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A B S T R A C T

In concentrated solar thermal technologies, plant operators usually monitor the soiling of their solar field with 
handheld reflectometers. These measurements can be used for yield calculations and to adapt cleaning strategies: 
if the reflectometer reading falls below an empirically established threshold, the solar field should be cleaned. 
There are several commercial reflectometers available for this purpose, but all of them measure at different 
combinations of wavelength, acceptance angle or incidence angle. It is the purpose of this study to bring the 
readings from all main commercial reflectometers to the same representative value, enabling their comparison 
with one another and the translation of these readings into a meaningful reflectance parameter. Thus, different 
handheld reflectometers are correlated with a laboratory reflectometer, capable of measuring in the whole solar 
spectral region, covering a wide range of incidence and acceptance angles. The most significant parameter is the 
near-specular solar-weighted reflectance, measured at the typical incidence and acceptance angles for a given 
plant, as it is the most precise parameter to describe the reflected energy from the solar field. The correlations for 
all included reflectometers, show highly linear correlations over a wide range of soiling levels with low de
viations. Consequently, the correlations presented herein enable the plant operators at the studied site to 
compute the near-specular solar-weighted reflectance from their reflectometer readings. and, with that, increase 
the significance of the measurements without collecting any additional data. The work also establishes a detailed 
procedure to derive this type of correlations at any site of interest.

1. Introduction

Concentrating solar thermal (CST) technologies are one of the 
promising types of solar energy harvesting to tackle the challenge of the 
decarbonizing of the world’s energy system [1]. Even though the 
worldwide installed capacity of CST is relatively small in comparison to 
photovoltaics (PV), it is predicted to play an important role in the future 
energy mix [2,3]. The main advantages that make it a promising 
candidate lie in its efficiency in providing direct thermal energy and 
energy storage [4]. In terms of electricity generation, its primary ben
efits are the potential to provide reliability, flexibility, and auxiliary 
services such as inertia support and synchronous power generation, due 

to its use of turbines similar to conventional thermal power plants [5].
In CST systems, reflectors are used to redirect incoming solar irra

diation and concentrate it onto a receiver. This receiver then heats up 
and transfers the thermal energy to a heat transfer fluid (e.g. oil, molten 
salt, water/steam, air, or solid particles), which increases its enthalpy. 
One of the challenges here is to perform this conversion process effi
ciently, minimizing any losses along the process. The reflectors play a 
crucial role in this mainly for two reasons: firstly, any incoming radia
tion that is not redirected onto the receiver is lost for the energy con
version; secondly, the reflectors possess a large surface area, as the 
concentration relies on focusing irradiation from a large to a small area. 
This makes maintenance (like replacement or cleaning) of the solar field 
energy-, cost- and labor-intensive. Following this, the main 
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requirements for solar reflectors are high reflectance and excellent 
durability to maintain this high initial reflectance over the lifetime of a 
plant. The most common and mature type of solar reflector is the 
silvered-glass mirror. It consists of a front layer of special solar glass with 
high transmittance, which provides excellent front protection and a 
smooth base for the underlying reflective layer. Silver is one of the 
materials with the highest solar reflectance and is used as the reflective 
coating layer. The backside of the reflector is usually protected by a 
copper layer and a protective paint system with two to three different 
paint coatings. Even though this type of reflector is optimized for use in 
CST systems, it is prone to degradation [6]. The two main types of 
permanent degradation are the corrosion of the reflective silver layer [7] 
and changes in the glass cover. These changes are mainly surface defects 
due to mechanical attack (e.g., by airborne particles [8] or surface 
contact-cleaning [9]) or chemical reactions [10] (e.g., induced by UV 
radiation or humidity and moisture). Both of these degradation types 
potentially lead to a direct decrease of the reflectance of the reflector 
material. Other secondary types of degradation, mainly changes in the 
paint coatings, can indirectly influence the reflectance in the long term 
by leading to subsequent degradation of the reflective layer [11,12]. 
Reported degradation rates in the literature are rather low, at 0.1–0.2 % 
per year [7,13]. Higher degradation rates can be provoked by exposure 
at sites with high corrosivity or erosion potential or by the use of low- 
cost materials of unproven durability. A form of reversible degrada
tion is the soiling of the reflectors. Dust and other particles can settle on 
the reflector surfaces and directly decrease the reflectance of the ma
terial. Ways to counteract soiling exist, for example by using anti-soiling 
coatings [14,15] and, mainly, by regular cleaning of the reflector surface 
[16,17]. Strongly varying soiling rates, from below 0.2 % up to over 2 
%/day are reported in the literature [18,19], which, depending on the 
site, makes continuous cleaning mandatory to maintain high reflectance 
levels.

The reflectance, ρ, is a complex physical parameter, and its mea
surement depends on many secondary parameters that are used for its 
determination [20,21]. The main parameters are the incidence angle, ϴi, 
and wavelength, λ, of the incoming irradiation, as well as the acceptance 
angle, φ, which is defined by the opening cone of the reflected light 
beam intercepted by the detector or the receiver, and which determines 
the amount of scattering away from the perfectly specular direction that 
is included in the measurement or captured by a receiver. A scheme with 
the representation of the important geometric parameters is displayed in 
Fig. 1. The most significant reflectance parameter for CST systems, 
which defines the amount of irradiation that can be focused onto a 
receiver, is labeled solar-weighted near-specular reflectance, ρs,φ, often 
called solar specular reflectance for the sake of simplicity [22,23]. The 
term solar refers to the weighting of the spectral reflectance over the 
whole solar range, usually defined as λ = [320, 2500] nm, with a 

standard solar irradiance spectrum [24]. The term (near-)specular refers 
to the reflectance measured with a relatively small acceptance angle 
(usually below 150 mrad). Other parameters that lack certain informa
tion, are often measured due to technical limitations. These are mainly 
the spectral and solar-weighted hemispherical reflectance, ρλ,h, which 
neglects the scattering information, and the monochromatic specular 
reflectance, ρλ,φ, at single wavelengths or narrow wavelength bands, 
where the spectral information is limited.

The incidence and acceptance angles valid for CST systems are 
technology, site, time and location (in the solar field) dependent. Usu
ally, mean values for specific sites are used to provide a significant value 
for a concrete case (CST plant). The two commercially most important 
technologies are parabolic-trough collector (PTC) systems, where one- 
axis tracked line-focusing collectors are used, and central receiver sys
tems (CRS), in which large fields of two-axis tracked heliostats focus 
onto a receiver point on top of a central tower. In general, CRS systems 
exhibit smaller acceptance angles than PTC systems. The most widely 
cited value for the acceptance half-angle is φ = 12.5 mrad. It is perceived 
as the most suitable value for PTC standard designs [25,26] and it lies in 
the appropriate range for CRS systems [27], even though for the latter, 
smaller angles are often relevant. Several studies investigated the inci
dence angles occurring in both technologies calculated over a whole 
year in all parts of this type of plants. Mean values of around ϴi = 30⁰ 
were found for both technologies and various locations, with a range 
from near-normal to over ϴi = 70⁰ [28]. These results were confirmed in 
[27], where incidence angles for PTC and CRS were determined together 
with the effect they have on the reflectance depending on the reflector 
type. In addition, a method to predict the angular reflectance behavior is 
presented along with its experimental validation. These values may 
change when different designs and locations are investigated. For the 
present study, the solar near-specular reflectance at the selected inci
dence and acceptance angles for the specific plant is referred to as the 

Nomenclature

Symbols
θi Incidence angle [◦]
λ Wavelength [nm]
ρ Reflectance [-]
ρs,φ Solar-weighted near-normal near-specular reflectance [-]
ρλ,φ Spectral near-normal near-specular reflectance [-]
ρclean Reflectance in clean state [-]
ρsoiled Reflectance in soiled state [-]
φ Acceptance (half) angle [mrad]
ξ Cleanliness [-]
a Slope of linear equation
b Y-axis intercept of linear equation
%pt Percentage points

* the use of [-] implies dimensionless quantities

Acronyms
CIEMAT Centro de Investigaciones Energéticas, Medioambientales y 

Tecnológicas
CRS Central receiver system
CST Concentrating solar thermal
O&M Operation and maintenance
PSA Plataforma Solar de Almería
PTC Parabolic-trough collector
PV Photovoltaic
S2R Laboratory Spectral Specular Reflectometer
COI Site specific cleanliness of interest
ROI Site specific reflectance of interest

Fig. 1. Schematic presentation of reflection with important parameters. Inci
dence angle ϴi and acceptance angle φ.
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“reflectance of interest” (ROI), as the significant value for the specific 
case.

