Solar Energy 286 (2025) 113145

Contents lists available at ScienceDirect

Solar Energy

ELSEVIER journal homepage: www.elsevier.com/locate/solener

Check for

Simulation of shortwave infrared ratio thermometers for the remote
opto-thermal characterisation of central external receivers

Simon Caron®, Romain Larue”, Andreas Kimpgen ", Florian Sutter *, Marc Roger?,
Michael Nieslony * , Francisco Manzano-Agugliaro ©
2 Institute of Solar Research, German Aerospace Center (DLR), Calle Doctor Carracido 44-1, 04005 Almeria, Spain

b CSP Services Espana S.L, Paseo de Almeria, 73, 04001 Almeria, Spain
¢ Department of Engineering, CEIA3, University of Almeria, 04120 Almeria, Spain

ARTICLE INFO ABSTRACT
Keywords: The accurate knowledge of the receiver surface temperature Ty is important for a safe, efficient and durable
Concentrated Solar Power power plant operation. Its distribution is typically measured in real time using ground-based longwave infrared

Solar Thermal
Infrared thermography
Absorber coating

(LWIR) thermal cameras. Their calibration requires a priori knowledge of the receiver surface LWIR band
emittance e wgr. This parameter can be measured with great effort, using portable reflectometers for on tower
optical inspection during periodical power plant maintenance. This paper analyses a new measurement principle,
based on passive shortwave infrared (SWIR) ratio thermography, for the simultaneous measurement of surface
temperature Ty, and band emittance eswir.

The first SWIR ratio thermometer combines two narrow bandpass filters centered on water vapor atmospheric
absorption bands (1.4/1.9 um). This thermometer is sensitive to water vapor to block solar radiation, however
thermal radiation emitted by the receiver is also attenuated. The applicability of this thermometer is limited for
remote opto-thermal characterization. Under favorable operating conditions, it can measure temperature leve[ls
above 550 °C with a relative temperature error AT/T less than 2 %.

The second SWIR ratio thermometer combines two narrow bandpass filters centered on atmospheric windows
(1.64/2.09 pm). This thermometer is insensitive to water vapor and suited for remote distances, however it can
only operate off-sun when receiver surface temperature is still above 300 °C, for instance during the cool down
phase, before molten salts drainage. The relative temperature error AT/T is less than 0.5 % for Pyromark 2500
and oxidized Haynes 230, while the absolute band emittance error Ae is less than 2.5 percentage points.

for direct electrification. In addition to synthetic fuel production, the
field of solar thermochemistry encompasses various additional kinds of
chemical applications of high temperature solar energy, such as the
production of hydrogen and chemical commodities, carbon dioxide
capture and thermochemical heat storage at high temperatures [11-13].

CSP systems use a tracking mirror field to focus sunlight on a thermal
receiver. A Heat Transfer Fluid (HTF) is circulated through the thermal
receiver in a primary loop. The collected heat is transferred to any
thermal process and to a thermal storage unit. The mirror field can be
arranged in a line focusing (LF) or a point focusing (PF) configuration.
LF systems, such as Parabolic Trough Collectors (PTC) [14] or Linear
Fresnel collectors [15], use single axis trackers to focus solar radiation
on linear receivers. PF systems, such as Central Receiver Systems (CRS)
[16], use two axis trackers, also known as heliostats, to focus solar ra-
diation on a surface, for instance an external cylindrical receiver

1. Introduction

Solar energy is the largest energy resource available on Earth,
capable of meeting several times the global primary energy demand [1].
Photovoltaics (PV) and Concentrated Solar Power (CSP) are two relevant
technologies for solar energy conversion [2,3]. While the worldwide
installed PV capacity has reached 1 TW,, in 2022 [4], CSP technology is
yet at an earlier stage of deployment, with an installed capacity of ~ 7
GW, [5]. Multiple hybrid power plants, combining, CSP, PV/Wind and
thermal storage are being planned and constructed in China [6]. While
CSP technology may play a marginal but critical role in the stabilization
of electrical grids, it should contribute in the decarbonization of In-
dustrial Process Heat (IPH) and the production of synthetic fuels [7-10],
especially for high temperature processes which are more challenging
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Nomenclature

Abbreviations

AM Air Mass

ARC Anti-Reflection Coating
AFD Allowable Flux Density

BF Blackbody calibration function
COTS Commercial of the Shelf

CRS Central Receiver System

CSp Concentrated Solar Power
DOE Design of Experiments

DMP Double Modulation Pyrometry

FAMP Flash Assisted Multiwavelength Pyrometry
GF Greybody calibration function

HTF Heat Transfer Fluid

IPH Industrial Process Heat

IR Infrared

LCOC Levelized Cost of Coating

LF Line Focusing

Lw Longwave (8——14 pm)

m.a.s.l. Meters above sea level

MLS Mid Latitude Summer

MODTRAN MODerate resolution atmospheric TRANsmission
MW Midwave (3—5 pm)

NB Narrow Bandpass

NIST National Institute of Standards and Technology
NUC Non-Uniformity Correction

PF Point Focusing

PTC Parabolic Trough Collector
PV Photovoltaics

SH Sakuma-Hattori

SOC Surface Optics
SPTC Solar Power Tower Check

SRF Spectral Response Function

SW Shortwave (1 — 2.5 ym)

Universal physical constants

Co Speed of light in vacuum[m.s ']

h Planck’s constant[J.s]

k Boltzmann’s constant[J.K~']

o Stefan-Boltzmann constant[W.m2.K *]
English symbols

Aq Sakuma Hattori fit coefficient[W.m 2]
Ay Sakuma Hattori fit coefficient[K 1]
AH Absolute Humidity[g.m 3]

B Greybody ratio fit coefficient[K 1]
B, Greybody ratio fit intercept[-]

Cx Concentration factor|[-]

CWL Central wavelength[um]

d Distance[km]

E Spectral irradiance[W.m’z.pm’l]
I Radiometric signal[W.m’Z]
FWHM  Full Width at Half Maximum [pm]
NGCF Non-Grey Compensation Factor[-]
oD Optical Depth[-]

p Pressure[mbar]

QE Quantum Efficiency[%]

RH Relative Humidity[%]

S Radiometric signal[W.m’Z]

SR Signal Ratio[-]

SZA Solar Zenith Angle[°]

T Temperature[°C, K]

Greek symbols

a Absorptance[%]

5 Emittance[%]

A Difference[-]

A Wavelength [um]

n Efficiency[%]

T Transmittance[%]

p Reflectance[%]

o Incidence angle[°]

English subscripts

atm Atmosphere

band Bandpeass filter

bb Blackbody

cam Camera

detector Detector
filter Filter

lens Objective lens

mirror  Mirror

opt-th  Opto-thermal

path,i  Atmospheric path (1,2,3)
peak Peak

sensor Sensor

sun Sun

surf Receiver surface

{xy} Pixel
window Protective window

mounted at the top of a tower. In comparison to LF systems, PF systems
can achieve a higher concentration factor Cy, significantly above x100.
Higher concentration factors lead to higher HTF operating tempera-
tures, above 600 °C, and thus a higher thermodynamic efficiency [17].

