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Abstract. The important in-field characterization of solar mirror reflectance can be performed
by a variety of commercial portable reflectometers. In this study the most common commer-
cially available reflectometers are evaluated in a campaign comparing different reflector mate-
rials, covering a wide range of realistic reflectance and specularity values. Where possible,
measurements are compared to reference values measured with laboratory equipment. In gen-
eral, good agreement between measurements is detected for highly specular mirrors (average
deviation 0.005+0.004) and methods for improvement are proposed when deviations are de-
tected. Important differences between measurements are found for less specular reflectors,
which are caused by the disparity of the measurement parameters of the devices. These dif-
ferences confirm that detailed knowledge about the device characteristics is important, to be
able to correctly interpret and utilize gained results, especially for soiled and degraded mirrors.
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1. Introduction

The reflectance of the reflectors of the solar field in concentrating solar thermal (CST, also
named concentrated solar power, CSP) plants is one of the key parameters determining the
field’s optical efficiency. Reflector manufacturers optimize their material for high reflectance
and long-term durability to maintain this high initial reflectance. Nonetheless, the reflectance
of the mirrors usually decreases due to different factors during operation. The cause of this
reduction can be permanent degradation (e.g. corrosion of the reflective silver layer, erosive
attack of front surface) or removable soiling. The most significant parameter for the optical
efficiency is the solar-weighted near-normal sun-conic reflectance [1]. This parameter is site
and technology specific and depends on further parameters as, e.g. wavelength of the light, A,
the incidence angle, 6, the divergent angle of the light-source, ¢; and the acceptance angle,
¢@. The measurement of this reflectance parameter is not trivial and nowadays can only be
performed by specialized laboratories [2, 3]. For practical reasons, different reflectance param-
eters that are easier to measure are used. Regular in-field measurements of the reflectance
are necessary to evaluate degradation of the reflectors and especially the soiling, for the plan-
ning of cleaning tasks, as well as the determination of the overall optical yield. These in-field
measurements are performed with commercially available reflectometers, which all measure
with different values of the reflectance parameters above mentioned and which all have their
particular advantages and shortcomings. Differences between these reflectometers include:
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measurement principle, calibration process and materials, available incidence, divergent and
acceptance angles, and wavelength of the light source, among others [4]. Due to these differ-
ences, also the results obtained with the different devices can vary. In the past, several cam-
paigns comparing two or three of the reflectometers have been performed [5, 6]. Up until today,
there is still a lack of data on the comparison of all the available reflectometers on the market
to evaluate their suitability for significant measurements of reflectance. In this work, the six
most commonly used reflectometers are tested in a laboratory measurement campaign on
different types of solar reflector materials and their results are evaluated. Experiments were
performed in the OPAC facilities, under a R&D cooperation between CIEMAT and DLR at the
CIEMAT-Plataforma Solar de Almeria.

2. Methodology

A variety of solar mirror materials was chosen and samples were prepared for the spectral
near-specular reflectance, p,e,o, measurements with the different devices. The handheld re-
flectometers that were used for this study are displayed in Figure 1. In addition, measurement
data was compared to readings of the spectral hemispherical reflectance, p,.¢,n, measured with
a Perkin Elmer (PE) Lambda 1050 spectrophotometer. p;6,» measurements were performed
in the wavelength range of A = [320, 2500] nm, using 5 nm intervals at 6; = 8° with an integrat-
ing sphere of 150 mm diameter. The data was evaluated with a 2" surface reference reflec-
tance standard (calibrated in the range 300-2500 nm), traceable to NIST. Three measure-
ments were taken on each sample, in different spots. Following ASTM Standard E903-82 (92)
[7], the solar-weighted hemispherical reflectance, pswe,» can be calculated by weighting a6,
with the solar direct irradiance G, on the earth surface for each wavelength. For European and
North American latitudes typical solar irradiance spectra are given by the current standard
ASTM G173-03 [8] (direct irradiance) for air mass AM 1.5. For the reflectometer measure-
ments, 3 to 5 measurements were taken per sample in different spots, depending on sample
size and homogeneity of the material and the average values were used for the evaluation, as
recommended in the actual SolarPACES reflectance measurement guideline [9].