An overview of measurement techniques and instruments deter
mining the reflectance in the CST sector is presented in [29]. Nowadays, 
the spectral specular reflectance in the relevant ranges can only be 
measured with advanced laboratory equipment. Few prototypes exist in 
specialized laboratories worldwide, without any commercial devices 
available [30,31]. The spectral near-normal hemispherical reflectance 
can be measured with standard spectrophotometers, which neglects the 
influence of the small-acceptance-angle scattering as well as off-normal 
incidence. These measurements are sufficient for highly specular re
flectors, which is the case for new silvered-glass, for example. For 
degraded and especially soiled reflectors, as well as alternative reflector 
materials, the scattering effect cannot be neglected, and the specular 
measurement is necessary.

For practical reasons, operation and maintenance (O&M) of CST 
systems rely on the measurement of reflectance directly in the field, 
without the possibility of performing those measurements in the labo
ratory. A series of commercial portable reflectometers are available on 
the market for this purpose nowadays. Some of these devices were 
specifically designed for the use in CST systems, while others are 
adopted from other industries where similar measurement requirements 
apply. All available devices have certain limitations with respect to the 
measured reflectance parameters, resulting in potential differences from 
the ROI. For example, all devices measure at a fixed near-normal inci
dence angle (ϴi < 20⁰), with larger typical values for existing plants. 
Some of the devices measure at fixed acceptance angles, considerably 
higher than the realistic range for CST systems, to allow easier execution 
of the measurements. Few reflectometers allow the measurement at very 
small acceptance angles or allow the selection of a series of angles. The 
smaller the acceptance angle of a device, the higher is the need for 
precision in aligning the reflectometers relative to the surface to be 
measured. In [32] the main commercial reflectometer models are 
studied to evaluate the effect that different measurement parameters 
have on the results for various materials.

In-field soiling measurements are of special interest due to the high 
impact they have on reflectance, potentially decreasing the ROI and, 
with it, the optical efficiency of the whole solar field considerably. In 
addition, soiling develops much faster than the different mechanisms of 
permanent degradation. Consequently, regular measurements with 
relatively high frequency, up to daily, may be necessary, depending on 
the use case. Usually, the cleanliness, ξ, of the reflectors is determined by 
relating the reflectance at a point in time to the initial reflectance in the 
clean state. The cleanliness is used for different O&M tasks. Firstly, it can 
serve as an input parameter for yield calculations of the plant [33]. 
Secondly, depending on the strategy, cleaning tasks are scheduled when 
certain cleanliness thresholds are reached. This threshold depends on 
the balance between the cleaning effort (energy, labor, water usage) and 
the necessary minimum cleanliness for efficient operation [34,35]. 
Several studies investigated the optimal measurement procedures using 
portable reflectometers to minimize the number of measurements and 
obtain representative values for whole solar fields [36–38]. The clean
liness can be determined with the different reflectance parameters 
described above, the most significant one being the ROI. This is why the 
cleanliness determined with the portable reflectometers does not give 
the ideal results. Further techniques to assess soiling in the solar fields 
are being investigated without reaching the maturity of the reflectom
eter measurements, some of them adapted from the PV industry. One 
way to reduce the labor of the measurements is through the use of 
autonomous sensors [39–41]. These use different stationary setups to 
perform automatic measurements on material samples, but not the 
actual reflector facets. Measurements are based on reflectance or other 
parameters to be measured (e.g. the transmittance of glass specimens). 
Another technique is the image-based measurements [42–45], which 
mainly increase the covered area. Spatially resolved determination of 
the cleanliness, usually involving correlations to reflectance 

measurements, can be done manually or semi-automated by cameras 
mounted on trucks or drones [46]. A third option is the use of soiling 
forecast models [47,48]. They use physical or empirical models to pre
dict the soiling, generally with input parameters such as airborne par
ticle density, wind, and humidity.

One option to improve the results and add significance to the most 
common portable reflectometer measurements nowadays is using cor
relations between the readings obtained by reflectometers and the ROI 
[49]. Accordingly, the cleanliness determined based on the ROI is 
labeled cleanliness of interest (COI). Such correlations are expected to be 
strictly specific to the adopted reflectometer applied to the given solar 
plant. Correlations of this kind were established in different studies, for 
example in [39,50–52] for different reflectometer combinations, with 
linear relations between the results from the different devices. These 
studies focus on the comparison of the different reflectometer models 
but lack a direct relation to the more significant ROI and are limited to 
relatively low-soiling cases. As an alternative to these correlations, in 
[53] a model is introduced to simulate the soiling behavior for different 
soiling types. The model parameters can be adapted with a limited set of 
measurements of spectral hemispherical reflectance and specular 
reflectance at a few wavelengths. With the adapted model, it is then 
possible to calculate the spectral specular reflectance as a function of the 
incidence and acceptance angles, and with that determine the above- 
mentioned correlations for different use cases. In that publication, in
dications are found that there is a strong dependence of the shape of the 
spectral loss induced by soiling on the soiling type (e.g. from different 
exposure sites), a fact that leads to case-specific correlations. This model 
was then used to establish example correlations between reflectometers 
and ROI in the appendix of [49]. Research published in the past has led 
to important progress in the knowledge about the correlations between 
the different reflectance parameters, but presented certain main limi
tations: limited number of reflectometers, lack of ROI and realistic 
outdoor data, as well as a limited soiling/cleanliness range.

Below, a study is presented in which correlations are developed be
tween the measurements of all main reflectometer models used in the 
commercial CST plants and the solar specular reflectance. As a case 
study, the CIEMAT-Plataforma Solar de Almería (PSA), Spain, site is 
used and reflector samples with natural soiling, covering a wide range of 
cleanliness levels, are included. The results allow the standard reflec
tometer readings to be translated directly to the most significant target 
value and thereby adding value to the measurements without additional 
effort.

2. Methodology

In this section, the methodology to derive the correlations between 
portable and laboratory devices in soiled reflectors is presented. First, 
the reflector material used and the outdoor exposure campaign to ach
ieve realistic soiling in such material are explained. Secondly, the 
measurement equipment employed and the procedures for determining 
the different reflectance and cleanliness parameters are detailed.

2.1. Reflector samples and exposure campaign

The material used for the entire measurement campaign is a com
mercial silvered-glass mirror of 4 mm thickness manufactured by Rio
glass. The company has a long track record in the supply of solar 
reflectors for CST projects [54,55]. Samples were cut from full size he
liostat facets in pristine condition before any prior exposure, to a size of 
approximately 10 x 10 cm2. High specular reflectance and homogeneity 
of the material were verified by reflectance measurements before the 
campaigns started, to avoid negative influence on the soiling 
measurements.

The exposure site, the PSA, is a large-scale research facility focused 
on CST technologies in southern Spain. It is located in the semi-arid 
region of Tabernas. A detailed characterization of the environmental 
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parameters at the PSA was published in [56]. The main characteristics 
reported are mean annual values for temperature (18.3 ⁰C), relative 
humidity (59.5 %), and wind velocity (3.2 m/s). A local soiling analysis 
showed that its main constituent is quartz, with lower quantities of clay 
and carbonate minerals. An exposure campaign was designed to provide 
reflector material covering a wide range of soiling levels, without 
relying on different exposure durations. For that, the positioning of the 
samples at different inclination angles to the horizontal was chosen, 
resulting in inclination-dependent soiling [57]. Samples were exposed 
on a specially designed rack with holders of seven different inclination 
angles, from 0⁰ (horizontally facing upwards) to 180⁰ (horizontally 
facing downwards), in evenly distributed inclination angle steps, as 
displayed in Fig. 2. The rack is oriented so that the tilted samples face 
west, which is one of the main wind directions at the PSA. Three samples 
were exposed per inclination, totaling a number of 21 samples (labeled 
S1 to S21) in the main campaign. Six additional samples (S31 to S36) 
were exposed during an extra campaign at the two first upward facing 
inclination angles. The extra campaign was conducted after detecting a 
large gap in the desired soiling levels of the samples from the main 
campaign. The first main campaign comprised an exposure duration of 
two weeks during the summer of 2023 and the extra campaign lasted ten 
days in the spring of 2024.