External receivers [18,19] are made of high temperature metal al-
loys, such as nickel-chromium superalloys. The receiver surface is
coated with an absorber coating, such as Pyromark 2500 [20-22] or
alternative black paints [23-25]. These absorber coatings have very
high spectral absorptance values generally well above 90 % in the visible
and shortwave (SW) infrared wavelength range in order to maximize the
absorbed solar irradiance [26].

The thermal receiver is subject to high flux densities in operation, up
to 1 MW/m? and local molten salt temperatures above 600 °C, poten-
tially inducing severe metal corrosion [27]. These constraints may lead
to critical thermomechanical damages and reduced service lifetime
[28]. Allowable Flux Densities (AFD) are thus defined for a safe receiver

operation [29], requiring optimal aiming strategies for the heliostat field
[30,31]. There is a variety of techniques to measure the flux density
levels on the receiver surface in order to stay within the AFD limits, for
example with remote CCD camera measurement configurations [32] or
with water-cooled Lambertian targets in the measurement plane [33].

The absorber coating is also subject to cyclic thermal stresses during
operation, impacting its opto-thermal efficiency #opr.ch and durability
[21-25,34-37]. The key figures of merit affecting #ope.th are primarily
the solar absorptance as, and secondarily the thermal emittance &g,
[38,39]. The porous coating may crack and delaminate, uncovering an
oxide layer, with a lower #op.tn value [21,34,37]. A periodical recoating
of the receiver surface may be considered, optimizing the Levelized Cost
of Coating (LCOC) [40,41].

The safe, efficient and durable operation of the central external
receiver requires monitoring its surface temperature and the absorber
coating health status. An accurate temperature measurement and
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control of the receiver surface allows an efficient CRS operation, while it
may prevent coating degradation and more critical thermomechanical
damages of the receiver.

Conventional temperature monitoring techniques include for
example the use of contact sensors or pyrometers in order to estimate the
temperature of receiver surfaces. [33]. Contact sensors such as ther-
mocouples provide the advantage of directly measuring temperatures
and therefore do not require any information about the spectral emit-
tance of the receiver material or the amount of reflected radiation from
the receiver surface. However, it is not possible to place them on the
front side of the receiver since the measured temperature will not be
correct due to the absorbed solar radiation. A measurement at the back
of the receiver is possible, but tied to a reduced accuracy of the tem-
perature measurements [42]. In the case of pyrometry approaches,
usually so-called solar-blind pyrometric measurement systems [43] are
used to decouple the thermally emitted radiation from the reflected
radiation from the heliostat field. Both the measurement with contact
sensors as well as pyrometers delivers temperature values for single
measurement points while usually the temperature distribution across
the whole receiver surface is of interest. [44]. In this context, remote
thermography approaches are quite interesting because they are
contact-free and deliver a spatially resolved temperature profile. The
main challenge for thermography approaches is the disentanglement of
the temperature and emissivity measurement of the receiver surface,
which can be overcome by applying ratio thermometry, i.e. measuring
the ratio of radiation signals at different wavelength ranges.

The aim of this paper is to analyse a new measurement principle
based on SW infrared (IR) ratio thermometry, designed for the remote
opto-thermal characterization of central external receivers, i.e. a
simultaneous measurement of surface temperature and band emittance.
The measurement technique works on external receiver surfaces, but is
not applicable to cavity type receivers. An industrially relevant external
receiver for which SW IR ratio thermometry might be particularly
interesting is the molten salt receiver, often constructed in cylindrical
form. Existing field measurement instruments and scientific measure-
ment concepts are reviewed in the first section. The new measurement
principle is then described in the next section. The modelling approach
used for the evaluation of this measurement principle is presented in the
third section. Simulation results for two SWIR ratio thermometer con-
figurations are then discussed in the fourth section.

2. State of the art
2.1. Measurement instruments

Two types of measurement instruments are used in the field for CRS
opto-thermal monitoring. On the one hand, Longwave (LW) IR ther-
mography (8-14 pm) is used for mapping and monitoring the receiver
surface temperature Tgf from the ground in real time during operation.
On the other hand, portable devices, such as a solar reflectometer and an
emissometer can be used for an optical inspection of the receiver coating
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on tower during periodical maintenance. The solar reflectometer mea-
sures the solar absorptance ag,, while the emissometer measures the
thermal emittance &g, or a surface band emittance egf pand for a specific
IR spectral range. A set of Commercially Off-The-Shelf (COTS) available
instruments [45,46] is illustratively shown in Fig. 1. Their key specifi-
cations are outlined in Table 1.

2.1.1. LWIR thermography

For external receiver designs, multiple LWIR camera units (Fig. 1.a.)
are located on the ground around the receiver circumference for a
redundant monitoring from different perspectives. The typical view
angle of the receiver is about 45°. As the receiver height can be above
200 m, industrial LWIR cameras with a high resolution (1024x768
pixels) are combined with custom teleobjectives, made of Germanium
lenses with anti-reflective coating (ARC), with a focal length above 200
mm in order to resolve single tubes. Each LWIR camera unit uses an
uncooled micro-bolometer as a detector and is mounted inside an
athermalized protective housing, with a protective window made of
Germanium with ARC, to minimize the influence of outdoor conditions,
such as solar radiation or ambient temperature, on the temperature
measurement accuracy.

LWIR camera units monitor the receiver surface temperature in real
time through all operation phases during the day, in particular when
molten salts are filled and drained in the central receiver [47]. These
phases are particularly important to avoid critical molten salt freezing
below 250 °C. Furthermore, LWIR temperature maps are coupled to the
power plant control system and can be used for inverse flux

Table 1
Key instrumentation specifications for CRS monitoring.
Specification LWIR Solar reflectometer Emissometer
thermography

Device model Infratec SPTC [45] SOC 410-Solar [46] SOC ET100 [46]/

ET10

Spectral LWIR UV-VIS-SWIR IR (SW, MW, LW)
range Broadband 6 spectral bands 7 spectral bands
Band: 7.5 - 14 ym 0.335 - 2.5 ym ET100: 1.5-21
um
ET10: 3-5 ym /
8-12 ym
Resolution Pixel matrix Point measurement Point
measurement
Measurand Surface QAsol ET100: &g,
temperature map ET10: ésurf,band
from —40 °C up to
2000 °C
Operation Continuous Periodical Periodical
mode Ground based maintenance maintenance

Calibration

Surface band

On tower, Tamp
NIST traceable

On tower, Tamp
NIST traceable

inputs emittance: €syrfband calibration coupon calibration
Atmospheric (white diffuse) coupon
transmittance: (gold diffuse)
Tatmsband
b)

Fig. 1. Field Instrumentation for CRS monitoring a) Thermographic Monitoring (LWIR) of Solar Power Tower (Infratec SPTC) [45] b) Surface Optics (SOC) portable

410-Vis-IR solar reflectometer and emissometer [46].
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measurements using a receiver thermodynamic model and thus adjust-
ing the aiming point control strategy of the heliostat field [48,49].

