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ARTICLE INFO ABSTRACT

Keywords: Solar energy conversion is highly affected by soiling of collector surfaces, potentially decreasing the yield of
Concentrated solar thermal running systems. Design, operation, and maintenance strategies of solar energy plants have the potential to
Heliostat

mitigate the most severe consequences of soiling. In this study, the soiling of tracked heliostats of concentrating
solar thermal technologies based on central receiver systems is investigated and how the selection of the stow
position during inactivity impacts the soiling of the reflectors used. For this, a long duration campaign was
conducted, covering more than a whole year at a central tower system of the CIEMAT-Plataforma Solar de
Almeria, with regular measurements on two heliostats during realistic operation. Two stow positions were
chosen to compare between the heliostats: the reflector side facing-up towards the sky and down towards the
ground. Important benefits in soiling protection were detected for the face-down option, resulting in a nearly
seven times lower soiling rate for this case compared to the face-up position. This results in a higher yearly
average cleanliness of 0.984 for face-down compared to 0.895 for face-up stow. Further key parameters were
investigated, such as tracking-stow time ratio, inclination and height above ground, and the used measurement
equipment, and their impact on soiling was quantified. The results of this study are intended to serve as an input
parameter for future developments, concerning new heliostat designs, operational strategies and measurement
procedures.
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process heat at different temperature ranges [6].

To assure the growth and commercial success of solar energy tech-
nologies, efficiencies and costs have to further decrease. Operation and
maintenance (O&M) of commercial plants plays an important role here
[7]. One factor that can negatively influence the efficiency of the plants
and have an impact on O&M, is the soiling of the solar collectors (PV
panels and CST reflectors). The effect of soiling is direct by lowering the
optical efficiency of the system, decreasing the converted energy, and
indirect by increasing the need for the cleaning of the collectors, leading
to higher expenses in O&M (labor, energy, water, etc.) [8,9]. A study
from 2019 estimated the global annual revenue losses due to soiling for
solar energy applications to 4-7 billion € in 2023 [10]. Favorable solar
resources (high annual solar irradiation) frequently exist at locations,
where at the same time the climate is arid and potentially desertic
[11-13]. These places are often characterized by high loads of airborne
dust and sand. These kinds of particles can precipitate on the solar

1. Introduction

Climate change has been identified as one of the key challenges
humanity is facing in the present by the global community and recog-
nized by international institutions as the United Nations and the World
Economic Forum [1,2]. Renewable energies play a crucial role in the
necessary decarbonization of human activities by decreasing the reli-
ance on fossil fuels and the emission of greenhouse gases [3]. One of the
main sources of renewables is solar energy, which has seen a tremendous
growth over recent years due to its advances in efficiency and its sub-
stantial cost reductions [4]. This growth was mainly driven by photo-
voltaics (PV), but to a lower extent also by concentrated solar thermal
(CST) technologies [5]. The potential for CST and its importance for the
future development is mainly seen in its ability to provide efficient en-
ergy storage for extended periods of time and the direct delivery of
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Nomenclature

Symbols

0; Incidence angle [°]

A Wavelength [nm]

p Reflectance [-]

Ps0 Solar-weighted near-normal near-specular reflectance [-]
P Spectral near-normal near-specular reflectance [-]
Pelean Reflectance in clean state [-]

Psoiled Reflectance in soiled state [-]

@ Acceptance (half) angle [mrad]

SR Soiling rate [ %/day]

I3 Cleanliness [-]

& Mean cleanliness [-]

T Tracking to stow ratio [-]

Cp10 Average particle concentration < 10 pm in diameter

[10,000 particles 1/1]

T'sum Daily precipitation sum [mm]

Vinax Maximum daily wind speed [m/s]

Acronyms

CIEMAT Centro de Investigaciones Energéticas, Medioambientales y
Tecnoldgicas

CRS Central receiver system

CST Concentrating solar thermal

D&S Devices & Services

O&M Operation and maintenance

PSA Plataforma Solar de Almeria

PTC Parabolic trough collector

PV Photovoltaic

S2R Spectral Specular Reflectometer

collector surfaces and harm their optical efficiency in a severe manner
[14].

All CST systems use this kind of optical surfaces to concentrate solar
irradiation. The concentration is achieved by redirecting the incoming
solar irradiation on a large collector area to a much smaller receiver
area. Almost exclusively, this concentration is achieved through the use
of mirrors, also called reflectors [15]. Only in very rare cases with
alternative designs, lenses are used instead [16,17]. The mirrors reflect
the incoming solar irradiation and focus it on a receiver point or line,
depending on the technology. In the case of parabolic-trough collectors
(PTC) single-axis tracked curved mirrors focus on a receiver tube. In the
case of central receiver systems (CRS) a large amount of heliostats, each
comprised of various reflector facets, are dual-axis tracked to focus onto
the receiver of a central tower. Only direct irradiation can be used for the
concentration, which means that any diffuse part, for example on cloudy
or hazy days, is lost for the energy conversion process. In the same way,
irradiation that is scattered on the reflector surface cannot be concen-
trated onto the receiver [18]. This is also the reason why soiling plays a
much stronger role for CST systems than for PV ones: on PV panels,
scattered light can still be converted as long as it is not scattered away
from the panel surface or absorbed by the soiling particles [10]. Due to
this higher effect of soiling phenomena in CST systems, the here pre-
sented work is strictly focused on CST concentrators.

The main parameter for the evaluation of reflectors used in CST
systems is the reflectance, p. It determines the ratio of the incoming
energy that can be reflected onto the receiver [19]. It is also used to
determine the influence of soiling on the reflector’s optical efficiency. To
this end, usually the cleanliness of the reflector, ¢, is calculated by
dividing the p in the soiled state by the initial value in the perfectly clean
state [20]. The reflectance is a complex parameter depending on various
important variables, such as the wavelength, A, and incidence angle, 6;
of the incoming light rays and the acceptance angle, ¢, which de-
termines the amount of scattering included away from the perfectly
specular direction of reflection. These parameters are highly technology
and site specific. To account for the influence of these different pa-
rameters, the most significant value for a solar reflector is the
solar-weighted near-specular reflectance, ps, [21]. For this, p is
weighted over the whole solar spectrum at §; and ¢ representative of the
specific case (e.g. technology, site, plant geometry). Weighting is usually
done in a range of 1=[320, 2500] nm (named as solar range). Mea-
surements are mainly performed at near-normal 6; (usually below 20°),
even though higher angles are common in real applications and might be
investigated. The most typical ¢ used for measurement is 12.5 mrad as it
is representative for commercial PTC plants and within the realistic
range for CRS plants [22,23]. Much lower ¢ occur especially in tower
plants and it may be necessary to take them into account as well.

The most common approach to measure reflectance and cleanliness
directly in the solar field is by the use of handheld portable re-
flectometers. A series of commercial devices are on the market and all
have limitations regarding the measured parameters [24,25]. That
means that they don’t measure in the whole wavelength range, usually
only at one or few discrete wavelengths, and they are limited to certain
acceptance angles and a fixed near-normal incidence angle. The most
commonly used equipment are the D&S-15R by Devices & Services,
Condor by Zepren, pFlex by PSE, CM700d by Konica Minolta and a series
of gloss meters designed for the measurement of gloss of paints and
coatings (e.g. ZGM-1130 by Zehntner). Alternative techniques are also
used, such as stationary autonomous sensors (TraCS, AVUS, dustlQ,
etc.), which usually do not measure the reflector facets themselves but
rather extra samples exposed in the solar fields [26-28]. In recent years,
investigation is performed on the use of image based techniques, which
allow for the measurement of larger reflector areas, usually with a
trade-off in accuracy [29-31]. Knowledge of the actual state of reflec-
tance of the solar field reflectors is important because it serves as an
input parameter for the O&M of the plant. It is used for the scheduling of
cleaning tasks and for yield calculations among others [32,33]. For a
more accurate determination of reflectance parameters, laboratory
measurements can be performed. Spectrophotometers are used to
measure the spectral hemispherical reflectance in the relevant solar
range to detect changes depending on the wavelength. A few specialized
prototype devices exist with the capability of determining the more
relevant solar-weighted near-specular reflectance [34].