2.2. Measurement devices

The main and most commonly used commercial reflectometers in 
CST plants were included in the experiments. The reference parameter, 
the ROI, was determined using the S2R laboratory reflectometer. Five of 
the handheld reflectometers (D&S-15R, D&S-RGB, Condor, pFlex and 
SOC410) were specifically designed for specular reflectance measure
ments in CST systems. The other two portable devices (CM700d and 
ZGM1130) were adopted from other applications (e.g. paint coatings, 
polymers and related materials), in which color and gloss measurements 
are the primary concern, respectively. All devices provide values for 
monochromatic specular reflectance. Most devices determine the spec
ular reflectance directly, except for the SOC410 and CM700d, which 
determine the specular value by subtracting the diffuse reflectance from 
the hemispherical one. Additional details on the measurement and 
handling parameters can be found in [29] and the respective user 
manuals. All portable devices are displayed in Fig. 3.

2.2.1. Portable reflectometers
The D&S-15R reflectometer, from Devices & Services, developed in 

the 1980 s at Sandia National Laboratories [58], is the device with the 

longest track record in the CST industry. It measures at near-normal 
incidence of θi = 15⁰, at a wavelength of λ = 660 nm. Acceptance an
gles of φ = {3.5, 7.5, 12.5, 23.0} mrad are available for measurements. 
In the presented campaign, φ = 12.5 mrad was chosen as a representa
tive value for CRS and PTC technologies. The updated D&S-15R-RGB 
model (hereinafter labeled as D&S-RGB) offers the capability to measure 
at several wavelengths, λ = {460, 550, 650, 720} nm, with an additional 
white light source for improved spectral evaluation [29], and an addi
tional acceptance angle of φ = 2.3 mrad. The available φ of the D&S 
models are considerably lower than those of the other devices. This has 
the advantage of representing more realistic and relevant values for CST 
cases, but comes with the disadvantage of more complex handling. The 
small acceptance angle makes the manual alignment of the device 
relative to the reflector surface necessary, which is achieved by the 
adjustment of three screws on the base of the device, to assure the 
correct positioning of the reflected light beam. This is especially 
important in the case of curved reflectors and material with varying 
thickness of the front glass cover.

The Condor reflectometer by Zepren [59], developed as a collabo
ration between the University of Zaragoza and Abengoa, measures at θi 
= 12◦, at six discrete wavelengths, λ = {435, 525, 650, 780, 940, 1050} 
nm, and an acceptance angle φ = 145.0 mrad. Due to the higher 
acceptance angle, alignment of the device is not necessary, which fa
cilitates the measurement process in the solar fields. Each λ measure
ment is achieved by its own light source and detector combination. 

Fig. 2. Sample exposure rack with marked positions and sample numbers during main and extra campaign (left), detailed view of first inclination rows from the 
horizontal, with sample holders (right).

Fig. 3. Reflectometers used in this study: 1) D&S-15R, 2) D&S-RGB, 3) Condor, 
4) ZGM1130, 5) SOC410, 6) pFlex, 7) CM700d.
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These are positioned in a straight line and separated from each other by 
approximately 1.5 cm. This way, execution of measurement implies 
measurements on six slightly different points on the reflector surface, 
with a total distance of ca. 10 cm. The Condor internally calculates the 
solar-weighted reflectance based on the six wavelength measurements, 
which implies an additional advantage of this device.

The pFlex by PSE, developed in collaboration with Fraunhofer ISE, 
measures at θi = 8⁰ at three different wavelengths, λ = {470, 530, 630} 
nm with an intermediate acceptance angle (compared to the other de
vices) of φ = 67.2 mrad. As for the Condor, no manual alignment is 
necessary during the execution of the soiling measurements. The λ to be 
measured is selected and the measurements are executed manually. 
Handling and data storage are performed with a Bluetooth connected 
smartphone.

Surface Optics developed the SOC 410-Solar (short: SOC410) in 
collaboration with the U.S. Naval Air Systems Command. The SOC410 
measures at θi = 20⁰ in the whole solar spectrum via seven λ ranges of 
varying bandwidths with an acceptance angle of φ = 67.2 mrad, slightly 
higher than the pFlex. The wavelength ranges have a similar width as 
the other devices for the lower wavelengths, but especially at higher 
wavelengths these cover a broad range of 700–800 nm. An integrating 
sphere is used to measure hemispherical and diffuse reflectance, from 
which the near-specular reflectance is determined. As for the Condor, 
the solar-weighted reflectance is determined internally by the device. 
The SOC410 is relatively sensitive to the thickness of second surface 
reflectors, and, according to the manufacturer, it should be aligned by 
the company for the corresponding thickness. The device available for 
this campaign was aligned for first surface reflectors. To account for 
that, an adapter was manufactured that slightly tilts the reflectometer 
relative to the surface thereby ensuring the correct positioning of the 
reflected beam inside the integrating sphere. Consistency of the mea
surements was confirmed before the execution of the campaign, how
ever, it must be noted that this is not the manufacturer’s recommended 
procedure, and an influence on the results cannot be excluded.

The CM700d by Konica Minolta is a device developed to determine 
the color of surfaces. It is widely used for highly standardized mea
surements in sectors such as the automotive industry and other paint- 
related applications [60]. Its use for quality control by mirror manu
facturers and in CST plants has been reported in the past. The device 
measures in a spectral range of λ = [400, 700] nm with 10 nm steps. The 
incidence angle is θi = 8⁰. The exact acceptance angle is not given by the 
manufacturer, but the effective φ has shown to be similar to the one from 
the pFlex device [32]. The CM700d, as the SOC410, uses an integrating 
sphere for the hemispherical and diffuse reflection measurement, and 
the near-specular reflectance is then calculated by the subtracting the 
two magnitudes.

The ZGM1130 by Zehntner is a commercial glossmeter. Although 
glossmeters were not recommended in several publications in the past 
[22,26,29], they are commonly used in-field to determine reflectance in 
several commercial plants and were thus included in this study. Gloss 
measurements are widely used in industries such as paint and coating 
manufacturing [61] and are highly standardized, for example under ISO 
2813 [62]. A variety of commercial equipment exists on the market and 
the ZGM1130 was selected for this campaign due to information that 
this model is used in plants, by personal correspondence. Due to the 
standardization of measurements, only small differences are expected 
between different models. Following the standards, the ZGM1130 
measures at θi = 20⁰, having a white LED source with a peak at λ = 460  
nm. A rectangular opening determines the acceptance angles for this 
device, in contrast to the round openings of the other devices. This re
sults in two acceptance angles determining the included scattered light, 
φ = 15.7 mrad parallel to the plane of reflection and φ = 31.4 mrad 
perpendicular to the plane of reflection. To give a single value for the 
acceptance angle of this device, the mean of the two angles can be taken, 
φ = 23.6 mrad, assuming isotropic scattering behavior. Table 1 presents 
a summary of all the main parameters of the seven reflectometers 

included in this study.

2.2.2. Laboratory reflectometer S2R
The Spectral Specular Reflectometer (S2R) is a laboratory reflec

tometer, designed as an accessory for the commercial Lambda 1050 
spectrophotometer by Perkin Elmer, based on the General Purpose Op
tical Bench (PELA1003) [54]. The device has the capability to determine 
the spectral near-specular reflectance, ρλ,φ, in the solar range, λ = [320, 
2500] nm wavelength, with θi ranging from near normal (ca. 10◦) to 
close to 90◦ and φ = [7.4, 107.4] mrad. With ρλ,φ, the solar-weighted 
reflectance can be determined by the weighting with the solar irradi
ance standard spectrum IEC 60904 [24]. For this campaign, measure
ments were performed at θi = {15, 30, 60}◦ and φ = 12.5 mrad. As 
explained in the introduction, with these incidence angles the important 
range appearing in commercial plants is covered by this equipment. The 
φ selected in this case represents a realistic and the most commonly used 
value. In Fig. 4 left, the measurement setup with the sample in the center 
is displayed. In Fig. 4 right, the position of the illuminated measurement 
spot can be identified. Fig. 5 presents the simplified light path of the 
measurement setup together with its main components.