The calibration of LWIR camera systems require some a priori
knowledge from the operators. On the one hand, the band emittance
€surf,band Of the receiver surface must be estimated, considering potential
non-uniformities due to local coating degradation. This calibration may
be achieved off-sun at the end of the day, when the receiver cools down
and is maintained at an isothermal temperature around 300 °C before
molten salts are drained. This calibration method assumes that eyt band
is not temperature dependent [50]. On the other hand, the atmospheric
band transmittance 7,m band Must be estimated for the slant path be-
tween the camera and the receiver. This parameter is primarily a func-
tion of distance d, ambient temperature Tonp, and relative humidity RH.
Empirical correlations based on radiative transfer codes are typically
used for this estimation [51].

While LWIR thermography is robust for industrial applications, there
are currently some practical obstacles to improve the calibration
traceability of such measurement systems in the context of CRS appli-
cations. The spectral response of the LWIR optical system is for instance
seldom provided for radiometric simulations. The thermography soft-
ware may also not allow the end user to access the calibration function
or the radiometric chain, impeding the direct comparison of radiometric
quantities.

2.1.2. Portable instruments

Portable instruments (Fig. 1.b) allow performing an in-situ optical
inspection of the receiver surface at ambient temperature, comparable
with laboratory spectrophotometers [39]. A modular measurement head
includes an integrating sphere, with a discretized spectral resolution
(Fig. 2), adjusted for the selected measurand, e.g. dsol, €th OT Esurf,band-
Solar absorptance measurements are for instance used to decide whether
re-coating should occur, defining a lower threshold such as 95 % for ag)
[24].

While the 410-Vis-IR instrument is already known in the CSP com-
munity, there is no experience with the ET-10 measurement head, which
could allow a ground truthing for LWIR thermography, assuming a
comparison of spectral responses is possible for both instruments. One
practical disadvantage of such portable instrument is the necessity for
operators to climb on tower, above 200 m, during periodical power plant
maintenance.

2.2. Measurement techniques
Different measurement techniques in radiation thermometry have
been previously implemented and tested in the field of CSP and other

research applications. These measurement techniques can be classified
according to:

410 Solar - Spectral bands
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208+ a Sos
907 + [ 207
8 []
506 + ‘ ‘ £06
205 T ‘ gos
€04 + £ 04
5 03 + { ‘ 5 0.3
2021 702

0.1 + | | 0.1

0.0 i i } - I 0.0

0.0 0.5 1.0 15 2.0 25

Wavelength [um)

Band 1 Band 2 Band 3 Band 4 Band 5 Band6 —Band?7

Solar Energy 286 (2025) 113145

i) the selected IR spectral band and its sensitivity to solar radiation
(solar blindness)
ii) the number N of spectral bands used for measurements (Multi-
spectral thermometry)
iii) the active use of light sources during measurements (passive vs.
active techniques)

2.2.1. Solar blindness

The choice of the IR spectral bandwidth is particularly critical, as
concentrated solar radiation may hamper the temperature measurement
accuracy. So-called “solar-blind” temperature measurements have been
performed in solar furnaces [52-54] and on parabolic trough receivers
and volumetric absorbers [55,56]. Solar blindness can be achieved with
different approaches, after a thorough analysis of the specific radio-
metric chain [52]:

i) selecting a Narrow Bandpass (NB) filter centered on an atmo-
spheric absorption band, such as 1.4 ym (H50), 1.9 um (H30), 2.7
um (HO + COy), 4.3 um (H20 + CO3).

ii) selecting a spectral range where the mirror specular reflectance is
minimal (Pmirror ~ 0)

iii) temporarily occulting concentrated solar radiation while main-
taining temperature (Cx = 0)

iv) achieving blackbody conditions for the receiver surface (esurf,band
~1).

One can further distinguish near and true solar-blind temperature
measurements. The accuracy of near solar-blind temperature measure-
ments depends on atmospheric conditions, such as Air Mass (AM) or
Solar Zenith Angle (SZA) and operating conditions, such as concentra-
tion factor Cyx and surface temperature Tgyf. True solar-blind tempera-
ture measurements can only be guaranteed if the reflection of the
concentrated solar flux is totally cancelled by at least one component of
the radiometric chain.

For atmospheric absorptions bands, near solar-blind temperature
measurements are achieved at 1.4 and 1.9 pym, while true solar-blind
temperature measurements are achieved at 2.7 and 4.3 pm. Nonethe-
less, the atmosphere does not only attenuate the concentrated solar ra-
diation, but also the thermal radiation emitted by the receiver surface.
For central external receivers, near solar-blind temperature measure-
ments can be assumed for LWIR thermometry, as the applied black
coating approximates a blackbody. Operating conditions are also less
extreme in comparison to solar furnace. For molten salts, the surface
temperature should not exceed 600 °C and the maximum flux is about 1
MW/m? [19].

2.2.2. Multi-spectral thermometry
IR thermography can be performed with a single spectral band (N =

ET100 - Spectral bands

b)/

P 2 R B t 1 t

5 10 15 20
Wavelength [um]

—Band 1 Band 2 Band 3 Band 4 Band 5 Band 6

Fig. 2. Spectral response of portable instrument measurement heads in arbitrary units. a) 410 Solar reflectometer (0.33—2.5 pm). b) ET100 emissometer (1.5 —

21 pm).
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1) or with multiple spectral bands. For single band thermography, a
priori knowledge is required for the surface band emittance &sy/f pand and
the atmospheric band transmittance 7ampand. A variant is ratio ther-
mometry (N = 2), combining two spectral bands and assuming a grey
behavior for the investigated material, i.e. a constant surface band
emittance &gyt band and atmospheric band transmittance 7,um,band for the
spectral range of interest [57-59]. The grey assumption may be cor-
rected with a Non-Grey Compensation Factor (NGCF) [60].

Ratio thermometry allows a simultaneous retrieval of a material
surface temperature Tgy,s and its band emittance &gy pand. Published
references have focused on short ranges and wavelengths for which the
influence of atmospheric band absorption can be considered negligeable
(Tatm,band ~ 1). Due to blackbody radiation physics, ratio thermometry is
more sensitive for SWIR (1-2.5 um) than for Midwave (MW; ~ 3-5 um)
or LW (~ 8-14 um) IR spectral ranges.

Although multi-spectral thermometry (N > 2) exists, it always results
in an ill-posed problem with an underdetermined system of equations
[61]. There are N + 1 unknown for N band measurements: N unknown
for each spectral band emittance éegyfband and one unknown for the
surface temperature Tgyf. A relationship between emissivity and wave-
length has to be assumed, with inherent mathematical difficulties [62].

2.2.3. Passive versus active techniques

Passive radiation thermometry concepts exploit only the thermal
radiation emitted by the surface for temperature measurements. Active
radiation thermometry concepts combine one or several modulated light
sources in addition of the radiation thermometer, to extract more in-
formation on the surface optical properties. Active radiation thermom-
etry concepts include:

i) Two-color pyroreflectometry [63-65]
ii) Flash-Assisted Multiwavelength Pyrometry (FAMP) [66,67]
iii) Double Modulation Pyrometry (DMP) [68-71]

These active measurement techniques, originally developed for py-
rometry, could be extended in spatial resolution for thermography
[72,73].

Two-color pyroreflectometry is a variant of passive ratio thermom-
etry. It measures simultaneously the sample surface radiance tempera-
ture and its reflectivity, retrieving the surface true temperature Ty,
introducing a diffusion factor, which is assumed independent of wave-
length A. This technique operates at two different close wavelengths, for
instance at 1.3 and 1.55 pm, using corresponding NB filters and wave-
length compatible modulated light sources.