The investigation of soiling of solar reflectors has received increased
interest over recent years, especially with the ongoing construction of
commercial power plants at locations where increased soiling develop-
ment is expected, such as the Middle aEst and North Africa, in places
adjacent to or in deserts [35,36]. The research focuses on topics such as
parameters influencing the soiling, the mitigation of soiling deposition,
and the measurement procedures to determine the magnitude of its
influence.

A variety of soiling rates, SR, of considerably different magnitudes
from different sites can be found in the literature. It has to be taken into
consideration that these soiling rates have been determined using
different measurement equipment, thus evaluating different reflectance
parameters, and varying exposure conditions, such as used reflector
material, inclination and position of reflectors, tracking versus static
positioning, measurement frequency and duration of exposure cam-
paigns. The soiling rate is usually expressed as daily cleanliness loss as
%,/day. Mean values of SR over extended periods of time, often several
months, reported in the literature comprise values from tenths of a
percent per day up to several percent [32,37-40].

Several studies looked at the influence of the inclination of the
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reflector surfaces on the soiling behavior [35,41,42]. All CST systems
use tracked concentrators to account for the changing position of the sun
throughout the day and the year and to always focus the direct solar
radiation on the fixed focal point or line. In addition, the concentrators
are usually put in a stow position when inactive, e.g. during the night,
maintenance procedures or for safety reasons and high wind situations.
The consensus in the community is that lower inclination surfaces facing
up (near horizontal) are affected more severely by soiling than higher
inclinations (closer to the vertical position) or down-facing surfaces. The
main reasons behind this behavior are the gravity induced downward
settling of airborne dust particles and reduced particle removal by
changing water/humidity induced processes [43-46].

There is a variety of different heliostat designs that are being used for
the solar fields in CRS, which differ quite considerably from each other.
An overview of existing commercial designs and those under develop-
ment is presented in [47]. The first striking difference is in the size of the
single heliostats. Designs vary from around 1 m? of reflective area to
over 120 m? per heliostat. There is no clear consensus on the optimal
size, which may depend on factors such as field and tower size, con-
centration ratio, and site location, among others. The designs also differ
in the drives used to facilitate tracking of the heliostat, material and
geometry of the used reflector facets and control system. A particular
feature of some of the designs is their ability to position the heliostat
with the front reflective side facing downwards, and with that stowing
the heliostat in a horizontal position facing the ground. Necessary
specifications for this face-down option include drives with sufficient
flexibility and usually a vertical gap in the reflector surface where the
vertical heliostat pedestal is located [48]. Studies were conducted in the
early development phase of CST systems at the end of the 1970's in the
USA, investigating the effect of stow position on the soiling behavior
(and other parameters) and evaluating its economic viability, comparing
costs of soiling mitigation and additional manufacturing costs [49]. Data
for soiling rates were obtained from small samples and several heliostats
over various months. Substantial variations were detected for soiling
rates depending on the positioning of the surfaces. In [50,51] economic
analysis was performed based on this data and concluded that vertical
stow may be the most cost effective strategy. It was pointed out that
vertical stow may not be feasible in all systems and that the ability to
face-down stow could lead to overall cost savings depending on site
conditions and specific heliostat design choices. During these studies,
relatively low soiling rates of maximum ca. 0.45 %/day were found even
for face-up stow. Another point to bear in mind is the complexity to
compare these results to nowadays studies for several reasons: experi-
mental reflectance measurement techniques were used, data from
samples and heliostats of different reflector materials were joined (glass,
acrylic, etc.), and evaluations were then used for a specific design in
question, etc.

Recently, a roadmap was published by the international Heliocon
consortium [52], led by the National Renewable Energy Laboratory,
NREL, from the USA and comprising various research institutions and
industry stakeholders to foster advances in heliostat development [53].
This roadmap identifies the most pressing tasks to be addressed for the
future commercial deployment of the technology in the near future to
decrease costs and increase efficiency. A specific subtask in the roadmap
is dedicated to the topic of soiling, addressing impacts and mitigation
techniques. It is highlighted that O&M is a major cost driver and the
influence of soiling on O&M is significant. It is recommended to address
topics such as the creation of a soiling database for characteristic sites,
and the understanding of trade-offs between soiling due to operation
strategies and factors such as design choices. It is specifically stated that
there is a lack of understanding of the influence of the stow position on
the soiling behavior of heliostats and the implications this has.

The study presented in this article addresses several of the above-
mentioned open points, with the main objective of analyzing the
impact of different stow positions on the soiling of heliostat reflectors. A
long term measurement campaign was conducted, consisting of state-of-
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the-art reflectance measurements to determine soiling on solar tower
heliostats, covering more than a whole year in an experimental heliostat
field at the CIEMAT-Plataforma Solar de Almeria (PSA). The investi-
gated heliostats are in tracking over the entire campaign duration with
different night time stow positions, including face-up and face-down
stow, and this represents conditions very similar to the ones observed
in commercial plants. This provides data with a duration and regular
frequency not previously reached in other studies, especially for oper-
ational heliostats. In addition, the influence of further factors is inves-
tigated, such as daily tracking time and the height above ground of the
facets on the soiling behavior, the impact of further surface inclinations
and the influence of the used measurement equipment on the signifi-
cance of the reached results. The study is limited to the impact on
soiling, but no further economic analysis is performed, concerning the
viability of implementing face-down stow capabilities of potential he-
liostat designs or the adaptation of O&M strategies. The here presented
findings on soiling rates are intended to serve as input parameters for
future studies in these directions, as the involved parameters, e.g. spe-
cific design choices and local climatic parameters, are highly case sen-
sitive. Even though the absolute numbers may change at different sites,
the findings can be used by stakeholders, mainly by developers to decide
on the implementation of a face-down stow capability in novel heliostat
designs and for operators to adapt their O&M strategies, to reduce
cleaning effort through an improved stowing strategy.

2. Methodology

In this section, the methodology for the conducted study is pre-
sented. Firstly, the PSA with its CESA1-heliostat field, where the two
selected heliostats are located, is introduced. Secondly, the devices used
for the measurements are described and the parameters of the evaluated
campaigns are explained in detail. Finally, the description of the three
experimental campaigns is included: 1. The main campaign comprised
regular reflectance measurements, with portable reflectometers on the
two heliostats in tracking throughout a whole year, with cleaning after
all measurements. 2. A shorter, several months long, extra campaign was
also performed with a higher daily tracking time. 3. Finally, additional
measurements were performed during the small sample campaign in the
laboratory on reflectors samples of around 10 x 10 cm?, previously
installed at the same site as the heliostats.

2.1. Heliostat field description

The PSA provides installations including all major technology types
used in CST applications. Among others, it has several CRS with the
corresponding heliostat fields. The main CRS is the CESA-1 tower, with a
field of 300 dual-axis tracking heliostats of approximately 40 m? of
reflective area each. Fig. 1 displays the two selected heliostats for this
campaign on the left and an aerial view of the whole field layout on the
right. It is located in southern Spain at 37°06' North, 2°21’ West with a
semi-arid climate. As the PSA is a research facility, its main goal is not
maximizing operation time as in commercial CST plants. Meteorological
data is collected continuously at site. The main parameters with a po-
tential impact on soiling are presented in the results section alongside
the campaign data. The presented parameters are the accumulated daily
precipitation, rg;; [mm], the maximum daily wind speed, Vi, [m/s],
and the average particle concentration below 10 pm in diameter, cpy¢ [in
10,000 particles 1/1]. Operation times depend on specific running pro-
jects and the normal operation mode for heliostats, when they are not
focused on a receiver is off-focus tracking. This mode consists of tracking
and focusing the heliostats on one or several points in the air close to the
tower, quasi stand-by mode, to accumulate operation time of the com-
ponents (drives, sensors, etc.) and to avoid damage of components due
to inactivity.

The heliostat design allows the movement of the elevation axis in a
range of approximately 180° between the two extreme horizontal
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Fig. 1. The two heliostats, H18 and H20, used for the campaign during tracking (left) and the layout of the CESA1 solar field with position of heliostats (right).

positions, with the reflector front side facing the sky (face-up) and facing
the ground (face-down). For the ability to move in the face-down posi-
tion, a vertical gap between mirror facets in the center of the heliostat,
where the pedestal is located with a width of 90 c¢m is left free, which
reduces the potential reflective area of the heliostat. In Fig. 2, both he-
liostats can be seen in their respective stow positions, in the background
the one facing down and in the foreground facing up.