2.3. Measurement procedure

To determine the correlations between the measurements with the 
different devices, it was chosen to compare results obtained on the exact 
same measurement spots. As natural soiling always possesses a certain 
degree of spatial heterogeneity, reflectance values on soiled surfaces can 
vary substantially across the surface area [43,63]. Taking values of the 
same measurement spots minimizes this effect, with the limit of the 
precision of the measurement point selection and differences in mea
surement spot sizes.

The used laboratory equipment S2R allows for a very precise posi
tioning of the sample to be measured without contact between equip
ment and the reflector surface (Fig. 4 right). The portable devices, by 
contrast, must be placed manually on the sample, introducing posi
tioning uncertainty and unavoidable surface contact. The contact be
tween reflectometers and sample surface potentially alters the soiling on 
the surfaces. This is not problematic during outdoor measurements in 
commercial plants, as the affected area is minimal. However, for the 
here presented study, this effect has to be avoided, as this could 
compromise the comparability of consecutive measurements with 
different devices.

To address both issues of the positioning and to avoid contact, 
custom measurement masks were specifically designed for the different 

Table 1 
Used reflectometer models with main measurement parameters, according to 
manufacturer information.

Model θi 

[◦]
φ [mrad] λ [nm] measurement spot 

diameter [mm]

D&S-15R 15 3.5, 7.5, 
12.5, 23.0

660 10.0

D&S-RGB 15 2.3, 3.5, 
7.5, 12.5, 
23.0

460, 550, 650, 720 10.0

Condor 12 145.0 435, 525, 650, 780, 940, 
1050

2.7

pFlex 8 67.2 470, 530, 630 10.0
SOC410 20 52.4 335–380, 400–540, 

480–600, 590–720, 
700–1100, 1000–1700, 
1700–2500

6.4

CM700d 8 * 400–700 (10 nm steps) 8.0
ZGM1130 20 23.6** white LED, with peak at 

460 nm (smaller at 570)
9.8

*Acceptance angle not given by the manufacturer.
**Mean value of the two acceptance angles, perpendicular and parallel to plane 
of reflection.
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reflectometers. The masks have the tasks to slightly elevate the devices, 
by approximately 1 mm, and allow for a more precise positioning of the 
measurement spot. Preliminary measurements confirmed that elevating 
the reflectometers had a negligible effect on the results. In Fig. 6, the 
designed masks are displayed, together with the adapter developed for 
the SOC410. No masks were used for the SOC410 and the ZGM1130 as 
they had shown a higher sensitivity to the slight lifting of the equipment 
from the reflector surface. For these two devices manual placement was 
used, adding uncertainty to the positioning for measurements.

Due to the more precise positioning of the samples in the S2R 
compared to the reflectometers, for the S2R, one measurement was 
performed per sample. In preliminary measurements, it was confirmed 
that the variations between repeated measurements on the same spot 
were below 0.001. By contrast, for the reflectometers the measurement 
was repeated three times, to account for slight changes in the posi
tioning. The average of the three measurements was then taken as the 
value for the respective sample.

As the Condor uses different measurement spots for the different 
wavelengths, the mask for the Condor allows the movement of the de
vice and the positioning for the respective wavelength on the samples. 

During the evaluation of large reflector facets, the Condor is able to 
calculate the solar-weighted reflectance based on the six single wave
length values. Due to the repositioning between measurements, this 
calculation could not be utilized for these experiments.

All samples from the outdoor campaign were measured, first with the 
S2R and followed by the portable reflectometers. Measurements of a 
clean sample of the same material were performed as well. The clean
liness, ξ, was determined for all devices and samples by dividing the 
soiled value by the clean one: 

ξ =
ρsoiled

ρclean
(1) 

Correlations are then derived by directly comparing measurements per 
sample between the S2R and the respective reflectometer. The reflec
tance or the cleanliness can be used to derive correlations depending on 

Fig. 4. S2R measurement compartment with soiled reflector placed in sample holder (left: 1. light source, 2. mirror sample, 3. off-axis parabolic mirror, 4) aperture 
wheel acceptance angle selection, 5. integrating sphere with detector). Position of the visible measurement spot on sample marked with red arrow (right).

Fig. 5. Diagram of the main light path and components of the S2R setup.

Fig. 6. Measurement masks designed for the different reflectometers: 1) pFlex, 
2) CM700d, 3) D&S-15R, 4) adapter for SOC410, 5) Condor, 6) 10x10 cm2 

sample for reference.
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the interest of the user. As all these direct comparisons show a highly 
linear behavior, linear trend lines (equation ytarget = a*xbase + b with the 
slope a and the y-intercept b) are calculated for the different cases by 
least-square fitting, together with the corresponding coefficients of 
determination R2, as measures of the quality of the linear fit. The closer 
the R2 is to one, the better the linear fit represents the data.

3. Results

In this section, the results are presented, beginning with a qualitative 
visual evaluation of the soiling pattern forming on the exposed samples. 
Then, the results from the S2R measurements are analyzed, including 
the spectral and solar-weighted reflectance of the different soiling levels. 
This is followed by the spectral comparison of all devices to the 
respective S2R values. The main results are then shown, presenting the 
correlations to the previously defined target values ROI and COI, and 
finishing with a comparison of such correlations to data from several 
studies published by different groups in the past.

3.1. Qualitative visual inspection of soiled samples

In Fig. 7, images of samples of all soiling groups (one group is defined 
by the same tilt and the same exposure period, e.g., samples 1–3) are 
presented. It can be seen that a relatively homogeneous soiling develops 
over the surfaces, but notable local heterogeneities can be distinguished, 
which seem to be more pronounced in the case of the second campaign 
(sample 31 and 33). This could be caused by some nighttime dew for
mation on the samples and the local accumulation of particles. In 
addition, the spots where the sample holders were fixed, and thus pro
tected from soiling on the sample edges are visible. Subjectively, the 
strongest soiling can be seen on the first samples, horizontally facing 
upwards, and a decreasing level of soiling at higher inclination angles, 
closer to vertical and facing downwards. The level of soiling during the 
extra campaign is considerably lower than for the first one, with the two 
samples S4 and S31 shown in the image coming from the same 
inclination.

3.2. Laboratory measurements − spectral specular reflectance

In Fig. 8, the spectral near-specular reflectance measured with the 
S2R is displayed for all samples, used as the target value for the com
parison to the reflectometers, at θi = 30⁰. Towards the higher end of the 
spectrum, close to 2500 nm, the noise level of the measurements is high. 
This does not negatively affect the significance of the measurement as it 
is limited to a small part of the spectral range, where the solar irradiation 
portion is low. Some samples from the first campaign were not 
measured, namely samples 15 to 21, as preliminary measurements had 
shown, that from samples 10 to 21, cleanliness values are close to 1 and 

thus data does not contribute new information. Several groups of 
reflectance values can be distinguished. Samples that were placed hor
izontally (1 to 3) and near horizontally (4 to 6), show the lowest 
reflectance in the range of 70 % over most part of the spectrum, with the 
mean of the horizontal ones slightly higher than that of the tilted ones. 
The samples 7 to 9, the next further tilted group shows higher reflec
tance values, still below 80 %, with little difference between the sam
ples. From sample 10 on, vertical and down-facing, the reflectance is 
already in the range above 90 % in the main part of the spectrum and 
with that close to the value in the clean state, which is represented by 
S40 (yellow line). Samples 31 to 36 were positioned during the extra 
campaign in the same way as samples 1 to 6 during the main campaign. 
As can be seen, they successfully fill the gap in the 80 % range (dashed 
lines), as intended for this extra exposure campaign. For all soiling 
levels, the reduction in reflectance is relatively constant over the whole 
spectral range.