Figure 1. Handheld reflectometer models: a) 15R(-USB) (similar design as b) 15R-RGB) by
D&S, c¢) 410-Solar by SOC, d) Condor by Aragon Photonics, e) pFlex by PSE, f) CM-700d by
Konica Minolta.
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Main characteristics of the reflectometers are presented in Table 1. All reflectometers are able
to measure the near-specular reflectance with differences in 6; and ¢ angles and A of the used

light.

e The 410-Solar and the CM-700d are equipped with integrating spheres and measure
the hemispherical reflectance and diffuse reflectance, p, ¢4, to calculate the near-spec-
ular value.

e Most of the devices measure in one or several narrow A bands with their respective
peak values. The 410-Solar uses broader bands for the higher A ranges, with band-
widths of up to 800 nm. The CM-700d measures in the spectral A range from 400 to
700 nm, with steps of 10 nm.

e The D&S 15R models have the option to select different ¢, all considerably lower than
the rest of the devices. Due to these small ¢, manual alignment of the reflectometer is
required for measurements with the 15R models. An angle of ¢=12.5 mrad is chosen
for the measurements in this study. This manual alignment is not necessary for the
other reflectometer types, which facilitates the measurement procedure.

e The reflectometers measure at relatively small 6, defined as near-normal (6;<15°), with
the 410-Solar angle being slightly higher (6; =20°).

Table 1. Reflectometer models and main parameters, *parameter not defined.

Model Manufac- |Reflectance |6;[°] | ¢ [mrad] A [nm]
turer parameter
a) |15R-USB | Devices and PA6i0 15 3.5,7.5, 660
Services 12.5, 23
b) [15R-RGB | Devices and PA8;0 15 2.3,3.5,7.5, 460, 550, 650, 720
Services 12.5, 23
c) |410-Solar | Surface Op- |p16,0 & Pagin | 20 52.4 335-380, 400-540, 480-600,
tics 590-720, 700-1100, 1000-
1700, 1700-2500
d)| Condor |Aragon Pho- PABp 12 145 435, 525, 650, 780, 940,
tonics 1050
e)| pFlex PSE AG PA6;0 8 67 470, 525, 625
f) |CM-700d | Konica Mi- |or6,0 & PArgin | 8 * 400-700 (10nm steps)
nolta

Mirror materials were selected to represent a variety of different mirror types with different
optical characteristics concerning spectral behavior and specularity. Silvered-glass mirrors of
different thickness were measured in the initial as well as degraded state. As an example of
material of lower specularity, different aluminum reflectors were analyzed. Three samples were
chosen to represent all of these characteristics and their results are presented in detail in the
following section.
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3. Results and discussion

Non-degraded silvered-glass mirror

In Figure 2, the reflectance values of the silvered-glass mirror in the clean and non-degraded
state, measured with the different devices, are displayed over A. In the case of PE Lambda,
410-Solar and CM-700d, the hemispherical values are chosen for comparison. The PE
Lambda values are taken as the reference here, as laboratory devices usually show high pre-
cision and quality of the results were verified in the past [10]. The values for 410-Solar are
displayed as horizontal lines covering the whole bandwidth of the respective A ranges. As the
mirrors are measured in the initial state, the specularity of the material is very high. This is
confirmed by the fact that values of hemispherical and near-specular reflectance are in general
in very good agreement. Especially the D&S models and the pFlex show only minimal spectral
differences compared to PE Lambda (40,<0.004).

The Condor slightly overestimates the reflectance for the two lowest wavelengths
(Aps<0.014). After updating the reflectance values of the calibration coupon delivered for the
Condor, based on measurements performed with the PE Lambda at OPAC, this overestimation
could be strongly reduced (Ap; <0.002; updated values not included in graph).
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Figure 2. Reflectance (hemispherical and near-specular) spectra of a clean and non-de-
graded 2 mm silvered-glass mirror measured with all devices.