The material used as the reflector of the heliostats is a commercial 4
mm silvered-glass mirror. This represents the most common, commer-
cially used type of mirror. Each mirror facet measures approximately
149 x 110 cm? Per heliostat, four facets make up one horizontal row,
with six rows vertically, totaling 24 facets per heliostat.

For this study, two heliostats, labeled H18 and H20, were chosen that
are in a position directly adjacent to each other, to assure same exposure
conditions, such as wind, dust, etc. The heliostat’s location is at the

eastern edge of the solar field and this way facing one of the main wind
directions at the PSA site, with the wind coming mainly from the east.

2.2. Measurement devices

The main device used for the reflectance measurements in the solar
field is the D&S-15R reflectometer developed by Devices & Services
(D&S, Fig. 3a). Monochromatic near-specular reflectance, p,,,, mea-
surements are performed at ¢p=12.5 mrad acceptance angle and the
illumination is provided by a red LED source with a spectral peak at
A=660 nm at §;=15° The device allows to change ¢ depending on the
specific task. For this study, the 12.5 mrad were chosen, because it is the
most commonly used angle and it is representative for PTC and CRS
technologies, as explained in the introduction. Due to the small ¢ of the
device, manual alignment has to be performed when placing it on the

Fig. 2. The two campaign heliostats in stow position, reflector front side marked with red arrows. Face-down heliostat H18 in the background and face-up heliostat

H20 in the foreground in the image.
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Fig. 3. Reflectometer devices used for field measurements, a) D&S-15R on the left and b) Condor by Zepren on the right.

reflector surface, to assure the interception of the reflected light by the
internal aperture and sensor.

Additional measurements were performed with the Condor reflec-
tometer manufactured by Zepren (Fig. 3b). This device uses a higher
acceptance angle compared to the D&S-15R of ¢=145 mrad. The much
higher ¢ admits measurements without prior manual alignment and
therefore a considerably easier handling, including more scattered light
in the measurement. The Condor measures at §;=12° in six discrete A =
{435, 525, 650, 780, 940, 1050} nm, and provides the solar-weighted
reflectance value based on these. The value at A = 650 nm is used for
the direct comparison to the D&S-15R value at similar wavelength. The
Condor was chosen as an alternative reflectometer to analyze the in-
fluence of the use of different measurement equipment on the results.
Due to its easy handling and high reliability, the Condor is one of the
standard alternative equipment used in numerous commercial plants. It
possesses the highest acceptance angle among the commercial types and
thus important differences are expected [25].

To determine the solar-weighted near-specular reflectance, ps,, of
the small reflector samples in the laboratory, the Spectral Specular
Reflectometer (S2R) is used. This is a laboratory reflectometer, designed
as an accessory for the commercial Lambda 1050 spectrophotometer by
Perkin Elmer, based on the General Purpose Optical Bench (PELA1003)
[54]. With the S2R it is possible to determine the spectral near-specular
reflectance, p;,,, in the solar range from 320 to 2500 nm, with 6; ranging
from near normal (ca. 10°) to close to 90° and ¢ between 7.4 and 107.4
mrad. With the spectral reflectance, the determination of the
solar-weighted reflectance is possible, by the weighting with the solar
irradiance standard spectrum IEC 60,904 [55]. For this campaign,
measurements were performed at 6;={15, 30}° and ¢=12.5 mrad. The
15° incidence angle was chosen because it represents near-normal
conditions, similar to the portable devices, and the 30° was added
because it represents a more realistic mean value, appearing in the he-
liostat field over the course of a whole year for the PSA case [22]. The
solar-weighted value at 30° is used in the end as the reference value, the
reflectometer values are compared to, because it is the most significant
one determining the optical quality of the reflectors at this site.

2.3. Field measurement procedure

The main measurements performed during the study, are reflectance
measurements taken with the D&S-15R reflectometer. The reflectance
measurements are used to determine the cleanliness of various facets of
the selected heliostats, by comparing the actual reflectance value to the
one in the clean state. Two facets per heliostat were selected from the

lowest line of facets on the heliostat area, because this line provides the
easiest access from the ground. The facets are identified by the heliostat
number and facet ID (H18-1, H18-3, H20-1, H20-3), as indicated in
Fig. 4 left. To analyze the influence of the height of the facets on the
soiling, during the extra campaign, two additional facets on the fifth line
counted from the bottom were measured and compared to the first line
(see Fig. 4 left), named H18-51, H18-53, H20-51, H20-53. The height
above ground of facets changes with different tracking positions. The
facets of the lowest line are approximately 1 m above the ground when
the heliostat is positioned vertically compared to around 6 m for the fifth
line. All facets are at roughly 3.5 m above ground in horizontal position.

On every facet, a total of 30 measurements are taken, with the
dimension of the facets and the distribution of the measurement spots
shown in Fig. 4 right. 20 measurements are evenly distributed over the
whole surface to determine the mean reflectance and thus cleanliness of
the facet (red circles in the image). 10 additional measurements are
taken on a line on the lower edge, approximately 10 cm from the facet
edge (blue circles in the image), because from previous observation it
was known that patterns of heavier soiling develop on these lower edges.
The 10 additional measurements are treated separately from the 20
main ones in the results section. The 20 measurements per facet are
already a higher number than the usually performed ones and cited in
literature, to be sure to achieve statistically relevant results [25,56]. All
measurements are taken without a measurement mask or similar, but
placing the reflectometer, the D&S or Condor, by hand. This way, the
exact positions of the single measurements change slightly from one
measurement to the other without a strong influence on the facet mean
values. To confirm the significance of this method with 20 measure-
ments, before the campaign start this process was repeated four times on
two separate facets. Values from these four measurement series are
compared to check the deviation between the measurement series and if
there is even a trend in the change, due to a potential influence of the
measurement process, by touching of the soiled surface by the
reflectometer.

As explained in the introduction, the main parameter to evaluate
soiling of solar reflectors is the cleanliness ¢. It relates the actual state of
reflectance at any point in time to the initial reflectance in the perfectly
clean state, as indicated in Eq. (1). A value of 1 represents a perfectly
clean mirror and values between 0 and 1 correspond to different levels of
soiling. The lower the value, the more intense the soiling is. This
parameter is independent of the initial cleanliness and this way it is
possible to compare the soiling of materials with different initial
reflectance values. Cleanliness values may differ depending on the used
reflectance parameters, such incidence angle, acceptance angle, etc. The
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Fig. 4. Left: heliostat H20 with the measured facets marked in red (bottom line and higher line of extra campaign). Right: one of the measured facets during
campaign with scheme of measurement spots (red: normal measurements, blue: extra measurements at lower edge).

cleanliness is defined as:

E=p soiled / Pclean @

The mean cleanliness over time, ¢, is determined by the integration
of the parameter over time, divided by the total measurement campaign
duration. In this calculation, it is taken into consideration that the time
between measurements is not the same for all periods, but slight de-
viations from the normal two-week period occur. Consequently, the
equation used is not directly the average value of all measurements, but
the formula presented in Eq. (2).

_ Jeogdt

B = =2 @

In reality, the number of measurements is limited and summation is
used instead of integration. Every ¢; is the mean value of cleanliness
during the specific period and At; the time between two measurements,
At is the total time of evaluation as shown in Eq. (3).

2o _ Liabibt
E(t) = = 3

The soiling rate, SR, determines the decay in cleanliness over a given
time period. Usually it is expressed in %/day, and it may change from
day to day, depending on the environmental parameters at any given
time. The SR is the most common parameter used to quantify soiling
conditions for specific sites and use cases. The temporal resolution
required for SR data depends on the use of the data. For certain tasks,
such as O&M and the adaptation of soiling models, daily or higher fre-
quencies may be desirable. As the cleaning frequency in commercial
plants is in the order of one to two weeks, and because in this study an
overall yearly comparison is being evaluated, the two-week measure-
ment frequency is a compromise between effort and data accuracy. Since
the measurement frequency for the main campaign is two weeks, a
linear behavior is assumed between measurements, and SR is calculated
according to Eq. (4) as the mean rate between measurements.

