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ARTICLE INFO ABSTRACT
Keywords: The final quality of each individual heliostat and its interaction as a heliostat field are important factors which
Concentrating solar power (CSP) determine the final performance and economic success of a solar tower system. The field quality is influenced by

Central receiver system
Performance testing
Quality assurance

several factors like intelligent positioning of the individual heliostat units, their interaction (blocking/shading),
light attenuation to the receiver, receiver optical acceptance angles, and operational parameters like calibration
quality, aimpoint strategies, heliostat availability and reliability.

Heliostat

Heliostat field The Heliostat Field Acceptance Guideline is currently being developed to assess the quality of heliostat fields.
Guideline This article gives background information and experiences which have been fed into the draft version of the new
Standardization guideline for the heliostat field. The draft document will be shared with the community and will be a step

forward in the measurement of distributed concentrator systems. It complements and builds on the existing
SolarPACES Guideline for Heliostat Performance Testing, which allows the characterization of individual he-
liostats. The article discusses several options for heliostat field acceptance testing. The level-2 approach, based on
statistical sampling of some heliostats and subsequent raytracing with measured and extrapolated values is
recommended. The draft guideline also suggests various standardized tests and qualification procedures,
providing an objective method to facilitate the field acceptance testing after construction, making it easier for
suppliers and customers to negotiate contracts and ultimately reduce risks and costs.

concentrated solar radiation, essentially the “fuel” for the solar power
plant. An acceptance test for industrial-sized heliostat fields should be
available and agreed on to guarantee their high performance and reli-
ability. That is, the annual or monthly amount of energy and/or the
power at specific times of the year intercepted by the receiver aperture,
should be measurable.

Flux measurement systems allows to measure incident power of
concentrated solar radiation in or near the receiver aperture. The inci-
dent solar power together with other measurands allows to calculate
either the solar field efficiency or the receiver efficiency. The efficiency
of prototype receivers and tower systems are usually characterized by
flux density measurement systems based on moving bars and

1. Introduction

In central receiver systems, hundreds to tens of thousands of helio-
stats are shaped to concentrate and biaxially track the sun onto a
receiver that is located at the top of a tower. For high optical perfor-
mance of the heliostat field, quality must be ensured at all relevant
stages from design, manufacturing, commissioning and operation of the
individual heliostat and the entire heliostat field. The heliostat field
represents a significant portion, approximately 40 % to 50 %, depending
on the specific boundary conditions, of the total capital cost of central
receiver systems. Its performance is critical in providing the
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Nomenclature Npop Population size (all heliostats) (—)
i Heliostat number

Abbreviations n Sample size (chosen heliostats) (—)
BCS Beam Characterization System k Rayleigh parameter, or coverage factor
CENER Centro Nacional de Energias Renovables p Power (MW)
CSP Concentrating Solar Power SDaprvs Root mean square value of 2D slope deviation matrix of
DBSCAN Density-Based Spatial Clustering of Applications with heliostat mirror surface (mrad)

Noise Trackap acs,rvs  Root mean square value of 2D tracking error (mrad)
DLR Deutsches Zentrum fiir Luft- und Raumfahrt, German 1% Coefficient of variation (=o/u) (—)

Aerospace Center x Heliostat field dimension, or parameter x (m)
D&S Devices & Services Company X Mean of parameter x
EPC Engineering, Procurement and Construction y Heliostat field dimension (m)
KDE Kernel Density Estimation Z Standard normal deviate (—)
HCS Heliostat Coordinate System
HelioPoint Airborne Calibration Method for Heliostat Fields (DLR) Greek symbols
NIO Non-Intrusive Optical Method (Sandia National n Efficiency (%)

Laboratories) u Mean value of a parameter (population)
NREL National Renewable Energy Laboratory 4 Mirror cleanliness (-)
ReTNA Reflected Target Non-Intrusive Assessment P Reflectance/reflectivity of clean mirror (%)
RMS Root Mean Square o Standard deviation of a parameter, orRayleigh parameter
SOFAST Sandia Optical Fringe Analysis Slope Tool Subscripts
SolarPACES Concentrating Solar Power, Thermal and Chemical ap aperture

Energy Systems — IEA Technology Collaboration e estimated

Programme in input
STRAL  Solar Tower Ray Tracing Laboratory, DLR field field
QDEC-H Deflectometry Setup to Measure Heliostat Slope Deviation rec receiver

Maps (CSP Services) S sampled (parameter), or solar-weighted (reflectance)
T™MY Typical Meteorological Year sol solar
English symbols th thermal
Apet Net heliostat aperture (m?) tot total (solar to thermal)
e Error margin (X —) A spectral, monochromatic
e* Relative error margin (=e/w) (%) ¢ acceptance angle, specular
Gy Direct normal irradiance (W/m?)

radiometers, e.g. [1-6]. In some experiments, the incident solar flux is
estimated by raytracing simulations, e.g. [7].