The FAMP technique measures in-situ the spectral reflectance of a
lambertian sample, its temperature and the spectral irradiance of the
light source by measuring twice the spectral contents of the light from
the sample and from a cooled reflectance reference situated nearby. Two
measurements are made sequentially, one with and one without addi-
tional light from an external flash.

The DMP technique has been originally developed for artificial solar
furnaces, where solar blind pyrometry is not applicable due to the arc
lamp continuous spectrum. It relies on a single color pyrometric method
and thus requires a priori knowledge of the sample band emittance. This
technique allows separating the external reflection radiation reflected
by a sample from its thermal emission, by modulating the light source.

While active measurement techniques have been successfully
experimented at laboratory scale, they are probably difficult to scale for
a ground-based temperature measurement of a central external receiver.
Furthermore, the addition of modulated light sources increases the
complexity of the temperature measurement system.

3. Measurement principle

The scope of this paper focuses on the analysis of two passive SWIR
ratio thermometers for the ground-based measurement of central
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external cylindrical receiver surface temperature Tgyf and band emit-
tance éegyrfband.- TWO configurations are considered for simulation:

i) anear solar blind configuration for on-sun measurements, combining
two NB filters centered on two neighbor SWIR atmospheric water
absorption bands, i.e. 1.4 um and 1.9 um

ii) an alternative configuration for off-sun measurements, combining
two NB filters centered on two neighbor SWIR atmospheric windows,
i.e. 1.64 ym (H band) and 2.09 um (K band) [74].

This section describes the radiometric chain for central external re-
ceivers, the rationale for applying ratio thermography and the spectral
configuration of the prototype camera system.

3.1. Radiometric chain

The radiometric chain for the ground-based thermography of central
external receivers is illustrated in Fig. 3. The IR camera is mounted on
the ground at a height Hj (m.a.s.1.) within the heliostat field and looks at
one receiver section on top of the tower at a height H above the ground.
The measurands of interest for opto-thermal characterization are the
surface temperature map T (X,y) and the surface band emittance map
€surf,band (6 Y)-

The radiometric chain consists of three main atmospheric paths,
assuming an equivalent heliostat, which is representative for the helio-
stat field:

4. Path 1: Sun to heliostat (slant distance d;, function of Air Mass
AM).

5. Path 2: Heliostat to receiver (slant distance d5).

6. Path 3: Receiver to IR camera (slant distance d3).

A ground-based weather station give access to parameters such as
atmospheric pressure P,y,, ambient temperature Tamp and relative hu-
midity RH. This information is used to parametrize the atmospheric
model, in particular water vapor content. One relevant unit is absolute
humidity AH [g/m°] at ground level, computed using Vaisala humidity
conversion formulas [75].

The ground-based IR camera detects a radiometric signal S, which
sums three contributions, i.e.:

i) Term A: Thermal radiation emitted by the diffuse receiver surface
ii) Term B: Reflected concentrated solar radiation
iii) Term C: Thermal radiation emitted by the atmosphere

The IR camera detector may also detect its own thermal radiation
reflected by the filter (Term D) [76].

A radiometric equation is formulated for the detected spectral irra-
diance Igy,y;(1) [W.m_z.pm_l] (Eq.1), for any pixel {x,y} and wave-
length A. This radiometric equation can be further integrated bandwise
(Eq.2) for any given NB filter over the spectral range [Astart; Astop] to yield
a camera signal Sy (filter).

Ixy) (2) = Apxy) (1) + Bixyy (4) + Cxyy (1) + Dixyy (4) 1)

“Astop

Spuy (filter) = /

Astart

Lixyy (4).da @

Terms A,B,C and D are explicited further in (Eq. 3-6), omitting the pixel
notation for readability:

A(/l) = Esurf(;[) -Tatm,path3 (lv d37 atm) -Ebb (l Tsurf) ~SRFcam (/17 Tcam) (3)

3
B(ﬂ) = Cx[l - esurf(/w]- |:H Tatm,path(i) (/1 di-, atm) .pmirm,(/l).cos(e) Esun
i=1

(/1, AMO) -SRFcam (l TCalTl)
G
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Bu o 0 AMO)

T part (A d(AM), atm)

C,  p(R0).cos(0)

Solar Energy 286 (2025) 113145

Receiver

Pyromark 2500
vs. H230 oxide

H,

QE jeector A Tieector)

Mg O T

Weather station (P, T,,,, RH)

Fig. 3. Radiometric chain for ground-based thermography of central external receivers.

C(ﬂ) = [1 - Tatm.pathS (L d37 atm) ] . Ebb (/17 Tatm)‘SRFcam (l Tcam) (5)

D(i) = [1 — Tfilter (l Tfilter) ] ~Ebb (L Tsensor)~QEsensor (/L Tsensor) (6)
The function Epp(4,T) is defined by Planck’s law of blackbody radiation
(Eq. 7).

2n.h.c2

2°[exp ( A’lk‘T) —1)

Ep(4,T) = @

The camera spectral response function feam (4, Tcam) is defined by (Eq. 8).

SRFcam (la Tcam) = Twindow u-y Twindow)‘Tlens (l Tlens)~7:filter (/17 Tﬁlter) ~QEsensor
(/17 Tsensor)
(8)

The extraterrestrial solar spectrum Eg,, (4,AM0) and atmospheric
transmittance Spectra Taum,path(i) are generated with MODTRANG radia-
tive transfer code [77,78]. For simulations, a reference mirror spectrum
Pmirror(4,0) is considered for a near normal incidence angle, assuming
there is no soiling or degradation. Although the heliostat field deflects
solar radiation on the receiver, the cosine effect (cos(0)) is here assumed
negligible for simplification.

The measurands of interest, i.e. Tsyf and &gy, are embedded in term
A (Eq.3). The surface emittance &gy is also embedded in term B (Eq.4).
To extract Tgyf and &g, measurands, it is necessary to isolate term A
(Eq.3). The radiometric equation (Eq.1) simplifies considerably if terms
B, C and D could be considered negligeable.

Term B (Eq. 4) is negligible only under near or true solar blind
conditions. This can be achieved in practice by selecting NB filters
centered around atmospheric water absorption bands, for instance 1.4
pum and 1.9 pym. In this case, the aim is to cancel 7aum path1, by finding
suitable atmospheric conditions (AH,AM) and operating conditions (Cx,
Tsurf) which minimize the expected temperature error. Nonetheless, at-
mospheric water vapor also affects path 3, i.e. the atmospheric attenu-
ation Tam path3 between the receiver and the camera [79,80]. Another
strategy is to work off-sun (Cx = 0), when heliostats are defocused and
the receiver cools down at dusk. NB filters centered in atmospheric
windows, for instance 1.64 um and 2.09 pm are significantly less
affected by atmospheric conditions.

Term C (Eq. 5) is generally negligible, as long as the atmosphere
temperature Ty is significantly lower than the receiver surface tem-
perature Tg,s. Term D is camera specific, generating a signal offset. It
can become negligible, depending on the spectral range and the camera
sensor temperature. This may be a potential issue for LWIR cameras
(8-14 uym) using an uncooled microbolometer with inadequate athe-
rmalization [76]. For a SWIR camera, this is not critical as the sensor can
be cooled down below ambient temperature using thermoelectric

cooling, to reduce dark current noise.