_ ébefore(t) - éaﬁer(t B At)
N At

SR(t) )

To evaluate the uncertainty of the measurement data, 95 % confi-
dence intervals (95 %CI) are calculated, assuming a t-distribution of the
data. The 95 %CI are directly displayed together with the measurement
data. To determine the uncertainty of linear fits used for device com-
parison and inclination influence, a Monte Carlo approach was used
following recommendations in the Guide to the Expression of Uncer-
tainty in Measurement [57,58].

2.4. Measurement campaigns

Two outdoor measurement campaigns were conducted for the here
presented study. In addition, extra measurements were performed on
small samples, to investigate certain additional key parameters and to
perform measurements in the laboratory.

2.4.1. Main heliostat campaign

The main campaign comprises measurements during a whole year on
the two selected heliostats, H18 and H20. During the campaign, the
heliostats stayed in tracking mode during normal PSA operation times
and went into stow position for the remaining time. Usual tracking time
was from around 8:30 in the morning until 16:00 in the afternoon on
weekdays only. Stow position was also used when wind velocity
exceeded 50 km/h for safety reasons. The main parameters of the
tracking times of the main and the extra campaign are given in Table 1.
A detailed analysis of the daily tracking time changes was not included
in this study. As there were few exceptions from the nominal times, the
approximate tracking ratio for the two campaigns was calculated based
on these parameters. For the main campaign the tracking to stow ratio is
r—=0.223. Two different stow positions were chosen for the heliostats to
directly determine their influence on the soiling of the reflectors: the
H20 heliostat was stowed with the reflective surface face-up and the
H18 one face-down, both approximating horizontal positioning. The
campaign lasted from April 2022 to April 2023 and thus covering a
whole year and accounting for seasonal changes throughout the year,
which can highly affect the soiling behavior.

The cleanliness of the heliostats was determined with the D&S-15R
every two weeks before and after cleaning. Two facets on each heliostat
were chosen on which the cleanliness was determined. In addition to the
D&S-15R, measurements were performed with the Condor on three
measurement days, to analyze variances in soiling determined with both
devices for a range of soiling levels. The cleaning of the facets was
performed manually by a crew of operators, using a pressurized jet of

Table 1
Tracking times during main and extra campaign.

Campaign  Tracking Daily tracking ~ Weekends  r¢ [-]
i he
Start time End time time [hours]
(approx.) (approx.)
Main 8:30 16:00 7.5 Stop 0.223
Extra Sunrise + 1 Sunset-1h 11 Continue 0.458
h
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demineralized water applied with a HDS 10/20-4 M model manufac-
tured by Karcher (Winnenden, Germany) at a pressure of 100 bar, at
ambient temperature, and a soft brush made of horsetail hair, until
subjectively clean, to restore the initial reflectance. Cleaning duration
and water use were not controlled but were adjusted by the operators.
The complete recovery of cleanliness was verified by several measure-
ments throughout the campaign of the reflectance taken after the
cleaning tasks were performed. This verification was performed on three
measurement days and the minimum absolute cleanliness achieved per
facet on all these days was 0.999 after finishing the cleaning proce-
dure—very close to the perfectly clean state and well in the limits of the
measurement uncertainty. This allowed the omission of the measure-
ments after cleaning for the rest of the campaign and thus avoided un-
necessary extra work.

2.4.2. Extra heliostat campaign — extended tracking time

After completion of the main heliostat campaign and a preliminary
evaluation of the data, an extra campaign was planned and executed.
The same two heliostats and stow positions were also employed in this
case. The main objective of the extra campaign is to determine the in-
fluence of extended tracking time on the soiling behavior, for the two
stow positions. The daily tracking time (time ratio between tracking and
stow) was increased compared to the main campaign. Tracking started
at sunrise and ended at sunset, extending to work days and weekends
and thus representing the maximum feasible tracking time for com-
mercial power plants. This leads to a tracking to stow ratio for this extra
campaign of approximately 0.458. Effective tracking times at commer-
cial power plants are lower, due to factors such as operational strategies,
cloud cover, maintenance and other unforeseen events [59-61].
Furthermore, the measurements of cleanliness at a higher distance from
the ground were included in this campaign, as explained in chapter 2.3.
The soiling at the two heights was evaluated after finishing the study of
the extended tracking time.

The whole extra campaign comprises several operation and mea-
surement periods between April 2023 and May 2024, with breaks in
between periods and covering a total of approximately three and a half
months. The rigid two-week measuring and cleaning schedule was not
kept for this campaign, as a yearly soiling rate was not determined, but
the focus was mainly on the effect of the higher tracking ratio on the
soiling differences between heliostats.

2.4.3. Small reflector samples campaign

Two tasks were addressed measuring small reflector samples: (i)
investigation of vertical stow and (ii) analysis of results compared to lab
measurements of the solar-weighted near-specular reflectance. For that,
several small reflector samples of 10 x 10 cm? size and the same ma-
terial type of the heliostats studied, were also exposed during the
execution of the research for the here presented campaigns. The small
size of these samples was chosen to enable easy and flexible exposure
and collection, at a site close to the main heliostats and to be able to
perform measurements in the laboratory, with the equipment that has
size limitations, namely the S2R reflectometer.

During the above presented main and extra campaign, the two
extreme cases for the stow position were investigated, horizontally face-
up and face-down. As many commercial designs of heliostats today don’t
have the capability for face-down stow, a simple estimation was per-
formed on the potentially most favorable position for these heliostats:
the vertical stow. Three samples were exposed during several weeks in
2024 on a fixed structure without tracking, close to the two heliostats, to
investigate the difference in soiling of samples with vertical position,
compared to the face-down position used in the heliostat campaigns. For
these measurements, two samples were exposed vertically, one facing
east and one facing west direction to eliminate the effect of wind di-
rection on the soiling, and one sample was exposed face-down as the
reference. This investigation was not carried out on the heliostats due to
safety regulations, which prevent the long-term stow in vertical position,
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to avoid damage by higher wind velocities. At the PSA, during evening
and night hours no regular operator crew is present, but only a minimal
amount of personnel for strictly necessary tasks. At commercial plants,
usually regular shifts are present 24 h a day, and this is why vertical stow
may be feasible, if reaction to high wind speed situations is possible at all
times. Samples were collected and measured with a frequency of roughly
two weeks. The frequency was not kept strictly, as the data serves only as
a comparison between the two cases, vertical and horizontal face-down.
After collection, the reflectance was measured with the D&S-15R, fol-
lowed by the re-exposure of the samples. Five D&S-15R measurements
were taken on each sample and the average value calculated. The
average value for the face-down and vertical case is then taken, the
cleanliness values are calculated by division of the clean reflectance
value and used for evaluation. For this campaign, data from five mea-
surement days was collected.

To compare the results of the handheld field reflectometers to the
more significant value of the solar-weighted near-specular reflectance,
measurements of the latter had to be performed in the laboratory. To be
able to determine the solar-weighted near-specular reflectance with the
S2R, one small reflector sample was exposed for ca. two weeks and af-
terwards measured with the S2R, the D&S-15R and the Condor as
explained in chapter 2.2. and an analysis of the differences in the results
was performed.

3. Results & discussion

In this section, the results of all conducted campaigns are described.
First, results on the homogeneity of the reflectance and soiling on the
facets are presented, gained before and during the campaigns. Then the
results of the main and extra campaign, followed by a comparison of the
two are shown. The last part of this section details results on the addi-
tional parameters, investigated during the outdoor campaigns and the
measurements on the small reflector samples.