Due to its size and cost, large-scale, industrial solar plants typically
do not have moving bars or sufficient number of radiometers installed as
usually found in protype receiver testing. Different R&D groups develop
special flux measurement systems suited for large solar plants which are
capable to measure the solar radiation which is directly reflected on the
receiver surface [8-14]. Uncertainties between approximately 5 % and
6 % have been claimed; however, the number of validation experiments
still seems scarce and more research in this direction is necessary.

For efficiency testing of the entire central receiver systems, i.e. the
combination of solar field efficiency and receiver efficiency, please refer
to the NREL report “Utility-Scale Power Tower Solar Systems: Perfor-
mance Acceptance Test Guidelines” [15,16]. In this report, two tests are
proposed which both include the receiver efficiency. The purpose of the
power test is to measure the thermal power output under clear-sky
conditions under thermal steady-state equilibrium conditions. The sec-
ond test proposed by [15,16] is the multi-day continuous production test
which validates the accuracy of the performance model for comparison
to contractual projections.

The receiver efficiency as a separate part of the energy conversion
chain can be determined without using solar flux measurement systems
with tests developed during the Solar Two Project [17]. The power-on
method eliminates incident power from the heat balance equation and
calculates the thermal losses from known measurements. For this, the
receiver is operated with 50 % and 100 % of the heliostat field around
solar noon, while maintaining receiver outlet temperatures, that is heat
losses, approximately constant. The power-off method circulates hot

fluid through the receiver while measuring the receiver heat loss
without sun concentration on the receiver. The more flexible continuous
power-on method [18] uses the ratio between arbitrary high and low
incident power levels and can use more pairs than only the 50 % and
100 % level of the original Solar Two tests. Another method of [18] is the
semi-analytical method which proposes to determine the heat loss by
infrared camera readings of the receiver surface and the calculation the
radiative and convective thermal losses. Xiao et al [19] present and
validate a method which uses different direct normal irradiance condi-
tions for the evaluation of thermal efficiency.

There is a gap in metrology for estimating the heliostat field effi-
ciency as a separate part of the energy conversion chain. Heliostat field
and receiver may be provided by different companies, so separate
acceptance tests for heliostat field efficiency and receiver efficiency are
necessary. The HelioCon roadmap [20] also indicates the necessity for
in-situ monitoring tools for all opto-mechanical errors being applicable
to commercial-scale heliostat fields. The SolarPACES grant “Analyze
Heliostat Field” [21] supported the Heliostat Field Performance Testing
Guideline activities by bringing together the world’s metrology experts
in measurement technologies of heliostats and heliostat fields to review,
compare, and discuss the advantages and disadvantages of new and
existing measurement methods.

For heliostat field efficiency testing, heliostat measurement tech-
niques which allow to investigate a higher number of heliostats with low
effort are required. There are techniques for quality assurance in
manufacturing lines for single mirrors or the whole concentrator as-
sembly, but also in-field techniques to characterize installed heliostats.
One technology which can be found in practically all plants around the



M. Roger et al.

world are beam characterization systems (BCS) [1,2]. They characterize
the focal spot of one or several heliostats on a white target using a
camera. This technology is usually used to measure the tracking accu-
racy. New developments additionally extract further information like
slope error and focal length [22]. More recent developments even
reconstruct the slope deviation maps solely from the flux images, either
by using machine learning methods with prior training [23] or numer-
ical optimization [24]. The BCS method using a white target suffers in
large plants from contrast problems and not totally fitting heliostat focal
spots on the physical target. CENER proposes a scanner-based method-
ology, a bar equipped with a vertical array of detectors and cameras, to
characterize the focal spot and surface slope [25].

Mirror and concentrator shapes can be measured physically by
deflectometry, e.g. the open source SOFAST [26,27], with its improve-
ments regarding flexibility [28] and robustness [29], the QDec systems
[30-32], the Bias-Fraunhofer deflectometry system [33], or the NREL
ReTNA system [34,35] with reduced set up times regarding labor and
infrastructure. Additionally, further developments in airborne in-field
measurements techniques to measure slope deviation maps or tracking
deviations, e.g. NIO [36,37], HelioPoint [38,39], or UFACET [40] may
allow to go for an even more comprehensive qualification of installed
heliostats including measurement of their orientation.