To better visualize the spectral behavior of the soiling, and the 
reduction in reflectance it causes, in Fig. 9, the absolute reflectance 
difference to the clean material is displayed. It can be seen that the 
reflectance reduction is fairly constant over a large part of the spectrum. 
Stronger spectral variations can only be seen for wavelengths below 400 
nm and above around 2200 nm. The strongest reflectance reduction is in 
the visible range, with a slight decrease towards higher wavelengths. 
The variations over the spectrum are more pronounced the higher the 
total soiling level is. As the portable reflectometers mainly measure in 
the above-mentioned range, a limited spectral influence on the reflec
tance decay by soiling is expected when using such equipment. Only 
three of the SOC410 wavelength bands lie considerably below 400 nm 
or above 1050 nm, while the rest of all the reflectometer values stay 
well within these limits.

As mentioned, the reflectance at θi = 30⁰ is shown in Fig. 8 and Fig. 9, 
because it is the main value later used for the correlations. The general 
behavior is the same for the other measured θi, with decreasing total 
values at higher incidence angles. In Fig. 10, the solar-weighted values 
are displayed for the three measured θi and all samples. For the most 
heavily soiled samples, the differences between 15⁰ and 60⁰ lie in the 
range of 6 to 10 %pt, while for the cleaner ones they are in the range of 1 
to 2 %pt and an average of all differences of 4.4 %pt. Differences be
tween 15⁰ and 30⁰ measurements are rather low, with a maximum dif
ference of 1.7 %pt for the most soiled sample and an average of 0.4 %pt. 
At low soiling levels (ξ > 0.9), differences are lower than 0.2 %pt.

3.3. Comparison of the spectral behavior of all devices

To compare the spectral behavior of the different devices, the data 
for two exemplary samples, a clean sample and one of the most soiled 
ones, are presented for all devices. In addition, the spectra measured 
with S2R at the three different incidence angles are included, to show 

Fig. 7. Images of soiled samples, from every group, from lowest cleanliness to highest (samples 1, 4, 7, 31, 33, 10, 13, 40), 40 is clean sample for reference.

J. Wette et al.                                                                                                                                                                                                                                    Solar Energy 302 (2025) 114057 

7 



the influence of this parameter and its variation with soiling level. The 
ROI considered in the present study, the solar specular reflectance at 30◦

of incidence and 12.3 mrad of acceptance, is displayed as a horizontal 
grey line. In Fig. 11, the clean sample data and in Fig. 12 the soiled 
sample data is shown. As expected, the general behavior is a higher 
reflectance for the clean sample for all devices, as well as smaller dif
ferences between devices for that sample. As explained in the previous 
chapter, for the clean sample (see Fig. 11), the S2R values with different 
incidence angles vary only slightly. Also, the differences of the portable 
reflectometers from the S2R are low, with a mean difference of all 
spectral values of 0.004, which can be explained by the low scattering on 
this sample and with that the negligible influence of the variation in 
acceptance angle between devices. The highest differences are detected 
for the CM700d (mean difference of 0.012), which was reported in the 
past due to calibration issues [32]. The value of the SOC410 at the 
highest wavelength also shows a considerable difference to the S2R 
values (0.037). This can be explained by the covered wavelength band of 

the SOC410 in this part of the spectrum, ranging from 1700 to 2500 nm, 
and this way representing the mean value of this whole part, where the 
S2R results show a considerable reflectance drop.

For the soiled sample (see Fig. 12), the overall reflectance is lower 
and differences between devices and incidence angles are higher. A 
small variation between 15⁰ and 30⁰ incidence angle of the S2R (mean 
spectral difference 0.007) is detected, compared to a considerably 
higher difference between 30⁰ and 60⁰ (mean of 0.055). Due to the 
nearly identical acceptance angle used with the D&S-15R and D&S-RGB, 
their values agree very well with the S2R value at 15⁰ incidence. The 
highest differences from the S2R are detected for the Condor, in agree
ment with its highest acceptance angle. The values of pFlex, SOC410 and 
CM700d lie in between these, with the SOC410 being the lowest of these 
three, in accordance with its slightly lower acceptance angle. It is 
fundamental to acknowledge that these differences do not arise from 
measurement errors, but are due to the differently chosen acceptance 
angles.

Fig. 8. Reflectance spectra measured with S2R at θi = 30⁰ and φ = 12.5 mrad for all 20 soiled samples measured, 31–36 from extra campaign with dashed lines, 40 is 
clean sample.

Fig. 9. Difference in reflectance measured with S2R at θi = 30⁰ and φ = 12.5 mrad for all measured samples between clean and soiled, 31–36 from extra campaign 
with dashed lines.
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Even though the ZGM1130 has a white LED source, emitting in the 
range of around 450 to 700 nm, its data is also included for both sam
ples. The ZGM1130′s strongest peak wavelength at ca. 460 nm is selected 
to represent its reflectance data in the spectral charts. Agreement with 
S2R measurements is very good for the clean sample and a slight over
estimation of the reflectance can be detected for the soiled samples due 
to the higher acceptance angle of the device.

3.4. Standard deviations of portable reflectometer measurements

As the soiling on the sample surfaces shows a certain degree of het
erogeneity, the standard deviation of the three measurements per sam
ple with the portable devices gives an indication of the magnitude of the 
heterogeneity. In general, the standard deviations for all devices are 
rather low throughout the whole campaign. This was achieved by using 

the same measurement spots for all measurements, especially in com
parison with past campaigns including measurements on larger areas, 
where the selection of the same spots was not used (see, for example, 
[50,52]). In Table 2, the mean values of the standard deviation over all 
specimens are presented per device. The total average of all devices is 
0.0018, which is a low value. All the devices that used the measurement 
masks, the D&S models, Condor, CM700d and pFlex, show standard 
deviations well below 0.0015. The SOC410 and the ZGM1130, on the 
other hand, present higher values with means of 0.005 and 0.003, 
respectively, due to lower positioning accuracy. In Fig. 13, two graphs 
are shown that present the standard deviations of reflectance for all 
samples versus the mean reflectance values. On the left, the devices with 
all standard deviation values staying below 0.002 are displayed, without 
a clear tendency toward lower mean reflectance values. On the right, the 
rest of the devices are presented, with a tendency of higher standard 

Fig. 10. Solar-weighted reflectance determined with S2R for all samples at three incidence angles (θi={15, 30, 60}◦).

Fig. 11. Spectral specular reflectance of all devices and ROI for the clean reference sample. The values in [mrad] refer to the acceptance angle, and the values in [◦] 
to the incidence angle.
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deviations towards lower mean reflectance values (stronger soiling). 
Again, the higher values for SOC410 and ZGM1130 can be distin
guished, with absolute maximum values of 0.012 and 0.008, respec
tively. Condor and pFlex deviations are lower, with a maximum outlier 
for the Condor of 0.01. The magnitude of all standard deviations does 
not have a considerable negative impact on the later developed linear 
correlations for any device, as is shown in the next section.

3.5. Correlations between reflectometer readings and values of interest

As explained in the introduction, the values of interest, to which the 
reflectometer readings should be translated, are ROI and COI computed 
with the spectra measured with the S2R at φ = 12.5 mrad and θi = 30⁰, 
the most relevant values for the PSA case. These parameters may differ 
depending on the specific case of interest. To determine the correlation 

Fig. 12. Spectral specular reflectance of all devices and ROI for one of the most heavily soiled samples S2. The values in [mrad] refer to the acceptance angle, and the 
values in [◦] to the incidence angle.

Table 2 
Average values of standard deviations for all samples per devices, total average over all devices.

Device D&S-15R D&S-RGB Condor CM700d pFlex ZGM1130 SOC410 Total average

λ [nm] 660 650 650 650 639 white 620 −

Average standard deviation 0.0004 0.0005 0.0014 0.0005 0.0014 0.0032 0.0053 0.0018

Fig. 13. Standard deviations of the reflectance measurement with the different reflectometers plotted versus the mean value.
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between each portable reflectometer reading and this target parameter, 
the values are directly compared for all the samples included in this 
study with the different soiling levels. This is done directly for the 
reflectance and also with the cleanliness values.