3.1. Homogeneity of reflectance values on heliostat facets

The first step to conduct at the beginning of the experiments, was to
determine the initial reflectance of the four facets used for the main
campaign in the clean state to check possible degradation of the reflector
materials. In Table 2, the average reflectance of the four facets is pre-
sented together with the standard deviations of the 20 measurements
per facet. It can be seen that the average values differ only very slightly
(difference of 0.1 %pt max) among facets and lie well within the mea-
surement uncertainty of the equipment [62]. Some slight heterogeneity
can be seen on the single facets, with the highest standard deviation of
0.4 % on facet 20-3. The small detected heterogeneities possibly stem
from imperfect reflectance of the facet, as they already have been
exposed in the field for a considerable time and secondly due to
imperfect in-field cleaning. The good homogeneity of the initial clean
reflectance assures a negligible influence of local reflectance variation
on the average value in the soiled state.

As explained in Section 2.3, at the beginning of the campaign an
experiment was conducted to investigate the influence of the number of
measurements on the results of the mean reflectance determined per
facet. The experiment consisted in the consecutive repetition of the
normal 20 measurement-series per facet for four times on two facets
with different soiling levels. As the exact measurement points vary from

Table 2
Initial reflectance of the four measured facets, facet mean and standard
deviation.

Heliostat Face-down Face-up

Facet H18-1 H18-3 H20-1 H20-3

Reflectance p 0.939 + 0.939 + 0.938 + 0.939 +
[-] 0.001 0.003 0.002 0.004
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series to series, small variations between measurement series give in-
dications on a high level of confidence in the obtained mean value. A
relatively clean facet and a more soiled one were chosen for this
experiment, to cover a wide range of soiling levels. For the stronger
soiled facet, an additional fifth measurement series was conducted,
increasing the number of measurements to 70 evenly distributed points
on the facet, to analyze if more measurement points are needed when
the soiling level increases. In Fig. 5, the results of the measurement se-
ries of both facets are displayed, presenting the mean values with the 95
% confidence intervals. It can be seen that only minimal differences exist
among the mean values per facet of the different series, even for the
heavier soiled one. The mean value of the four measurement series was
calculated to be 0.934 and 0.864 for the two facets respectively, with
standard deviations from this mean of 0.07 %pt and 0.14 %pt, respec-
tively. The highest absolute variation detected was 0.21 %pt. Even the
mean value for the series with 70 measurements is in good accordance
with the other measurements (green bar in Fig. 5). These results indicate
that a number of 20 measurements gives good estimation of the average
facet reflectance. Also, no distinguishable trend can be detected for
consecutive measurement series, which implies an insignificant influ-
ence of the measurement procedure on the soiling state, e.g. by contact
between the reflectometer and the soiled surface.

To further investigate this topic, the influence of the soiling level on
the homogeneity of the soiling was checked after completion of the main
campaign, analyzing the values discussed in detail in Section 3.2. For
this, in Fig. 6 left the standard deviations of the cleanliness measure-
ments per facet are plotted over the mean values. It can be easily seen
that the standard deviations in general are higher for heavier soiled
facets, as expected. For highly soiled facets they can reach values over 12
%pt (points in the upper left corner of the graph), which means that
soiling develops unevenly over the facet surface. Even for lower soiling
levels, outliers can be detected due to unpredictable local conditions.
For example, in Fig. 6 left one value for facet H18-1 shows a standard
deviation over 6 %pt even at very low soiling conditions (blue dot on the
upper right of the graph), which was due to an unusual soiling pattern on
the lower left corner of this specific facet on that day (see Fig. 7). In
general, for higher cleanliness values, standard deviations remain in the
order of 2 %pt and lower.

As two facets were chosen per heliostat, it was also interesting to
check the difference in cleanliness between these two facets of each
heliostat. In Fig. 6 right, these differences between facets are displayed
over the heliostat cleanliness. It can be perceived that such differences
remain rather low, usually below 1 %pt with a maximum below 5 %pt.
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Higher differences usually appear at lower cleanliness values. The mean
difference taking into account the whole campaign is 0.4 %pt, which
indicates a low difference between the soiling of the facets located at the
same height on the same heliostat.

3.2. Results of the main campaign

The main result data of this experiment are displayed in Fig. 8. Here,
the cleanliness per heliostat is displayed over the whole main campaign
duration in the upper graph, together with 95 % confidence intervals of
the measurements. Taken into account are the 20 measurements per
facet distributed over the surface of the facets, not including the extra
values at the lower edges, which will be treated separately. The three
graphs below show the main meteorological parameters during the
campaign evolution. In the main graph, the blue line represents the face-
down heliostat (H18) and the orange line the face-up heliostat (H20).
The general behavior for both heliostats is a decline of the cleanliness
between measurements every two weeks and the restoration of the
cleanliness, by the applied cleaning afterwards. Few exceptions from
this behavior can be seen in the graph. Firstly, after one month of the
campaign start, cleaning was omitted one time to check for this influ-
ence of longer soiling periods without cleaning. Then, there are several
periods with longer durations between measurements and respective
cleaning actions. This was mainly in summer and winter due to vacation
periods and respective lack of manpower to perform all tasks. Usually,
throughout the year, the 2-week frequency was kept with a margin of
around two days. Clearly visible is the behavior, that the face-up he-
liostat accumulates much stronger soiling, resulting in lower cleanliness
values throughout the whole campaign. This is why the orange line lies
much below the blue line for basically the entirety of the campaign
duration. The face-up heliostat reaches levels of extremely low cleanli-
ness even below 50 %, with an absolute minimum of 42.9 % cleanliness
at the end of the dry summer period. The cleanliness reached for the
face-down heliostat on the other hand keeps a moderately high level,
with the absolute minimum value reaching 88.5 %. These results prove
the superior protection from soiling by the positioning towards the
ground. In this data, the dependence of the homogeneity of the soiling
on the soiling level can be appreciated again, resulting in considerably
higher confidence intervals for the face-up heliostat.

Even though a detailed analysis of the impact of the meteorological
parameters on soiling behavior is out of the scope of this study, seasonal
changes can be appreciated in the data with periods of stronger and
weaker soiling. In general, during summer months soiling deposition is
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Fig. 7. Facet with heavily soiled pattern at lower left area of surface, right: original, left: marked area.

higher due to dryer atmospheres and higher particle concentrations in
the air as previously reported in [11]. Winter and spring season show
higher cleanliness levels mainly attributed to higher amounts of pre-
cipitation with the involved natural cleaning action, as reported in the
literature [63]. For example, several precipitation events can be
appreciated in the rain data in Fig. 8 at the beginning of the campaign,
during the winter of 2023, and at the end of the campaign, coinciding
with high cleanliness periods. In addition, some of the low cleanliness
periods match with high average particle densities. Deviations from this
behavior are common though, as soiling phenomenon are highly com-
plex and can be influenced by single events such as higher dust loads or
weak precipitations with soiling accumulation [64,65]. Especially the
combination of particle density, wind speed and direction, as well as the
orientation of the heliostat surface establish a complex behavior of the
soiling of the reflectors, which has not been investigated here, and
would probably require higher frequency soiling measurements.

In Fig. 9 the mean cleanliness is displayed for both heliostats over the
campaign duration. This value gives an indication on the mean clean-
liness of the respective heliostat during the campaign until this respec-
tive point in time. Final values of the curves give the evaluation of the
whole campaign. Values of the mean cleanliness drop in the beginning of
the campaign due to the increased influence of the more intense soiling.
A minimum is reached for high soiling periods and then a slight recovery
during low soiling season is detected in accordance with data in Fig. 8.
Again, the lower overall cleanliness for the face-up heliostat can be
appreciated. After the initial stabilization phase, the mean cleanliness
stays roughly 10 %pt lower for the face-up heliostat compared to the
face-down one. Final values in the curve corresponding to values rep-
resenting the mean cleanliness of the whole campaign year are € = 0.895

for face-up and & = 0.984 for face-down, presenting a difference of A& =
8.9 %pt between both. The evolution of the curves over the campaign
duration underlines the importance to conduct this kind of studies for at
least a whole year, to achieve representative results.

As explained in the introduction, a parameter often used to charac-
terize sites and specific conditions regarding soiling, is the soiling rate,
to evaluate daily losses, which is expressed as %/day. The soiling rates
for the main campaign are presented in Fig. 10 and in accordance with
the above presented data, soiling rates are always higher for the face-up
heliostats, even though the values vary strongly over time for both he-
liostats. The face-up heliostat presents a mean soiling rate calculated for
the whole campaign of SR=1.4 %/day with a maximum of 4.8 %/day,
and the face-down heliostat shows a mean of SR=0.2 %/day with a
maximum of 0.8 %/day. This means, the mean soiling rate reaches a
value approximately 7 times higher for the face-up stow case. To get
more accurate soiling rate data, it would be interesting to perform
measurements at higher frequency, to really show daily changes in
soiling behavior. For long term campaigns this entails a high workload
though, if measurements are not performed by autonomous sensors.