Mirror and concentrator shapes and its deformation with gravity can
be measured by photogrammetry, e.g. [41]. Being limited in the past to
measure heliostat shape and orientation from fixed or handheld cameras
[42], nowadays cameras on drones can be used, see e.g. [43].

To fill the gap in determining the heliostat field efficiency, DLR,
together with German industry, has initiated research with the final
objective to develop a draft of a SolarPACES Heliostat Field Performance
Testing Guideline. The project HELIODOR [44], funded by the German
Federal Ministry for Economic Affairs and Energy, started in 2018 and
ended in 2022. This paper presents final results of the project activities
which have been used to draft the heliostat field guideline, lessons
learned during the application of the guideline to a Juelich Solar Tower
heliostat subfield and further insights.

The field guideline document will be made available for interna-
tional review in the heliostat working group of SolarPACES Task IIL It
establishes different options for standardized test and qualification
procedures each leading to comparable performance parameters for
heliostat fields as an objective method for their efficient comparison. It
should facilitate the acceptance testing after field construction, supports
and speeds up the contract negotiations between heliostat field supplier
and customer while lowering risks and costs. The guideline is directed to
EPC contractors, field suppliers, third party testing companies, and plant
owners. The guideline also offers templates for contracts and an exem-
plary acceptance procedure applied to a fictional 50-MW solar tower
plant with 14,500 heliostats.

The SolarPACES Heliostat Field Performance Testing Guideline will
complement the existing SolarPACES Guideline for Heliostat Perfor-
mance Testing [45] which defines the parameters and respective mea-
surement techniques for single heliostats. More information can be also
found in the conference articles with updates [46,47], or the article
describing the testing of the Stellio heliostat according to the guideline
[48].

2. Requirements of heliostat fields

Besides the individual heliostat performance, the positioning of the
heliostats and its interaction and operation as a unified field determine
its quality and performance. The field design, manufacturing, commis-
sioning, operation and maintenance should adhere at least to the
following requirements:

e The heliostat field design must consider concentrator focal lengths,
blocking/shading characteristics, light attenuation to the receiver,
tower height, and receiver optical acceptance angles.
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The manufacturing process may involve either on-site assembly of
structures and mounting of mirrors in local workshops or maximum
prefabrication and transportation for minimal final assembly on-site.
Quality control during manufacturing and after their transport to the
final field location is essential.

e The final commissioned quality of the heliostat field, including op-
tical and tracking accuracy and correct positioning, should ensure
the contractually agreed energy production.

Operational aspects require easy calibration, effective communica-
tion, and a high availability and reliability to maintain acceptable
solar field performance.

Low costs for production, installation, operation and dismantling.

e Speed of production and commissioning.

Low environmental impact (e.g. reduced use of critical materials and
chemicals, use of recyclable materials, low impact on soil and
vegetation, low water usage, low energy consumption etc.).

3. Methodology

The drafted SolarPACES Heliostat Field Acceptance Guideline de-
fines heliostat field interfaces, relevant field parameters and offers
different approaches for acceptance testing. It also includes additional
material, such as an exemplary acceptance procedure for a fictitious
power plant, or a sample contract between the heliostat field manufac-
turer and the owner.

3.1. Definitions

The heliostat field has interfaces to the receiver, atmosphere, ground,
the field power supply and global signal interface, see Fig. 1. The he-
liostat field control system including aim point strategies could be either
part of the heliostat field, if it is delivered by the heliostat field manu-
facturer, or not, if delivered by others. The chosen option must be clearly
defined in the contractual documents.

Relevant parameters of the heliostat field can be divided in the
following subgroups:

e Performance Parameters: These parameters describe the technical
properties of the whole heliostat field which determine the output of
the power plant, e.g. the heliostat field efficiency, heliostat param-
eters (heliostat coordinates and orientation, heliostat geometry like
reflective area, shape and kinematics, slope deviation, tracking de-
viation, reflectance), availability, energy consumption, time limits
(startup, change of aimpoint etc.), and operational limits like wind
and temperature.

e Communication and Safety Parameters: Although having minor ef-
fect on the electric output of the power plant, these parameters have
to be fulfilled to ensure the safety of personnel and to prevent
damages to equipment, e.g. flux limits, communication or power
loss, reaction time, human/operational control failures, emergency
measures, etc.

e Commercial Parameters: These parameters are commercially rele-
vant for the project, e.g. capital costs, operating costs, maintenance/
repair costs, cleaning costs, lifetime, degradation, required standards
guidelines and local regulations.
Environmental Parameters: The environmental parameters define
the interfaces of the heliostat field to the atmosphere and ground in
sufficient quality in spatial and temporal relation. The plant must be
able to operate and survive under these environmental boundary
conditions and provide the energy yield as indicated by simulations
with a virtual heliostat field model using the same data. Weather
data of a Typical Meteorological Year (TMY) may be used, together
with other factors like long-term hail and snow, lightning, precipi-
tation, wind events, corrosivity classification or time series of
cleanliness, attenuation, soiling, etc.
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Fig. 1. Definition of the interfaces of the heliostat field to receiver, atmosphere, ground, field power supply and global signal network.