3.2. Ratio thermometry

Assuming the object thermal emission can be expressed (Eq.9) for a
given NB filter:

Astop

S(filter) ~ /

Astart

Esurf (/1) ~Tam1.path3 (L d37 atm) -Ebb (/‘l Tsurf) »SRFcam (j'a Tcam)-dj’
9
This equation can be expressed in lumped form after integration (Eq.10):

S(filter) ~ &gy (filter).zam pams (filter) BE(filter, Tour) (10)

Where the band surface emittance &g, (filter) and the band atmospheric
transmittance 7am pamm3(filter) are respectively defined in (Eq.11-12)
and the NB filter blackbody calibration function in (Eq.13).

stop Esurf (ﬂ) ~Ebb (/17 Tsurf) -SRFcam (/L Tcam) di

E. filter) = Astart "
sut (filter) BF (filter, Tyu) an
i jisl:l: Fatm.path3 (/17 d37 atm) 'Ebb (j” Tsurf) 'SRFcam (/17 Tcam ) .di

Tatm paths (filter) = ;

BF(filter, Tqu)
(12)
. “Astop
BF (filter, Tou) = / Eup (2. Tuuet) - SRFcam (4, Team).d2 13)
Astart

The blackbody calibration function BF (Eq.13) can be simulated
knowing the camera spectral response SRF o, or measured in laboratory
with a reference blackbody (¢ > 0.99), assuming the effect of atmo-
spheric transmittance is properly considered. The BF function can be
further inverted, preferably in analytical form, to obtain the reciprocal
function between the temperature T and the sensor signal S (T = BF
1(S)). Various equations were proposed by Sakuma and Hattori [81].

For a single band thermometer, a priori knowledge of eyrfband and
Tatm,band 1S required to infer the surface temperature Tgyr. While 7am,
path3,band could be derived from model-based correlations [51] using
atmospheric radiative transfer codes such as MODTRAN [77,78], &gurf,
band May be derived from laboratory measurements performed at high
temperature [50], if available.

A ratio thermometer requires a pair of NB filters {filter 1; filter 2}.
The signal ratio SR is defined as the ratio of signals obtained for each NB
filter (Eq.14):

_ S(filter2)  esure(filter 2) zaum pams (filter 2) BF(filter 2, Tqus)

SR = S(filter 1)~ equet (filter 1) Taum pams (filter 1) BF(filter 1, Toyr)

14

Using a pair of NB filters provides two independent band measurements
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for three unknowns, i.e. the &syf.Tatm,path3 product for each NB filter and
the surface temperature Tyt The equation system is thus under-
determined, without any a priori knowledge. While the atmospheric
band transmittance ratio can be estimated using a radiative transfer
code, a further assumption is required for the surface band emittance
ratio.

The principle of ratio thermometry [57-61] relies on the greybody
assumption (Eq.15). This requires selecting a pair of NB filters with
central wavelengths (CWLs) chosen as close as possible to consider valid
the greybody assumption, but not too close, otherwise redundant signals
are measured and the equation system remains underdetermined.

esurf(filter 2)

m 1; Esurfband = esu,f(filter 1) = gsu,f(filter 2) (15)

The greybody approximation is considered relevant for the selected
spectral range and for the materials of interest, i.e. Pyromark 2500 black
coating or oxidized Haynes 230 (H230) metal substrate, as illustrated in
Fig. 4. Both materials also have a high spectral emittance, near or above
90 %.

On the other hand, the greybody approximation is not necessarily
valid for the atmosphere. A model based atmospheric NGCF is intro-
duced for correction (Eq.16).

Tatm,paths (filter 2)
NGCFyy, = ————~——=; NGCF, 1 16
t Tatm,paths (filter 1) m 7 a6
The ratio of blackbody calibration functions [BF(filter 2,T,f)/BF(filter
1,Tsurf)] defines an ancillary greybody calibration function GF(Tsyf)
(Eq.17):

BF(filter 2, Tyuf)

GF(Tourt) = B filter 1. Tor)
(Tourt) BE(filter 1, Tque)

17

In practice, the retrieval of the surface temperature Ty, and band
emittance &sf,pand Occurs stepwise. The NGCFyn, is estimated based on
available weather data at ground level. Assuming a greybody receiver
surface, the measured signal ratio SR is divided by NGCF,,. The grey-
body calibration function GF(Tsy,¢) is then inverted to infer the surface
temperature Ty, Knowing this temperature, the measured signal for
each NB filter is divided by the corresponding blackbody temperature
signal (BF(filter, Tsyf)) to obtain first the &suf.Tatm,pathz product for each
NB filter, then the surface band emittance é&syrf,band, aS Tatm,path3 iS
already estimated for NGCFqp,.

3.3. Camera configuration

The prototype SWIR camera system consists of the following
components:

Oxidized H230

0.90 e - i

0.85
= 0.80
%:: 0.75
o

0.65

0.60

0.55 ——25°C 200°C 400°C
100°C ——300°C 500°C

0.50
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Solar Energy 286 (2025) 113145

i) A C16090-03 module (Hamamatsu) with an InGaAs image sensor
(G14673-0808 W) [82]
ii) A motorized filter wheel with six filter positions
iii) A set of stock available NB filters supplied by Spectrogon [83]
iv) A SWIR objective lens with a 300 mm focal length [84]

The camera system is mounted inside an outdoor protection housing
with a Gorilla glass window of 2 mm thickness. Four positions of the
filter wheel are used for NB filters of 1 mm thickness, while two filter
positions are used for a shutter and a broadband window. The shutter
and broadband window can be used for Non-Uniformity Correction
(NUCQ). The broadband window also allows focusing the camera system
on remote objects at ambient temperature.

Selected NB filters are listed in Table 2. Two pairs of NB filters are
considered as SWIR ratio thermometers. The first SWIR ratio ther-
mometer is sensitive to water vapor and should allow near solar blind
measurements, while the second SWIR ratio thermometer is minimally
sensitive to atmosphere, but definitely not solar blind.

The spectral response of each relevant optical component (sensor,
objective lens, NB filters, protective window) is shown in Fig. 5. The
image sensor is cooled at —20 °C, while other components are at ambient
temperature. Virtual blackbody calibration curves are shown for each
NB filter in Fig. 6.a, while virtual greybody calibration curves are shown
for each ratio thermometer in Fig. 6.b.

Virtual blackbody filter calibrations (Fig. 6.a) can be fitted with a
Sakuma-Hattori (SH) Planck 1 equation [81] (Eq.18), while virtual
greybody ratio calibrations (Fig. 6.b) can be fitted with a log-linear
model (Eq.19), considering the inverse of the temperature T. In both
equations, the temperature must be expressed in Kelvins.

BF(T) = A 18)
exp (A—TZ) -1
GF(T) = exp (l% + Bz) 19

Virtual blackbody calibration fitted coefficients are listed in Table 3 for
each NB filter, while virtual greybody calibration fitted coefficients are
listed in Table 4 for each ratio thermometer.