The lower soiling rate of the face-down stow operation directly
translates to a higher average cleanliness of the solar field. Supposing an
O&M strategy with cleaning at a defined cleanliness threshold, this
would directly result in fewer cleaning procedures per year. To give a
very simplistic economic analysis, the sevenfold reduction in soiling
ratio leads to a sevenfold reduction in cleaning and the related costs. As
an example, this analysis is performed with data from [32], where
annual cleaning costs are given for a 50 MW CSP plant in Spain. These
costs could be reduced by 85 % according to the analysis, resulting in
absolute savings in cleaning costs of ca. 205 k€/a. This may only be valid
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if cleaning costs decrease linearly with cleaning actions (or with square
meter cleaned per year). Also, the additional costs of the face-down stow
options have to be weighed, which would highly depend on the specific
heliostat and solar field design. Some of the factors including these extra
costs include heliostat drives, reduced reflective area, density of the
solar field and total field size in relation to the receiver size and storage
strategy.

The results presented for this main campaign offer reliable data for
the PSA and the investigated technology configuration. The data may be
used for this site directly to adapt the O&M strategy if necessary and
could be of use when new heliostats are installed, to assess the necessity
of a face-down stow possibility. Since soiling is a site specific parameter,
results for other sites are expected to vary considerably in absolute
numbers for the difference between stow positions. On the other hand, it
is expected that relative differences will be similar at other sites, if the
underlying soiling processes, determined largely by vertical settling of
dust particles, are not completely different. It should be verified in the
future if this hypothesis holds, with long-term data from alternative
sites.

3.3. Results of the extra campaign

The cleanliness data of the extra campaign, conducted from April
2023 to May 2024, with breaks, comprising an exposure time of roughly
seventeen weeks, is presented in Fig. 11. The gaps between the different
periods of the campaign without measurements, are not displayed for
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the ease of visualization. As for Fig. 8, for comparison, the evolution of
the main meteorological parameters is included alongside the cleanli-
ness. The principle behavior of the main campaign is detected for the
extra campaign as well: the face-up heliostat shows a lower cleanliness
than its face-down counterpart. But for this campaign the differences are
less extreme than for the main campaign, with the y-axis range being the
same as for Fig. 8. A direct comparison of the absolute values of the
mean cleanliness and soiling rate to the main campaign has to be taken
with caution, because the extra campaign does not comprise a whole
year. But the relative difference gives an indication of the contrast to the
main campaign. The mean cleanliness for the face-up and face-down
heliostat of the extra campaign are £=0.919 and £=0.954, respec-
tively. This is only a difference of Aé=3.5 %pt compared to AE=8.9 %pt
from the main campaign. The absolute minimum values of cleanliness
for the extra campaign are 73.8 % and 85.7 % for the face-up and face-
down, respectively. The soiling rate during this campaign was calculated
for all periods in which after and before cleaning values exist, totaling a
number of five periods. The resulting mean soiling rates are SR=0.7
%/day for the face-down and SR=1.2 %/day for the face-up heliostat,
presenting a ratio between rates of 1.6. Hence, mean cleanliness as well
as soiling rate differences between heliostats are lower for this
campaign, compared to the main one. A clear relation to the meteoro-
logical parameters is not visible. The lower cleanliness during the mid-
dle part of the campaign may be influenced by the higher particle
density present during this period, while the higher cleanliness of the
last part may be influenced in part by the rain events. As for the main
campaign, a more detailed investigation would have to be performed to
gain further insights on these influences.

3.4. Campaigns comparison — tracking time ratio

The cause of the lower differences between the heliostats, with
respect to the main campaign, lies in the ratio between the time the
heliostats are placed in stow and tracking position. To estimate the ratio
for both campaigns, the weekly operation is taken into consideration.
For the main campaign, the heliostats are in tracking 5 out of 7 days with
approximately 7.5 h per day. This results in a tracking to stow ratio of
0.223 for the main campaign. During the extra campaign, the heliostats
are in tracking mode 7 days a week with approximately 11 h per day,
resulting in a tracking to stow ratio of 0.458, roughly doubling the one
from the main campaign. This means, that in the main campaign the
heliostats experience a longer time in stow mode, which is the mode
where discrepancies between both heliostats arise from, and this results
in bigger differences in soiling behavior between the heliostats for the
main campaign.

To make a direct comparison between the cleanliness of the two
heliostats, in Fig. 12 the cleanliness of the face-up heliostat is presented
on the y-axis against the face-down one on the x-axis for both cam-
paigns, the regular (blue dots) and the extra (red dots) campaign. There
are more data points for the regular campaign due to its longer duration.
The general tendency is clear for both campaigns: the lower the clean-
liness for one heliostat, the lower it is for the other. But, for the extra
campaign the differences between heliostats are less extreme. This can
be seen, because the data points for the extra campaign are closer to the
grey horizontal line representing equality between heliostats. Least
square fitting of a linear relationship between heliostats can be per-
formed, to evaluate the trends for both campaigns. A linear trend can be
appreciated, but the data scatters significantly. This scattering is due to
the fact that the soiling of the heliostats is complex and time dependent,
but not a sign for low quality of the data. While in general, periods of
strong soiling affect both heliostats, the concrete soiling events can take
place during tracking or during stow. When they happen during
tracking, the influence on both heliostats is the same or similar, while
when they happen during stow, the face-up heliostat is affecter more
strongly. A detailed analysis for each period between measurements, of



J. Wette et al. Results in Engineering 28 (2025) 107890
1.0 A
0.9 A
v 0.8 7
(7]
0
2 0.7 1
c
©
9 0.6
Q
0.5 A
—4— face-down
0.4 —+ face—Up
Ix o) 9 '5 pY ?) pY % Y ‘b 0
L ot o o o o o
'7«07/ ,Lg'l ol Q9 ,LQ’L ,LQ’L ,LQ’L ,LQ’L ,Lg'l ,Lg'l ,LQ’L
Date
_ 10 A
e
E
g 2
a
(.
0 A —— —A |
'E' 15 4
E
<>é 10 7
S
S MWW
— 40
=
Q% 20 -
0 n Z o
T T ”~ T T~ -~ Déte T T T T T T

Fig. 11. Main graph at the top: Cleanliness of both heliostats over the whole duration of the extra campaign with gaps during several months of down time. Three
graphs at the bottom: daily precipitation sum, maximum wind velocity and average particle density.

the environmental parameters (precipitation, wind, etc.) may lead to an
explanation of the scattering for the single data points. For the sake of
simplicity, taking into account a linear relation between the cleanliness
of both heliostats, the difference between the two campaigns is clearly
visible. R? values for the campaigns of 0.72 and 0.90 for the normal and
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extra campaign, respectively, show this linear relation with considerable
scattering. The higher R? value of the extra campaign indicates better
linear correlation with less scattering, which may be explained by the
longer time the heliostats stay in tracking and with this less time in stow,
with less possibilities of differences in the behavior. The slope of the
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Fig. 12. Cleanliness of face-up stow heliostat against face-down stow heliostat
for main and extra campaign together with linear trend line for correlations.

linear trend lines indicates the difference from equal behavior of both
heliostats. A value of 1 corresponds to the same behavior for both he-
liostats and the higher the value, the stronger are the differences. Here
the main campaign has a slope of 5.62 and the extra campaign results in
1.57. With these trend lines it is possible to quantify the advantage in
soiling reduction by face-down stow for the two investigated tracking
ratios. It has to be kept in mind that the data of the extra campaign do
not comprise a full year and thus contains higher uncertainty. The two
campaigns represent two extreme cases in relation to tracking time, as
the main campaign used tracking times much shorter than expected for
commercial plants, while the extra campaign used daily tracking close to
the natural upper limit set by sunrise and sunset. Operation in a com-
mercial power plant would entail tracking ratios in between the two
here presented. A simple estimation can be performed, knowing the
tracking time of a specific site and interpolating between the here
determined values. For example, as a first approximation, and keeping
in mind that only two data points (corresponding to the two campaigns)
are available, it can be assumed that the relation between tracking ratio
and soiling rate is linear. With the two tracking ratios (0.223 for the
main campaign 0.458 for the extra campaign) and the two yearly
average SR ratios between face-up and face down (7 for the main
campaign and 1.6 for the extra campaign), a linear equation can be
established to calculate the SR ratio to SRyp/SRgown = —23.0%*14+12.1.
This way an interpolation can be performed to determine the advantage
in SR for intermediate tracking ratios. It has to be stressed that this
relationship should be verified by including at least three measurement
campaigns including a whole year of data at different tracking ratios and
to find out its limitations.