To be able to compare the behavior of all portable devices, in Fig. 11, 
their values at a similar wavelength are plotted against the ROI (on the 
left) and COI (on the right). As all devices except for the ZGM1130 
provide a value at a wavelength corresponding to red light, in the range 
of λ = [620, 660] nm, these values are used in Fig. 11. For the ZGM1130, 
the white light value is taken as the only parameter produced by this 
equipment. The linear trend lines for all devices are included together 
with the corresponding equations and R2 values. The line representing 
equality between devices (reflectometer value = ROI or COI, x = y) is 
displayed in grey.

Evaluating the reflectance data, the first main finding is that data 
from all reflectometers show a very linear behavior with negligible 
dispersion. This means all devices allow the determination of ROI and 
COI using the correlations. R2 values are all close to one, with most 
values being above 0.99, proving an excellent approximation of the 
linear equation. The Condor data shows a slightly lower value of R2 =

0.987, which might be explained by the small measurement spot size, 
compared to the other devices. As the other devices measure on a larger 
area, the spatial heterogeneity of the soiling can lead to higher varia
tions in the results. During normal in-field measurements with the 
Condor, measurements on six spots are combined, leading to a similar 
covered area compared to the other devices.

The second main finding is that the three devices with the lowest 
acceptance angle, and with that the closest to the target parameter, lie 
very close to the ROI and COI. Both D&S devices have the same accep
tance angle as the target parameter and thus the slope of the linear 
equations are close to one (aD&S-15R = 1.02, aD&S-RGB = 0.99). The 
acceptance angle of the ZGM1130 is higher and thus the differences to 
the target value are greater at stronger soiling levels, due to stronger 
scattering, resulting in a slightly higher slope (aZGM1130 = 1.05).

All the other reflectometers have considerably higher acceptance 
angles, which leads to larger differences at higher soiling levels. This 
results in higher slopes of their linear trend lines, mainly depending on 
the acceptance angle. The SOC410 and Condor have the lowest and 
highest acceptance angle of this group, respectively, which results in the 
lowest and highest slopes. The differences due to the acceptance angle 

have no negative influence of the outcome of the target value when the 
correlations are used.

The general behavior is the same when evaluating the cleanliness 
instead of the reflectance (see Fig. 14 on the right). Due to normalization 
to the reflectance in the clean state, all trend lines coincide at 1. This 
mainly cancels the influence of the calibration of the devices, as well as 
the initial reflectance in the clean state, when comparing different 
materials.

In the following section, the same type of graph as shown above is 
displayed for all available wavelengths per device. D&S-15R and 
ZGM1130 are not included in this additional analysis as they only pro
vide one spectral value, which is already included in Fig. 14.

Fig. 15 shows all D&S-RGB values versus the target value. As before, 
a favorable linear approximation is achieved for the evaluated param
eters (R2 > 0.997). The value at λ = 460 nm is slightly lower for the D&S- 
RGB (to the right of the x = y-line), which can be explained by the fact 
that this value already is in the spectral range where the reflectance 
shows a downward trend (compare Fig. 9).

In Fig. 16, the values for all wavelengths of the Condor are presented. 
As explained in the methodology, the devices apart from the D&S use 
higher acceptance angles to increase ease of use and reduce the need for 
alignment and user errors. The Condor design includes the highest 
acceptance angle of the included devices, which leads to the highest 
flexibility concerning thickness and curvature of the reflectors to be 
measured. On the other hand, due to the high angle, it shows the highest 
differences of all devices to the ROI and COI, especially at higher soiling 
levels. The value at λ = 435 nm, similar to the D&S-RGB, shows lower 
values than the other wavelengths, due to the lower spectral reflectance 
in that wavelength range. All correlations show good linear behavior 
though, permitting the use of the correlations to determine the target 
value, with slightly lower R2 values, with a minimum 0.965, indicating 
slightly higher deviations from the linear behavior.

In Fig. 17, the data for the three wavelengths of the pFlex are dis
played. The quality of the linear fit is similar to the other devices, with 
R2 values above 0.99. Once again, the behavior of slightly lower 
reflectance values closer to the low wavelength range in which the 
reflectance declines can be recognized (at λ = 535 nm and λ = 465 nm).

As the CM700d gives values for the whole spectral range between 
400 and 700 nm, only exemplary data is shown here. Selected are the 
values similar to D&S-15R and pFlex for comparison, that is λ = {460, 

Fig. 14. Comparison of data from all reflectometers to the target value, red light source values where available (white for ZGM1130). Left: ROI, right: COI.
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530, 660} nm. Linear trend lines show good approximation, see Fig. 18. 
According to the results, the effective acceptance angle of the CM700d 
seems to lie higher than the pFlex one, but still considerably lower than 
the Condor value.

In Fig. 19, the data for the seven wavelengths of the SOC410 are 
plotted. Looking at the reflectance data (on the left), two groups of 
values can be distinguished: the two values at both ends of the spectrum 
(370 and 1820 nm) in contrast with the other values. These other values 
show similar behavior to the other reflectometers. At similar wave
lengths, they show lower differences to the target value than the pFlex 
and CM700d, according to the lower acceptance angle of the SOC410. 
The two values at the ends of the spectrum lie in the range where 
stronger variations of the reflectance exist, which causes stronger dif
ferences to the target value. This can be explained by comparing the 

spectral reflectance data of the clean and soiled samples in Fig. 11 and 
Fig. 12. While the value at high wavelength (λ = 1820 nm) lies above 
the solar-weighted values for the clean sample and below for the soiled 
one, the reflectance at the low wavelength (λ = 370 nm) is considerably 
lower than the solar-weighted value for all soiling levels. Looking at the 
cleanliness, the influence of the lower spectral reflectance at low and 
high wavelengths decreases, and the behavior is more similar to the 
other equipment.

To show the influence of different incidence angles for the value of 
interest, the correlations to the other incidence angles for all re
flectometers were calculated as well. The general behavior of robust 
linear correlation is the same as for the results presented above at 30⁰ 
incidence. As the solar-weighted reflectance decreases with increasing 
incidence angle, and the reflectometers with higher acceptance angles 

Fig. 15. D&S-RGB values for all wavelengths included, reflectance and cleanliness compared to the target values, ROI and COI.

Fig. 16. Condor values for all wavelengths included, reflectance and cleanliness versus target values, ROI and COI.

J. Wette et al.                                                                                                                                                                                                                                    Solar Energy 302 (2025) 114057 

12 



usually show higher values than the S2R value, the differences also in
crease with the incidence angle. To illustrate this behavior, two exam
ples are displayed in Fig. 20, including the three measured incidence 
angles. On the left the data for the D&S-15R with the smallest accep
tance angle and on the right for the Condor (at the same wavelength as 
D&S-15R) with the highest acceptance angle are displayed. Differences 
are rather small for target values with 15⁰ and 30⁰ incidence, but 
stronger differences can be seen for 60⁰, especially at higher soiling 
levels.

The full dataset for all linear correlations of all target incidence an
gles and all reflectometer wavelengths can be consulted in the appendix 
for the reflectance and cleanliness.

3.6. Comparison of correlations to results from past campaigns

Several questions remain to be addressed concerning the validity of 
the correlations between measurement devices and parameters. For 
example, in the past the question on the influence of the type of soiling 
on the reflectance was raised. Depending on the size and composition of 
the particles, and the way they adhered to the surface (e.g. involving dry 
or humid conditions, different heterogeneous soiling pattern formation), 
the absorption and scattering may change and thus influence 
acceptance-angle- and wavelength-dependent behavior [53]. In princi
ple, this limits the use of the correlations to the PSA for which they were 
developed.

To gain experience on the universality of the correlations found here, 
the values of this work were compared to previously published data. In 
the following paragraph, data from three publications, involving 

Fig. 17. pFlex values for all wavelengths included, reflectance and cleanliness over target values, ROI and COI.

Fig. 18. CM700d values for three wavelengths, reflectance and cleanliness versus target values, ROI and COI.
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combinations of the same devices used for this study, are compared to 
this data. All of these references used soiling measurements on the same 
type of material (namely 4 mm silvered-glass reflectors). These previous 
studies do not include the here used ROI/COI values, and thus only allow 
evaluation of the direct comparison of the portable devices in question.