4. Modelling approach

A MATLAB software tool has been developed for the spectral simu-
lation of the radiometric chain described in Section 3.1, in order to
analyse ratio thermometers described in Sections 3.2 and 3.3. The
software tool consists of two steps, i.e. a forward problem and an inverse
problem, presented in the next subsections. The last subsection describes
the batch simulation setup.

Pyromark 2500
1.00
0.95 b)
0.90
0.85
= 0.80
S.075
S
¥ 0.70
0.65
0.60
0.55 —25°C 200°C 400°C
100°C ——300°C 500°C
0.50
0.8 1.0 1.2 14 1.6 1.8 2.0 2.2
A [um]

Fig. 4. SWIR spectral measurements of reference materials from ambient temperature up to 500 °C. a) H230, pre-oxidized at 800 °C for 100 h. b) Pyromark 2500

applied on H230 substrate.



S. Caron et al.

Table 2

Specifications of NB filters for SWIR ratio thermography.

Solar Energy 286 (2025) 113145

Full Width at HalfMaximum
(FWHM)

Ratio thermometer

10 + 3 nm
10 + 3 nm
25+ 10 nm
25+ 10 nm

Pair 1; Filter 1 (Water absorption)
Pair 1; Filter 2 (Water absorption)
Pair 2; Filter 1 (Atmosphere window)
Pair 2; Filter 2 (Atmosphere window)

Filter ID Central Wavelength (CWL)
NB 1386-10 1386 + 5 nm
NB 1912-10 1912 + 5nm
NB 1640-25 1640 + 10 nm
NB 2090-25 2090 + 10 nm
1 T T T T T T T T
AL TR O A0 YOO P O O
= (
. 081 | 1
=) w
I
2061 |
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o
— 047 1
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Fig. 5. Spectral response of camera system components.
4.1. Forward problem

In the forward problem, spectral data is known and accessible for
simulation (Eq.1-16). On the one hand, the user can define a set of
spectra for the tower system. Extraterrestrial solar irradiation (AMO) and
atmospheric paths are configured via MODTRANG6 [77,78]. Reference
spectra for mirror reflectance and surface emittance are also defined
from laboratory measurements. On the other hand, the user can define a
camera system spectral response (Fig. 5) and derive corresponding vir-
tual calibration curves (Fig. 6).

Some excerpt visualizations are illustrated here. Fig. 7 displays
simulated spectra for the three relevant atmospheric paths shown in
Fig. 3. It is worth observing that suitable atmospheric water vapor ab-
sorption, around 1.4 ym and 1.9 pm, allows blocking most of solar
irradiation on path 1, but also induces significant attenuation on path 3.
Fig. 8.a shows the input spectral data for the calculation of egy(filter)
and 7am parn3(filter) (Eq.11,12), shown in Fig. 8.b.

Fig. 9 shows a spectral radiometric balance, before applying the
camera spectral response (Eq.8). This figure highlights the magnitude of

— NB-1386-10
— NB-1640-25
NB-1912-10

— NB-2090-25

Radiometric signal [W/mz]
=

S,
%

107
200 300 400 500 600 700 800 900 1000

Blackbody temperature [°C]

each signal contribution, i.e. terms A, B and C (Eq.3-5). While atmo-
spheric thermal emission (Term C) remain negligible, near solar blind-
ness conditions are rarely met in the SWIR spectral range, except for
water absorption bands around 1.4 and 1.9 um. Fig. 10 shows the same
radiometric balance, applying the camera spectral response for each NB
filter (Eq.8). This visualization allows determining if the measured
signal, i.e. the emitted surface thermal radiation (term A) is dominant
over the reflected concentrated solar irradiation (Term B), considered as
noise.

4.2. Inverse problem

In the inverse problem, spectral data is no longer accessible, but
embedded in the reference forward problem. The aim of the inverse
problem is to estimate Tgyf and &gyrf,band, having access to:

i) Calibration functions for each NB filter and the ratio thermometer
(Eq.18,19).
ii) Measured signal ratio SR from the forward problem
iii) Model-based 7atm path3(filter) and NGCFuyy, from the forward

problem
Table 3
Sakuma Hattori fit coefficients for virtual blackbody calibration (Eq.18).
Filter ID A; [W.m™?] Ay [K71] R?
NB 1386-10 2.9393 1e5 1.0344 le4 100 %
NB 1640-25 3.9924 1e5 8.7614 1e3 100 %
NB 1912-10 8.0316 1le4 7.5312 1e3 100 %
NB 2090-25 8.3629 le4 6.8913 1e3 100 %
Table 4
Fit coefficients for virtual greybody calibration (Eq.19).
Ratio Filter 1 Filter 2 B [K'l B R?
thermometer (intercept)
Pair 1 NB1386- NB1912- 2.8113 —1.2946 100
10 10 1le3 %
Pair 2 NB1640- NB2090- 1.8673 —1.5591 100
25 25 le3 %

b ——NB-1386-10/ NB-1912-10
NB-1640-25 / NB-2090-25

Signal Ratio [-]

0
200 300 400 500 600 700 800 900 1000
Greybody temperature [°C]

Fig. 6. Camera system response. a) Virtual blackbody calibration for each NB filter [200-1000]°C. b) Virtual greybody calibration for each ratio thermometer

[200-1000]°C.
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Fig. 7. Spectral simulation of atmospheric paths. Simulation parameters: SZA: 60°(AM2), do: 500 m, d3: 350 m, Pyt 960 mbar, Tamp: 30 °C, RH: 30 %. a) At-
mospheric transmittance 7.y, for each path. b) Atmospheric transmittance; path product and path 3.
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Two assumptions are made a priori in order to solve the inverse
problem:

e Solar blindness conditions are met, i.e. (Term B <« Term A)
e The receiver surface behaves as a greybody (egy(filter 1) ~
esurf(filter 2))

Estimated values for Tgyf and esurfband are then compared to the
reference values defined within the reference forward problem to eval-
uate the accuracy of ratio thermometers. It is worth observing that
temperature and emissivity errors are negatively correlated. If the esti-
mated temperature is over-estimated, the estimated band emittance is
underestimated and vice versa.

4.3. Batch simulation setup

Simulation parameters are listed in Table 5. The virtual tower power
plant is located in Tabernas, Spain. The receiver height is set to 235 m.
The equivalent heliostat is positioned at a slant range of 0.5 km. At-
mospheric transmittance spectra are generated for the three defined
paths using MODTRANS®, defining three meteorological parameters at
ground height: Py, Tampb, RH, assuming a Mid-Latitude Summer (MLS)
profile for altitude scaling [85]. The default CO5 concentration is set at
400 ppm. Clear sky conditions are assumed and aerosol scattering is
assumed negligible in first approximation for SWIR calculations.

A full factorial design of experiments (DOE) is defined on the one
hand for the atmosphere water vapor {Patm;Tamb;RH}, converted into a
synthetic variable AH [g/rn3]. This DOE is combined with another full
factorial DOE modelling variable operating conditions {Tsyf; Cx; SZA}.
The camera slant range dj is also allowed to vary, with a default value set
at 350 m.

