selective coating, sigmoid models or far
infrared measurements provide a more realistic asymptotical reflectance
value.

The comparison of portable emissometers show that the AZ Tech-
nology Temp 2000A device agrees best with benchtop spectrophotom-
eters. It reports however a single value at 300 K, while the SOC ET-100
can perform calculations over a broader temperature range, thanks to its
multispectral configuration.

The analysis of the coating opto-thermal efficiency nopt.tn shows that
the black coating and solar selective coating optimal operating ranges
are complementary. The propagation of og,) and ey, uncertainties on the
opto-thermal efficiency nope.tn were further analyzed. At low tempera-
ture and high concentration factor, the o, parameter is dominant and
its uncertainty defines the lower bound for the combined uncertainty u,
(Nopt-th), while ey, parameter is more dominant at high temperature and
low concentration factor and its accuracy gradually affects the combined
uncertainty ue (Nopt-th)-
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