Sansom et al. [50] conducted an outdoor measurement campaign at 
the PSA in 2015. The D&S-15R and the Condor device were included in 
the study. During a three-week period, measurements were taken on 
three facets of a PTC, with five measurements per facet. The publication 
includes a direct comparison of the reflectance of the two devices, taking 
the 650 nm value for the Condor. A linear correlation was found with 
the following parameters ρD&S = 1.782*ρCondor-0.741. The same com
parison is performed with the data from the here presented study and is 
displayed in Fig. 21. The resulting equation for this experiment is ρD&S =

1.6*ρCondor-0.59, which is in reasonable agreement with the other 

campaign. This agreement indicates that soiling form different seasons 
only has a limited influence on the correlations. The trend line and 
covered reflectance range are marked in blue in the figure. The data of 
the 2015 campaign shows much more scattering, resulting in a lower R2 

value of 0.752, compared to a value of R2 = 0.991 for this campaign. 
This scattering may also explain the differences in the values of the 
linear trend lines. Absolute differences from the linear trend exceed 3 % 
pt of reflectance for some of the data points. Causes of the high scat
tering may be the fact that outdoor measurements are performed and, 
above all, that measurements are not taken on the same measurement 
spots with the two devices, but mean values of whole-facet measure
ments are taken into account. In addition, the soiling range for the first 
study is limited to reflectance values over 0.860, while much lower 
reflectance values (minimum 0.7) are included for the current one.

A similar campaign was published by Crawford et al. [52] in 2012. 

Fig. 19. SOC410 values, all wavelengths, reflectance and cleanliness versus target values, ROI and COI.

Fig. 20. One reflectometer vs. ROI at three incidence angles (S2R), left: D&S-15R, right: Condor − 650 nm.
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Here, measurements from D&S-15R, Condor and SOC410 were per
formed on a PTC in Lakewood, USA during six months. The SOC410 
measurements showed inconclusive results and the hypothesis of facet 
thickness and curvature influence was raised. This could point to a 
similar issue as for the device in this study, which was addressed here 
with the designed adapter. The comparison of Condor and D&S-15R 
reflectance values resulted in a linear approximation with the following 
parameters: ρD&S = 1.13*ρCondor-0.13. Here the resulting R2 was 0.81. 
The slope of the equation here is much lower than for the other data, 
which indicates a lower influence of the acceptance angle. The included 
soiling range for this study is even lower than for the one presented 
before, with minimum values of reflectance around ρD&S = 0.9. Covered 
reflectance range and resulting trend line from the study are included in 
Fig. 21 in green. Even though much lower cleanliness values are usually 
avoided during commercial operation, for the determination of the 
correlations, it may be beneficial to include low cleanliness values, to 
improve the precision of the calculation of the slope. This is especially 
recommended when scattering of data is high. It is not possible to decide 
at this point whether differences in the correlations between studies 
stem from the high scattering and low covered range or are due to other 
factors, such as the potentially different soiling types.

A recent study was performed by Anderson et al. [51], in which 
artificial soiling was used and the impact of dry and condensation 
conditions was evaluated. Natural dust from a site in Mount Isa, 
Australia, was employed to artificially soil reflector samples under lab
oratory conditions. Several techniques were applied to determine the 
soiling impact, including reflectance measurements with the D&S-15R 
and the pFlex (at λ = 630 nm). In Fig. 22, the data for these two devices 
are displayed for three conducted campaigns of this study (“dry, wet, 
and wet cycle”), together with the data from the present campaign. 
Excellent agreement between both studies is found with very similar 
equation parameters, with near-perfect match e.g. of the cited “dry” 
campaign of ρpFlex = 1.35*ρD&S-0.35 in comparison to ρpFlex = 1.34*ρD&S- 
0.34 for the actual campaign. Values for the “wet” campaign are equally 
good, and slight differences exist with the “wet cycle” conditions. R2 are 
still high for the cited campaigns with a minimum value of 0.919 for the 
“wet cycle” case due to more scattering of the data. The very good 
agreement shows that the difference in soiling type, from two different 
sites (Almería and Mount Isa), does not have a significant impact on the 

validity of the found correlations between the portable reflectometers in 
this case. It is strongly recommended to include ROI/COI measurements 
from different sites in future campaigns to further investigate the com
plex influence of soiling type on cleanliness.

4. Conclusions

Linear correlations between the readings determined with a portable 
reflectometer and the target values of interest (i.e., the solar specular 
reflectance and the cleanliness measured at the typical incidence and 
acceptance angle of the given plant) were found for all commercial re
flectometers and corresponding wavelengths included in this study. This 
allows for the translation of the reflectometer readings to the much more 
significant values ROI and COI. Such a translation requires determining 
the linear coefficients between reading values of the adopted reflec
tometer and the results obtained with an instrument suitable for 
measuring the reflectance at the incidence and acceptance angles of 
interest of the given plant, such as the S2R. This results in benefits for 
various stakeholders of CST applications. Plant owners and operators 
can improve their cleaning strategies, as well as yield calculation and 
prediction. It can also facilitate a better intercomparison of various sites. 
For researchers and developers, advantages lie in the possibility of 
comparing measurement campaigns, validate methods for different sites 
and develop advanced soiling models. It was shown that, without the use 
of correlations, the readings of the devices with lower acceptance angles 
show smaller variations to the target values, ROI and COI, due to the 
similarity in the acceptance angle.

The correlations were developed using soiling at one specific site. 
Additional data was included for several direct reflectometer compari
sons, without ROI measurements available. Two seasons at the studied 
site were compared without variations in the correlations, which in
dicates an insignificant seasonal influence. Very good agreement was 
found for a previously published study with a different soiling type, 
which indicates a low dependence of the direct correlation between 
reflectometers on the soiling type. Former works had implied that the 
correlations are highly site-specific, though. This is why investigations 
on the validity of the correlation are recommended for further sites and 
especially including ROI measurements.

Fig. 21. Reflectance of the Condor at 650 nm versus the D&S-15R values, data 
points of actual campaign in red, covered ranges and trend lines from previous 
studies marked in blue [50] and green [52].

Fig. 22. Measurement data from [11], including three campaigns and the 
present campaign, cleanliness data from pFlex versus D&S-15R together with 
corresponding linear trend lines.
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The methodology presented in this work may serve to establish 
additional correlations for different sites and values of interest. Experi
ence from this campaign leads to two main recommendations for 
determining the correlations. Firstly, due to the inherent heterogeneity 
of soiling, measurements from the same spots on samples or facets 
should be compared. Alternatively, a high number of measurements 
could be used to ensure representative mean values. Secondly, including 
a wider range of cleanliness values (cleaner and more soiled material) 
may benefit the quality of the correlations.

The important range of incidence angles for CST technologies is 
covered here, but for the acceptance angle the investigation was limited 
to the most significant mean value. If other acceptance angles are of 
interest, correlations should be adapted. Also, a further evaluation of the 
influence on the time-dependent local acceptance angle is recommended 
for future studies.
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Appendix 

Tables correlation functions.

Table A1 
Correlation coefficients of D&S-15R to ROI/COI.

Value of interest Reflectometer [nm] Linear equation
a b R2

ROI (15⁰, 12.5mrad) D&S-15R 660 0.977 0.01 0.995
ROI (30⁰, 12.5mrad) 1.023 − 0.033 0.996
ROI (60⁰, 12.5mrad) 1.227 − 0.241 0.996
COI (15⁰, 12.5mrad) 0.975 0.026 0.994
COI (30⁰, 12.5mrad) 1.016 − 0.016 0.996
COI (60⁰, 12.5mrad) 1.274 − 0.274 0.996

Table A2 
Correlation coefficients of D&S-RGB, all wavelengths, to ROI/COI.