The aim of this simulation is to analyze the sensitivity of the two
SWIR ratio thermometers defined in Section 3.3. The first SWIR ratio
thermometer is known to be sensitive to atmospheric water vapor ab-
sorption. Suitable atmospheric and operating conditions have to be
identified for which the measurement process can be considered nearly
solar blind, i.e. for a relative temperature error AT/T less than 2 %,
expressing the reference temperature in Kelvins. Once these conditions
are identified, ratio temperature measurements can be performed,
applying the atmospheric compensation factor NGCFyp,. Finally, the

Table 5
Inventory of simulation parameters.

Parameter Symbol Category Units Value range

Latitude LAT Site [°] 37.0976° North

Longitude LON Site [°1 2.35818° West

Ground height Hy Site m.a.s. 500 m

Receiver height H CRS/ [km] 235m

configuration

Surface Tsurf CRS/ [°C] {200:50:800} °C
temperature configuration

Concentration Cx CRS/ [-] {0:100:1000}
factor configuration

Receiver surface - CRS/ - Pyromark 2500 or

configuration H230 oxide

Solar Zenith SZA Atmosphere/ [°1 {0:10:80} °
Angle Path 1

Slant range (path  ds Atmosphere/ [km] 0.5 km (Equivalent
2) Path 2 heliostat)

Slant range (path  ds Atmosphere/ [km] {0.3:0.05:1} km
3) Path 3

Atmospheric Pam(Ho) Atmosphere [mbar] 960 mbar
pressure

Ambient Tamb(Ho) Atmosphere [°C] {10:10:40} °C
temperature

Relative RH(H,) Atmosphere [%] {10:10:90} %
humidity

Atmospheric - Atmosphere [-1 Mid Latitude
profile Summer (MLS)

10
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correlation between the relative temperature error AT/T and the band
emittance error Ae can be characterized. The second SWIR ratio ther-
mometer is insensitive to atmospheric water vapor, solar blind condi-
tions are assumed at dusk, when heliostats are defocused (Cyx = 0) and
the receiver is cooling down before molten salts drainage (Tgyf > 250
°Q).

5. Results and discussion
5.1. First SWIR ratio thermometer

The first SWIR ratio thermometer (Table 2, Pair 1) combines two NB
filters, i.e. NB1386-10 and NB1912-10, which are centered on atmo-
spheric water absorption bands. This SWIR ratio thermometer is thus
expected to be sensitive to humidity on the one hand and the atmo-
spheric path length (Fig. 7) on the other hand. Atmospheric water vapor
here plays a role in blocking solar irradiation on Path 1 to achieve near
solar blindness, while it also attenuates the thermal radiation emitted by
the receiver surface on Path 3 (Fig. 3).

Fig. 11 shows the optical depth on path 1 (ODp,em1) for these two NB
filters as a function of AH and SZA. For each NB filter, 7, parn1(filter) is
calculated according to (Eq.21). OD is here defined as the decimal log-
arithm of 7am parn1(filter) (Eq.21). An OD value of —3 thus corresponds
to an atmospheric transmittance of 0.1 %. To achieve solar blindness,
ODypath1 should thus be minimized.

“Astop

Tatm,path1 (/17 dl 3 atm) 'Esun (/1 AMO) ~SRFcam (/L Tcam)-d/1
[75% By (4, AMO).SRF capy (4, Team)-dA

Astart

Astart

Tatm,pathl (filter) =
(20)

ODya1 (filter) = 10g(Tatm a1 (filter)) 21)
For both NB filters, ODpam1 decreases as AH and SZA increase. A lower
ODypah1 value is observed for the NB1912-10 filter (Fig. 11.b) in com-
parison to the NB1386-10 filter (Fig. 11.a). This latter NB filter is thus
more sensitive to reflected concentrated solar irradiation. The corre-
sponding atmospheric water absorption band around 1.4 pm is narrower
in comparison to the next band around 1.9 um, although both absorption
bands broaden as AH and SZA increase.

Fig. 12 shows the atmospheric transmittance on path 3 (7aym,path3) for
both NB filters as a function of AH and slant range ds. For both NB filters,
Tatm,path3 decreases as AH and ds increase. A significant attenuation is
observed, the maximum transmittance is about 30 % for a dry atmo-
sphere and a slant range d3 of 300 m. This is the minimal applicable slant
range for a typical receiver height of 235 m.

Fig. 13 shows the expected relative error AT/T (%) for the first SWIR
ratio thermometer as a function of T, Cx, SZA and AH. The reference
surface is Pyromark 2500 and slant range ds is set at 350 m. Four sec-
tions of the simulated hypercube are shown, i.e. for low and high ab-
solute humidity at ground level (AH: 6 ...15 g/m>) and for low and high
concentration factor (Cx: 300...1000). The relative error AT/T should be
less than 2 % for an accurate surface temperature measurement. This
criterion allows defining a minimal temperature threshold. Fig. 13
shows that this temperature threshold is dynamic. If AH ~ 6 g/m°, the
minimum temperature threshold is respectively 530 °C for Cy = 300 and
620 °C for Cx = 1000. If AH ~ 15 g/m®, the minimum temperature
threshold is 590 °C for Cy = 300 and 690 °C for Cy = 1000. These
temperature thresholds overlap or even exceed the maximum Ty value
allowed for molten salt receivers, i.e. ~ 600 °C. These thresholds slightly
relax by at least 10 K at higher SZA above 45° (winter or sunrise/sunset).
This limits significantly the applicability of this first SWIR ratio ther-
mometer for remote opto-thermal characterization.

Fig. 14 shows the correlation between the absolute band emittance
error A¢ and the relative temperature error AT/T for the first SWIR ratio
thermometer, applying as threshold AT/T < 2 %. A linear negative
correlation is observed between Ae and AT/T for Pyromark 2500
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(Fig. 14a) and oxidized H230 (Fig. 14b). Reference &gy (filter) values for
both surfaces are given in Table 6. The grey hypothesis is confirmed for
both surfaces, although the ratio of band emittance is slightly lower for
oxidized H230. For Pyromark 2500, the correlation slope coefficient is
estimated at -6.3p.p. Ae for a 1 % variation of AT/T (Fig. 14a). For
oxidized H230, the correlation slope coefficient is estimated at -5.7p.p.
Ae /1 % AT/T (Fig. 14b).

5.2. Second SWIR ratio thermometer

The second SWIR ratio thermometer (Table 2, Pair 2) combines two
NB filters, i.e. NB1640-25 and NB2090-25, which are centered on at-
mospheric windows. This SWIR ratio thermometer is not suitable for on-
sun temperature measurements. This configuration is thus analysed for
off-sun (Cx = 0) temperature measurements, with Ty, > 250 °C (molten
salts freezing point).

Fig. 15 shows the atmospheric transmittance on path 3 (zatm,path3) for
both NB filters as a function of AH and slant range ds. The filter NB1640-
25 is barely affected by AH and d3 parameters (Fig. 15a), Taum,path3(filter)
values remain above 99 %. For the filter NB2090-25, a minor depen-
dence is observed (Fig. 15b), although 7,y pams(filter) values remain
above 90 %. Both NB filters are thus suited for remote opto-thermal
characterization.

Fig. 16 shows the expected relative error AT/T for the second SWIR
ratio thermometer as a function of Ty, and AH for both reference sur-
faces. The concentration factor Cy is set at 0 and the slant range dg is set
at 350 m. One can first observe that AT/T is independent of AH and
increase linearly with Tg,s. Furthermore, the expected value for AT/T is
low for both surfaces: for Pyromark 2500, AT/T is bounded between
0.12 % at 250 °C and 0.26 % at 800 °C. For oxidized H230, AT/T is
bounded between 0.16 % at 250 °C and 0.34 % at 800 °C.