3.5. Additional parameters

This section presents the results obtained during the experiments,
concerning the influence of several additional parameters (distance to
the ground, area of the facet, measurement equipment and surface
inclination) on the soiling behavior of the heliostats.

3.5.1. Influence of facet height on soiling
On five measurement days of the extra campaign, reflectance mea-
surements were performed at an additional height apart from the lowest
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facet line, approximately 6 m above the ground as explained in the
methodology. The data of these measurements is revealed in Fig. 13.
Displayed is the difference in cleanliness between the lower and the
upper line of a heliostat, versus the mean reflectance of this heliostat.
This is done for both heliostats. Negative values represent a higher
cleanliness at the upper line compared to the lower and vice versa. Apart
from two outliers, all values are negative, with a trend of larger differ-
ences with higher soiling levels, i.e. lower cleanliness. The outliers
indicate a strong scattering of the data due to heterogeneous soiling
distribution over the heliostat area. 95 %CI is quite high for these
measurements and for cleanliness values above 0.85 the differences are
close to zero with 95 %CI including the zero value. But at lower clean-
liness values the difference is negative and statistically significant (95 %
CI not including zero difference). The mean value of all differences is 1
%pt with a maximum difference of 3.5 %pt at a cleanliness level of
0.738. This shows, that soiling is stronger closer to ground for this
campaign, but the influence on the overall heliostat cleanliness is
negligible. In addition, these differences are expected to be lower for the
main campaign, as the time in tracking is lower, which is when the
differences in height really do develop.

3.5.2. Edge soiling effect

In the graphs of the sections above, the cleanliness of the facets is
shown, meaning the cleanliness determined on the measurement spots
evenly distributed over the whole facet surface (labeled here as “facet
measurements”), but excluding the extra measurements on the lower
facet edges (labeled as “edge measurements”), as explained in Section
2.3. These edge measurements were performed to understand the in-
fluence of the heterogeneous soiling patterns detected there in the past.
In Fig. 14 the differences in cleanliness between the facet cleanliness and
the edge cleanliness are displayed for the whole normal campaign
together with the 95 %CI of the single measurements. Negative values
mean that the lower edge is more soiled than the overall sample surface.
As can be seen, the lower edges are usually soiled stronger than the
overall surface. Except for few low soiling levels at the beginning of the
campaign, values remain negative throughout the whole campaign.
Typically, the differences are higher for the face-up heliostat due to its
higher general soiling levels. Few exceptions can be detected, where the
differences are higher for the face-down heliostats. The hypothesis to
explain the different soiling pattern on the lower edge is that accumu-
lation of water and moisture concentrates at these lower edges, due to
gravity. This effect strongly depends on the inclination of the heliostat in
combination with the water present on the facet at that concrete point in
time. The mean differences in cleanliness between edge and facet,
calculated over the whole campaign duration are 5.2 %pt and 3.2 %pt
for the face-up and face-down heliostat, respectively, resulting in an
overall difference of 4.2 %pt.

As the size and homogeneity of this soiled lower edge varies strongly,
this effect is not taken into consideration for the overall evaluation. To
give an estimation on the possible magnitude of this effect, a simplified
analysis is performed. A series of eight randomly selected images was
taken during the main measurement campaign, selecting facets with
clearly visible differences in soiling between lower edge and area, to
have a statistic evaluation. The images are treated with an image pro-
cessing software to divide by edge and the rest of the facet area. This
process is prone to uncertainties because it depends on manual selection
by the user and the areas of facet and edge soiling are not always well
divided. Then, the area ratio between edge and the whole of the facet is
calculated. Two examples of this selection can be seen in Fig. 15. On the
left, the soiling pattern of the whole facet is displayed and on the right
the marked area in red is the edge soiling. The full dataset with all
evaluated images can be found in the supplementary material. The mean
ratio of edge to facet area for all 8 images is 9.8 % with a standard de-
viation of 4.3 %. With the mean of cleanliness differences calculated
above, of 4.2 %pt, the difference for each image can be calculated of
taking the edge soiling into consideration or not. The resulting mean
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Fig. 14. Differences in cleanliness between the measurements of the whole
area of the facets and the lower edge, both heliostats.

difference in cleanliness of the cases for all images is 0.4 %, which is
relatively small compared to the overall difference between stow posi-
tions of Aé=8.9 %pt. This is why the effect of the heterogeneous soiling
patterns on the total cleanliness is neglected for this study.

3.5.3. Influence of the measurement device

To make an estimation of the influence of the used measurement
instrument and parameters on the total value of reflectance and clean-
liness, a sample of a similar 4 mm silvered-glass reflector material was
exposed outdoors for a short period of approximately two weeks and
afterwards measured with three different techniques, as explained in
2.2: the D&S-15R used for the whole outdoor campaign, the alternative
Condor reflectometer and the S2R lab equipment. For the S2R, spectral
and solar-weighted reflectance is presented at 6;=15°, as near-normal
similar to the portable reflectometers, and 6;=30°, as a realistic value
for the mean angle in the PSA heliostat field over the year. The accep-
tance angle selected was ¢=12.5 mrad, representative for PTC and CRS
technologies. The measured sample exhibited a cleanliness value of
0.699 measured with the D&S-15R and thus represents a heavily soiled
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state. In Fig. 16, the near-specular reflectance spectrum determined with
the S2R, is presented together with the values measured with the
portable reflectometers. At higher wavelengths close to 2500 nm, the
S2R shows a higher noise level, especially at §;=30°, which does not
affect the measurements in the more relevant rest of the spectral range.
As can be observed, the D&S-15R value agrees well with the S2R values
at ;=15°, due to the same utilized acceptance angle. The value for the
Condor is higher due to its higher acceptance angle and the related
higher amount of scattered light to enter its sensor. S2R values at 30° are
slightly lower than at 15° due to a larger scattering at high 6; [66].

As explained in the introduction, the solar-weighted near-specular
reflectance is the most significant value determining the optical quality
of the reflectors. It is determined by weighting the spectral measurement
of the S2R with a standard solar spectrum. In Table 3, the calculated
solar-weighted value from the S2R is compared to the reflectometer
values. While in the graph above, the D&S-15R hits the spectral S2R
value at 660 nm at 9;=15°, a difference of 2.3 %pt to the solar-weighted
value at 30° is detected. The difference of the Condor value to the S2R is
considerably higher with 14.9 %pt, which can be explained again by the
higher acceptance angle of the Condor device and the corresponding
underestimation of the soiling.

As the measurement of this one sample represents the case of very
strong soiling, these differences are expected to be much lower for the
overall campaign as well as for operating conditions. The higher the
cleanliness, the lower the scattering of reflected light is expected and
with this, the influence of the acceptance angle on the measurements,
until reaching a cleanliness value of 1 for all devices. To make an esti-
mation of the effect of the equipment selection on the overall campaign,
linear behavior is assumed of the correlation between devices. Then,
with this data it can be calculated, what value of S2R and Condor
correspond to each D&S-15R value. This was done for the campaign
mean values of cleanliness for both heliostats presented above. The
corresponding mean cleanliness values are displayed in Fig. 17. Here, for
the cleanliness levels of the two heliostats, the differences to the most
significant reference value (S2R) of both field reflectometers can be
evaluated. For the face-up heliostat, the differences to the S2R value are
0.5 %pt and 5.1 %pt for D&S-15R and Condor, respectively. For the face-
down heliostat they are 0.1 %pt and 0.8 %pt. Also, the differences be-
tween heliostats can be calculated depending on the used equipment.
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Fig. 15. Images of soiled facets (2 examples) with clearly distinguishable lower edge soiling pattern. Left: original images, right: marked soiled edge area in red, with

percentage of edge pattern to total facet area.
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Fig. 16. Reflectance measurements of the small reflector sample in soiled state
with different measurement devices (S2R, D&S-15R, Condor), different reflec-
tance parameters: spectral specular reflectance at 6i=15° and 30° (S2R),
monochromatic specular reflectance at 6i=8° and ¢=12.5mrad (D&S-15R), and
0i=12° and ¢=145 mrad (Condor).