Value of interest Reflectometer [nm] Linear equation
a b R2

ROI (15⁰, 12.5mrad) D&S-RGB 460 0.885 0.104 0.997
550 0.907 0.072 0.996
650 0.948 0.035 0.997
720 0.958 0.029 0.996
white 0.899 0.076 0.996

ROI (30⁰, 12.5mrad) 460 0.927 0.065 0.998
550 0.95 0.032 0.998
650 0.993 − 0.007 0.999
720 1.004 − 0.013 0.998
white 0.942 0.036 0.998

ROI (60⁰, 12.5mrad) 460 1.111 − 0.122 0.996
550 1.138 − 0.163 0.997
650 1.19 − 0.209 0.997
720 1.203 − 0.216 0.996
white 1.129 − 0.157 0.997

COI (15⁰, 12.5mrad) 460 0.867 0.133 0.995
550 0.909 0.091 0.995
650 0.955 0.045 0.997
720 0.965 0.035 0.996
white 0.906 0.095 0.995

COI (30⁰, 12.5mrad) 460 0.904 0.097 0.996
550 0.948 0.053 0.997
650 0.996 0.005 0.998
720 1.006 − 0.006 0.998
white 0.944 0.056 0.997

(continued on next page)
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Table A2 (continued )

Value of interest Reflectometer [nm] Linear equation
a b R2

COI (60⁰, 12.5mrad) 460 1.133 − 0.133 0.996
550 1.188 − 0.188 0.996
650 1.248 − 0.248 0.996
720 1.261 − 0.261 0.995
white 1.183 − 0.184 0.996

Table A3 
Correlation coefficients of Condor, all wavelengths, to ROI/COI.

Value of interest Reflectometer [nm] Linear equation
a b R2

ROI (15⁰, 12.5mrad) Condor 435 1.374 − 0.356 0.983
525 1.423 − 0.431 0.963
650 1.563 − 0.562 0.983
780 1.595 − 0.582 0.969
940 1.717 − 0.676 0.982
1050 1.688 − 0.666 0.987

ROI (30⁰, 12.5mrad) 435 1.44 − 0.418 0.986
525 1.495 − 0.499 0.97
650 1.639 − 0.634 0.987
780 1.675 − 0.657 0.976
940 1.802 − 0.754 0.987
1050 1.769 − 0.742 0.99

ROI (60⁰, 12.5mrad) 435 1.725 − 0.701 0.984
525 1.795 − 0.802 0.973
650 1.967 − 0.963 0.99
780 2.013 − 0.993 0.98
940 2.166 − 1.111 0.992
1050 2.123 − 1.093 0.991

COI (15⁰, 12.5mrad) 435 1.461 − 0.463 0.975
525 1.536 − 0.537 0.957
650 1.657 − 0.657 0.981
780 1.695 − 0.696 0.965
940 1.66 − 0.659 0.98
1050 1.772 − 0.773 0.984

COI (30⁰, 12.5mrad) 435 1.524 − 0.525 0.979
525 1.604 − 0.605 0.965
650 1.728 − 0.728 0.985
780 1.768 − 0.769 0.972
940 1.731 − 0.73 0.984
1050 1.848 − 0.848 0.988

COI (60⁰, 12.5mrad) 435 1.906 − 0.908 0.965
525 2.008 − 1.01 0.958
650 2.164 − 1.166 0.98
780 2.216 − 1.218 0.968
940 2.174 − 1.174 0.992
1050 2.314 − 1.315 0.982

Table A4 
Correlation coefficients of pFlex, all wavelengths, to ROI/COI.

Value of interest Reflectometer [nm] Linear equation
a b R2

ROI (15⁰, 12.5mrad) pFlex 465 1.189 − 0.185 0.987
535 1.249 − 0.247 0.993
630 1.318 − 0.312 0.99

ROI (30⁰, 12.5mrad) 465 1.247 − 0.239 0.991
535 1.308 − 0.303 0.995
630 1.38 − 0.371 0.992

ROI (60⁰, 12.5mrad) 465 1.495 − 0.487 0.99
535 1.568 − 0.564 0.994
630 1.656 − 0.646 0.992

COI (15⁰, 12.5mrad) 465 1.222 − 0.222 0.986
535 1.243 − 0.243 0.992
630 1.306 − 0.306 0.989

COI (30⁰, 12.5mrad) 465 1.274 − 0.274 0.991
535 1.296 − 0.296 0.995
630 1.362 − 0.361 0.991

COI (60⁰, 12.5mrad) 465 1.596 − 0.597 0.984

(continued on next page)
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Table A4 (continued )

Value of interest Reflectometer [nm] Linear equation
a b R2

535 1.625 − 0.625 0.993
630 1.707 − 0.708 0.992

Table A5 
Correlation coefficients of CM700d, all wavelengths, to ROI/COI.

Value of interest Reflectometer [nm] Linear equation
a b R2

ROI (15⁰, 12.5mrad) CM700d 460 1.407 − 0.372 0.99
530 1.432 − 0.418 0.991
660 1.513 − 0.498 0.994

ROI (30⁰, 12.5mrad) 460 1.474 − 0.434 0.992
530 1.5 − 0.482 0.993
660 1.584 − 0.565 0.995

ROI (60⁰, 12.5mrad) 460 1.764 − 0.718 0.987
530 1.795 − 0.776 0.988
660 1.895 − 0.875 0.99

COI (15⁰, 12.5mrad) 460 1.439 − 0.439 0.988
530 1.49 − 0.49 0.989
660 1.579 − 0.579 0.991

COI (30⁰, 12.5mrad) 460 1.5 − 0.501 0.991
530 1.553 − 0.554 0.992
660 1.646 − 0.646 0.993

COI (60⁰, 12.5mrad) 460 1.877 − 0.878 0.979
530 1.943 − 0.944 0.98
660 2.058 − 1.06 0.981

Table A6 
Correlation coefficients of SOC410, all wavelengths, to ROI/COI.

Value of interest Reflectometer [nm] Linear equation
a b R2

ROI (15⁰, 12.5mrad) SOC410 370 1.096 0.045 0.982
480 1.089 − 0.088 0.995
546 1.109 − 0.117 0.995
620 1.161 − 0.162 0.996
955 1.244 − 0.232 0.995
1230 1.279 − 0.267 0.994
1820 1.35 − 0.28 0.995

ROI (30⁰, 12.5mrad) 370 1.149 0.003 0.985
480 1.14 − 0.135 0.996
546 1.161 − 0.165 0.996
620 1.215 − 0.212 0.995
955 1.301 − 0.285 0.995
1230 1.338 − 0.322 0.994
1820 1.413 − 0.335 0.994

ROI (60⁰, 12.5mrad) 370 1.376 − 0.197 0.983
480 1.364 − 0.361 0.99
546 1.389 − 0.396 0.99
620 1.452 − 0.453 0.99
955 1.556 − 0.54 0.988
1230 1.6 − 0.583 0.988
1820 1.689 − 0.599 0.988

COI (15⁰, 12.5mrad) 370 0.889 0.112 0.972
480 1.096 − 0.097 0.995
546 1.124 − 0.124 0.995
620 1.175 − 0.175 0.996
955 1.263 − 0.264 0.995
1230 1.298 − 0.298 0.994
1820 1.303 − 0.303 0.995

COI (30⁰, 12.5mrad) 370 0.926 0.075 0.974
480 1.143 − 0.143 0.996
546 1.172 − 0.172 0.996
620 1.225 − 0.225 0.995
955 1.316 − 0.317 0.994
1230 1.353 − 0.353 0.994
1820 1.358 − 0.358 0.994

COI (60⁰, 12.5mrad) 370 1.163 − 0.162 0.979
480 1.43 − 0.431 0.988

(continued on next page)
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Table A6 (continued )

Value of interest Reflectometer [nm] Linear equation
a b R2

546 1.467 − 0.467 0.988
620 1.533 − 0.533 0.987
955 1.647 − 0.648 0.984
1230 1.692 − 0.693 0.984
1820 1.699 − 0.7 0.985

Table A7 
Correlation coefficients of ZGM1130 to ROI/COI.

Value of interest Reflectometer [nm] Linear equation
a b R2

ROI (15⁰, 12.5mrad) ZGM1130 white 1 0.003 0.992
ROI (30⁰, 12.5mrad) 1.048 − 0.041 0.995
ROI (60⁰, 12.5mrad) 1.257 − 0.251 0.996
COI (15⁰, 12.5mrad) 0.985 0.015 0.991
COI (30⁰, 12.5mrad) 1.027 − 0.027 0.994
COI (60⁰, 12.5mrad) 1.288 − 0.288 0.995
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