According to the results shown in Figure 2, lower values are detected for the CM-700d over
the spectrum measured, compared to PE Lambda. It was found that this was related to the
calibration of the equipment, which is performed with a white, highly diffuse, coupon. Using a
well calibrated mirror as a calibration coupon, not provided with the equipment, these differ-
ences can be minimized (see Figure 3 left). Downside of this is, near-specular measurements
are not possible with this calibration due to instrument restrictions.

For the 410-Solar, in addition to the hemispherical reflectance, the near-specular data
are displayed in Figure 2. It can be seen that they lie considerably lower (average difference
of 0.007) even though the mirror is highly specular. It was found that this is mainly due to a
sensitivity of the equipment to the glass thickness of the measured reflector, which causes an
underestimation of the near-specular reflectance. This can be seen in Figure 3 right, where
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410-Solar measurements of the diffuse reflectance are presented for highly specular reflectors
of different glass thicknesses (ranging from 0.2 to 2 mm). The thinner the glass, the lower is
the diffuse part of the reflectance. The here used 410-Solar is aligned for first surface mirrors,
but it is important to highlight that it can be realigned for other thicknesses by the manufacturer
of the equipment, to avoid this issue.
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Figure 3. left: Comparison of measurements with different calibration coupons for the CM-
700d, right: diffuse reflectance measured of mirrors with different glass thickness with 410-
Solar.

In Table 2, the reflectance difference compared to the PE Lambda is displayed for all devices.
The average of the whole respective spectral range, Ap;, is taken, calculated as the absolute
difference between reflectometer and PE Lambda per A and averaged over all A. This means
the number of A values taken into consideration to calculate the average, ranges from 1 for the
D&S 15R to 31 for the CM-700d. Even the highest average difference is limited to 0.011 (for
the CM-700d), which implies a very good agreement between devices. The average over all
devices (with standard deviation) is 0.005+£0.004. For the three devices with the highest devi-
ation, specific methods for improvement are proposed and the results are included in the third
column of the table as Ap;*. When these improved values are considered, the average over
all devices (with standard deviation) is 0.001+0.000.

Table 2. Absolute differences in reflectance measurements (2 mm silvered-glass initial) com-
pared to PE Lambda: average over spectral values Ap;, with improved values for three de-
vices Ap,", and if available solar-weighted Apgyy .

Reflectometers Ap; Ap; Apsw
D&S 15R 0.0010 -—- -
D&S 15R-RGB 0.0017 --- -—-
Condor 0.0038 0.0011 0.0054
410-Solar 0.0087 0.0012 0.0013
pFlex 0.0018 - 0.0037
CM-700d 0.0110 0.0015 -

In addition, the difference of the solar-weighted value, Apsw, is displayed for the reflectometers
which compute it. If the results of the individual instruments are analyzed, the Apj is very low
for the D&S 15R, the D&S-RGB and the pFlex (<0.002), and slightly higher for the Condor.
The Condor value can be improved with the above mentioned update of the calibration values
(from 0.0038 to 0.0011). The value for the 410-Solar is higher compared to the other equip-
ment, which is only due to a higher difference at the lowest and highest wavelength, where
only this reflectometer measures and where the reflectance curve of the mirror shows a steep
gradient (see Figure 2). Anyhow, the solar-weighted value is in very good agreement. If the
two extreme wavelength values are excluded in the averaging process, the result improves as
well to 0.0012. Highest differences were detected for the CM-700d, which is again due to its
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white coupon calibration. The mirror calibration of the CM-700d described above decreases
the Ap;”* to 0.0015.The pFlex and Condor showed slightly higher differences considering Apsw.