Table 3
Reflectance values of soiled sample determined with different devices, included
the difference to S2R reference value.

Reflectance
Device S2R (30°, 12.5 mrad) D&S-15R Condor
Reflectance 0.645 0.669 0.794
Difference to S2R - 0.023 0.149
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While the difference between face-up and face-down are similar for S2R
and D&S-15R, 9.3 %pt and 8.9 %pt, it is much lower for the Condor with
5.0 %pt. This means both portable devices underestimate the soiling
influence, with a larger underestimation in case of the Condor. Overall,
the values measured with the D&S-15R are much closer to the real value
than the ones determined with the Condor. But when the correlations
between the devices are known, the reflectometer values can be trans-
ferred to the corresponding true value. This should be taken into ac-
count, when decisions are taken or calculations are performed for O&M
strategies or yield estimation.

To further investigate the relation between measurements with the
different devices and the behavior during outdoor exposure, Condor
measurements were performed in parallel to the D&S-15R ones, on three
days during the main campaign. The collected measurement data com-
prises a total of 7 facet measurements. In Fig. 18 the mean reflectance
per facet is displayed, measured with the Condor over the values
measured with the D&S-15R (green data points) together with the 95 %
CI of the data. The corresponding value of the above presented small
sample is included here as well (yellow point). The linear correlation
assumed for the estimation above could be confirmed here. The linear
trend line between measurements is displayed in the graph as well,
together with the linear correlation coefficient of R?=0.9999 and the
confidence interval of the trend line. The R? very close to 1 confirms the
linear behavior, with little scattering, and even the data point from the
extra sample is close to the trend line. The relatively wide confidence
interval indicates that the uncertainty of the trend line coefficients is
large, which could be reduced by a campaign including more data
points. While the differences between reflectance of the two devices, and
with that cleanliness, are considerable and rise with heavier soiling, the
linear correlation makes it possible to easily translate measurements
with one device to the other. That means, if data is available of one
reflectometer, but for further calculations, values of the other are of
interest, for example due to another acceptance angle for yield analysis,
the correlation can be used to determine the other reflectometer data. As
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data points.

data from various days throughout the campaign is included here, it
seems that seasonal changes don’t have an effect on the correlation.
Additional confidence in the correlation comes from similar results
published by Sansom et al. [25] from measurements at a PSA PTC. In
that publication D&S-RGB was displayed over Condor and not vice
versa. The linear correlation was found to be ypgs = 1.78 Xcondor - 0-74,
compared to the one found here to be ypgs = 1.69 Xcondor - 0.66, which
agree very well, considering differences in campaign design and
execution. For future use, it is recommended to further investigate the
limitations of the correlation, especially concerning site dependence,
type of soiling, further devices, etc.

3.5.4. Influence of reflector surface inclination
As explained in Section 2.4.3 of the methodology, to compare the
face-down position, the ideal case in terms of soiling protection, to the
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most favorable alternative, the vertical stow, small reflector samples
were exposed on a fixed rack. Results of this study are presented in the
following. In Fig. 19, the cleanliness of the vertical samples is compared
to the face-down sample. This data cannot be directly compared to the
data presented in Fig. 12 for the main and extra campaign, as no tracking
was involved here, but only serves as an estimation. The position was
fixed during the whole exposure duration. Consequently, the data only
serves to make an estimation on the direct comparison between the two
cases of face-down and vertical. Assuming a linear behavior, it can be
seen that the soiling is more than twice as high for the vertical case
compared to the face-down case. That means that vertical stow shows a
better protection against soiling compared to horizontal face-up stow,
but does not reach the protection level of face-down stow. To better
quantify differences and benefits of vertical compared to face-down, it is
recommended to conduct additional measurements on full-size helio-
stats during operation, similar to the above presented main campaign,
for a site of interest. Ideally such a campaign would directly compare the

1.000

0.975 i 7

\
\‘
N

0.950 -

0.925 +—=-7

0.900

0.875 <

Cleanliness & face-down [-]

0.850 a

0.825 v ——- y=0.45x+0.56 - R2=0.965 |
e 95 % Cl

0.800 T T T T T
0.800 0.825 0.850 0.875 0.900 0.925 0.950 0.975 1.000

Cleanliness & vertical [-]

Fig. 19. Cleanliness of the face-down sample over the vertical sample, with
linear trend line of data.
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vertical stow on tracked heliostats to an alternative case such as the face-
up stow, as in the here presented main campaign. To conduct this
campaign at the PSA a 24 h safety protocol would have to be in place,
including an extended operator crew or a fail-proof automatic control
system that avoids failure during high wind periods by placing the he-
liostat in a safety position. Alternatively, the use of advanced soiling
models could be investigated, which include detailed behavior of soiling
for surface inclinations depending on the meteorological parameters.

4. Conclusions

This research investigates the influence of the stow position helio-
stats are placed in during inactivity, on the soiling of the heliostat re-
flectors. It was shown that for the here used site and operational
parameters, face-down stow presents a clear advantage in relation to
soiling protection compared to face-up stow. Over a whole representa-
tive year, this results in a considerably higher mean cleanliness of the
face-down stow option with £ = 0.984 compared to face-up £ = 0.895,
presenting an absolute difference of A& = 8.9 %pt. Hence, soiling rates
for this case are nearly seven times lower for face-down with 0.2 %/day
compared to 1.4 %/day for face-up stow. In commercial CSP plants,
often cleanliness thresholds are used to make cleaning decisions. Based
on that, the face-down stow would directly lead to a sevenfold reduction
in annual cleaning effort. Differences were found to be smaller for
alternative cases with varying parameters, especially reduced stow-to-
tracking time ratio. In an extra campaign with much higher daily
tracking time, the difference between stow positions decreased to an
absolute mean cleanliness difference of AZ = 3.5 %pt and a 1.6 times
lower soiling rate for face-down stow. During operational conditions in
commercial plants with common tracking times, these parameters are
expected to lie in between the two investigated extreme cases. In addi-
tion, the evaluation highlighted the importance to cover an entire year,
to produce significant soiling results in this type of campaigns. This data
may serve as an input parameter for future design choices for heliostats
and decisions on operational strategies.

During the execution of the campaigns, the influence of further
secondary case specific parameters was analyzed. It was concluded, that
the face-down position has a clear advantage compared to the other
common beneficial position of vertical stow, in terms of soiling pre-
vention. A slight dependence of the soiling on the height above ground
was detected. Mean differences between facets close to the ground and
on the upper edge of the heliostats are <1 % and can be neglected, when
the differences between heliostats are analyzed. Local heterogeneous
soiling patterns may present considerable differences in reflectance, but
the influence on the overall facet cleanliness during this study resulted
in a negligible cleanliness difference of 0.4 % and is thus neglected for
the main evaluation. In general, reflectance heterogeneity increases
with stronger soiling levels, but using the mean of 20 reflectance mea-
surements per facet, has proven to give a good estimation of the average
facet cleanliness.

The selection of the utilized reflectometers for the soiling determi-
nation plays an important role and may influence the gained results
considerably. Commercial portable reflectometer devices vary in the
measured reflectance parameters used and modification in the accep-
tance angles and wavelengths have an impact on the results. For this
study, two of the most common commercial reflectometers were used
successfully and it was possible to determine simple linear correlations
between the different devices, which permits the translation of results of
one equipment into the other. Further research into the applicability of
these correlations and their limits is recommended.
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