If the central receiver cannot be heated to an arbitrary temperature

11

Tsurf above 300 °C with a suitable heat tracing system, this SWIR ratio
thermometer could only be used in practice for low receiver surface
temperature levels. The central receiver must be maintained isothermal,
above the molten salt freezing temperature, when the heliostat field is
defocused (Cx = 0). This would correspond to the daily cool-down
operation phase before molten salt drainage, when the calibration of
the reference LWIR thermographic system is typically performed.

Fig. 17 shows the correlation between the absolute emissivity error
Ae and the relative temperature error AT/T for the second SWIR ratio
thermometer. A negative correlation is observed between Ae and AT/T
for Pyromark 2500 (Fig. 17.a) and oxidized H230 (Fig. 17b). Reference
esurf(filter) values for both surfaces are given in Table 7. The grey hy-
pothesis is confirmed for both surfaces. The estimated band emittance is
systematically underestimated. For Pyromark 2500, the absolute value
of Ae does not exceed 2p.p., while its maximum value is about 2.5p.p. for
oxidized H230. The second SWIR ratio thermometer allows discrimi-
nating both surfaces.

6. Conclusion and outlook

In this paper, a new measurement principle has been introduced and
analysed for the remote opto-thermal characterization of central
external receivers in solar tower power plants. The new measurement
principle relies on passive shortwave infrared (SWIR) ratio thermog-
raphy. It allows a simultaneous retrieval of surface temperature and
band emittance for grey surfaces such as black coatings and oxidized
metals. The atmosphere does not behave a priori as a greybody. A
model-based estimation of band atmospheric transmittance has been
introduced to correct this hypothesis, using meteorological parameters
available at ground level, i.e. ambient temperature Thnp, relative hu-
midity RH and atmospheric pressure Pagp.

A MATLAB software tool has been developed and coupled to
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Fig. 13. Analysis of relative temperature error AT/T as a function of SZA, AH, Ty, and Cx. Boundary conditions: d3 = 350 m, Pyromark 2500. Pa¢y, = 960 mbar, Tamp
= 30 °C, RH: (20...50) %.
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Fig. 14. Correlation of Ae and AT/T for the first SWIR ratio thermometer. Boundary conditions: AT/T < 2 %; d3 = 350 m. a) Pyromark 2500. b) Oxidized H230.

Table 6

First SWIR ratio thermometer. Reference band emittance values g, (filter) for

Pyromark 2500 and oxidized H230.

esurt(filter) Filter 1: NB1386-10 Filter 2: NB1912-10 Grey hypothesis
Pyromark 2500 95.3 % 94.7 % 99.4 %
Oxidized H230 87.8 % 86.2 % 98.2 %
Deviation 7.5p.p. 8.5p.p. -

12

MODTRANG radiative transfer code, for the spectral simulation of
radiometric chains relevant in Concentrating Solar Power. The accuracy
and sensitivity of two SWIR ratio thermometers have been analysed
using spectral simulations. Relevant parameters combine atmospheric
conditions, in particular absolute humidity AH and Solar Zenith Angle
(SZA) and operating conditions, i.e. surface temperature T, and con-
centration factor Cyx. The first SWIR ratio thermometer combines two
narrow bandpass (NB) filters centered on two water vapor atmospheric
absorption bands, respectively located at 1.4 um and 1.9 pm. The second
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Fig. 15. Contour plot of 7am path3 as a function of AH and ds. a) NB1640-25, b) NB2090-25.
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Fig. 16. Analysis of relative temperature error AT/T as a function of T, Boundary conditions: d3 = 350 m, Cx = 0. a) Pyromark 2500. b) oxidized H230.

SWIR ratio thermometer combines two NB filters centered on atmo-
spheric windows, respectively located at 1.64 pm and 2.09 um.

The first SWIR ratio thermometer (1.4/1.9 um) is particularly sen-
sitive to atmospheric water vapor, which filters extraterrestrial solar
radiation on the one hand but also attenuates thermal radiation emitted
by the receiver surface on the other hand, in particular for a typical
receiver height above 200 m. Under realistic AH levels, this ratio ther-
mometer can be considered nearly solar blind, but only for temperature
above 550 °C. The temperature threshold for which the relative tem-
perature error AT/T is less than 2 % varies with the absolute humidity
AH estimated at ground level, the solar zenith angle SZA and the con-
centration factor Cyx. This SWIR ratio thermometer, originally designed
for remote opto-thermal characterization during power plant operation,
has probably a limited applicability, especially for a receiver height
above 200 m.

The second SWIR ratio thermometer (1.64/2.09 um) is not sensitive
to atmospheric water vapor, however it cannot operate during daily
power plant operation. It could remotely characterise the receiver sur-
face temperature Ty, and surface band emittance egurfpand With a good

a) *  NB1640-25
+ _ NB2090-25

Ac[p.p]

ATIT (%]

accuracy when the heliostat field is defocused (Cx = 0) and the receiver
surface is maintained isothermal (Ts,f ~ 300 °C) before molten salt
drainage. The relative temperature error AT/T is lower than 0.5 % and
the band emittance error Ae¢ is less than 2.5p.p., according to spectral
simulations for Pyromark 2500 and oxidized Haynes 230.

This operation phase is also often used in commercial power plants
for the calibration of Longwave Infrared (LWIR) cameras. The second
SWIR ratio thermometer could therefore offer an alternative method to
support the LWIR system during calibration and map remotely the
receiver band emittance.

A prototype SWIR multispectral camera, including both ratio ther-
mometer configurations described above, has been assembled and tested
at Plataforma Solar de Almeria, Spain. The experimental validation of
the measurement principle under laboratory conditions is currently
ongoing and the camera system is being fine-tuned for future field
measurements in Central Receiver Systems.

Future simulation work may investigate the sensitivity of both SWIR
ratio thermometers with respect to aerosols or water vapor atmospheric
profiles. The software tool for spectral simulations is also capable to

b) *  NB1640-25
*  NB2090-25

KK F k% F

) Ac [Ip.p.]‘

50 L L i v s
0 0.1 0.2 0.3

ATIT (%]

Fig. 17. Correlation of Ae and AT/T for the second SWIR ratio thermometer. Boundary conditions: Cx = 0, d3 = 350 m. a) Pyromark 2500. b) Oxidized H230.
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Table 7
Second SWIR ratio thermometer. Reference band emittance values &g ¢(filter)
for Pyromark 2500 and oxidized H230.

esure(filter) Filter 1: NB1640-25 Filter 2: NB2090-25 Grey hypothesis
Pyromark 2500 95.0 % 94.6 % 99.6 %
Oxidized H230 86.7 % 86.2 % 99.4 %
Deviation 8.3p.p. 8.7p.p. -

simulate other spectral ranges, i.e. visible wavelengths (0.4-0.8 um) for
flux measurement systems, as well as midwave and infrared wave-
lengths (MWIR: 2.5-5.5 ym, LWIR: 8-14 pm) relevant for other ther-
mographic camera configurations.
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