Eroded silvered-glass mirror

In Figure 4, the reflectance values are displayed for a 2 mm silvered-glass mirror, the same
material as before, but after exposure at a desertic site with strong erosion of the glass surface.
The erosion of the glass surface causes a decrease in reflectance, mainly in specularity. There-
fore, for the two instruments which measure near-specular and hemispherical reflectance, both
are displayed. For both the 410-Solar and the CM-700d, the difference between near-specular
and hemispherical values is much bigger than for the reflector sample in the initial state (410-
Solar: 0.063 compared to 0.007, CM-700d: 0.044 compared to 0.003), which indicates, that
the instruments are properly detecting the decrease in specularity caused by the reflector deg-
radation. The 15R models show the lowest reflectance values of all devices, which is in agree-
ment with the fact that they have the smallest acceptance angle (¢=12.5 mrad) and therefore
the measurements include less scattered light due to the erosion. For one band, 410-Solar
shows lower values even than the 15R, which could be explained again by the underestimation
of the near-specular reflectance due to the glass thickness. The near-specular values of the
other reflectometers lie in between the hemispherical and the ones of the 15R-RGB, in accord-
ance with their higher @. The Condor has the highest near-specular reflectance values and
acceptance angle (¢=145 mrad), followed by pFlex (¢=67 mrad) and CM-700d (¢ not defined)
and then 410-Solar (¢=52.4 mrad).

Hemispherical values of the 410-Solar lie slightly above the PE Lambda values but
solar-weighted reflectance is in good agreement (Apsw=0.005). A comparison table similar to
Table 2 is not included for this and the next presented reflector material. It is omitted because
of the low specularity of the samples, which means a direct comparison to PE Lambda values
is not possible. The differences between PE Lambda and reflectometers are desired and due
to the measurements with smaller acceptance angles.
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Figure 4. Reflectance spectra of 2 mm glass mirror after outdoor exposure, measured with
all devices.

During the here presented campaign, high-quality spectral, near-specular reflectance data was
not available for the materials as a reference. The comparison of reflectometer data with this
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kind of reference data, achieved with an advanced laboratory device (e.g. as in [2]), is planned
for a future campaign and the agreement of data at comparable parameters (especially the @)
will be investigated. In addition, newly developed advanced optical models for soiled and de-
graded reflectors will be used to evaluate measurements with simulated results for compari-
son.

Aluminum sheet reflector

Another reflector included in the study was a first surface aluminum mirror. Results are dis-
played in Figure 5. The tendency here is the same as for the eroded glass mirror: most values
lie in between the hemispherical value and the D&S values (with the lowest ¢). The near-
specular values of the 410-Solar lie much higher for this material, because the thickness is not
influencing the measurements for this first surface mirror. The values are very close to the
pFlex values, in accordance with the similar ¢ of the two devices. This result highlights the
importance of a proper alignment of the 410-Solar by the manufacturer, depending on the glass
(or any other front protective layer) thickness of the reflector sample to be measured. CM-700d
values are lower for this case, a fact that is probably again connected to the calibration with
the diffuse white coupon.
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Figure 5. Reflectance spectra of aluminum mirror measured with all devices.

4. Conclusions

All commonly used commercial reflectometers were evaluated in the measurement campaign
presented in this paper to compare the produced reflectance readings. Reflector materials of
different reflectance and specularity values were used to cover a wide range of realistic mate-
rials. Good agreement with reference measurements was in general achieved for highly spec-
ular mirrors. Detectable differences were found for three devices and specific solutions to min-
imize these differences are proposed in this paper. Expected deviations due to the different ¢
were detected for less specular samples and the importance of the magnitude of these differ-
ences was confirmed. Because of these differences in measured parameters and reflectance
values, the correct interpretation of measurements with the reflectometers is crucial, especially
when comparing results from different devices or calculating optical yield of solar fields. This
is even more important when less specular materials (e.g. non silvered-glass, degraded or
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soiled mirrors) are addressed. In a future campaign, the measurement of spectral, near-spec-
ular reflectance is foreseen to verify results for less specular samples. The knowledge of dif-
ferences between the different reflectometers will help to select the proper devices, as models
with lower, more realistic ¢ usually have a more complex handling, and even the use of transfer
functions between results of different devices are possible.
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