The parameters can be measured or estimated using different
methods, with each parameter assigned to a specific category of method:

e Acceptance Tests: Parameters determined during the acceptance
procedure at a specific point in time, usually after completion of the
construction phase and during commissioning of the solar field. This
means that these parameters result from the actual acceptance pro-
cess on site.

e Time Evaluation: Parameters that cannot be tested in a single
acceptance procedure, but must be evaluated over a period of time, e.
g. the heliostat availability. Multiple measurements must be taken at
intervals, or operational field data must be evaluated.

e Component Pre-Test: Not every component or element can be tested
in the field during the acceptance procedure, e.g. the lifetime of
components, or the mirror reflectance with spectrophotometers.
They must be measured in the laboratory before shipment and not
during manufacturing, to distinguish them from the on-site
manufacturing quality control group. All warranties or guarantees
of components are usually included in this label. It is necessary that
the same batches, whose quality has been checked, are used for the
heliostat field.

e On-site Manufacturing Quality Control: Results from on-site quality
control systems, such as in-line slope deviation measurement, can be
used for heliostat field acceptance. It is important to consider the
potential impact of transport and final assembly at the destination in
the solar field, for example by demonstrating with some sample
measurements that there is no change in parameters due to transport
in the field.

e Mathematical Proof: The parameters in this category cannot be
measured directly, e.g. the annual energy output of the solar field in
MWh, but their fulfilment is a decisive factor in determining whether
or not an approval is granted. Therefore, a mathematical proof with
further calculation steps based on measurements or component
specifications is provided to meet this requirement. The simulation-
based acceptance procedure falls into this category.

3.2. Phases of heliostat field performance testing

The drafted guideline provides an overview of the various phases
involved in the process, from the initial contract negotiations through
the installations of the first heliostats to the final commissioning of the
entire field. This encompasses a range of activities, including the first
batch check, heliostat field layout check, provisional acceptance, and

the final acceptance test, see Fig. 2.

In all cases, the overall acceptance procedure as well as all relevant
parameters and quality criteria should be defined by the involved
parties. It is recommended that the schedule is incorporated into the
contract as an agreed-upon term. Fig. 3 illustrates the activities which
should be completed in order to achieve final acceptance.

3.3. Performance testing using sampling

Different approaches are possible for the heliostat field acceptance
testing. Wherever feasible, a 100 % qualification of all heliostats or
heliostat components is recommended to ensure manufacturing and
assembly quality. Commercially available in-line qualification tools for
single mirrors or whole concentrators, or for already installed heliostats
can be used for this task. Different R&D laboratories have prepared and
partially commercialized via spin-off companies quality assurance so-
lutions which cover the whole production chain from manufacturing
(mirrors, concentrators) down to the installed single heliostat or whole
heliostat field [21-35,41,42]. Additionally, further developments in
airborne in-field measurements techniques to measure slope deviation
maps or tracking deviations may allow to go for an even more
comprehensive qualification of installed heliostats including measure-
ment of their orientation, e.g. [36-40,43]. Where a 100 % qualification
is not practical or feasible, measurements on a representative, statisti-
cally selected sample of heliostats can be performed. The measurement
methods proposed by the (single) Heliostat Performance Testing
Guideline [45] can be used.

3.3.1. Normally distributed populations

For the sampling, the HELIODOR project proposes at first a simple
form of sampling: If the investigated parameter x is normally distrib-
uted, the population can be described with the mean value u and the
standard deviation o.

Distribution function of the error of the mean of the population (central
limit theorem).

The normalized distribution function of the mean value X of a sample
converges to a standard normal distribution with sufficient number of
samples. This is true even if the parameter x itself is not normally
distributed. The central limit theorem states that for a statistical sample
of size n, with n approaching infinity, the random variable \/n(x —uz)
converges to a normal distribution. With y; = u, = y, one can also
simpler write that \/n(X—u) converges to a normal distribution. The
normal distribution can be formulated by the standard normal deviate z.
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111. Provisional IV. Final Pass turned over to
acceptance, acceptance, owner.
sample A sample B Field accepted
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Fig. 2. Recommended workflow for quality assurance including heliostat field acceptance procedure.

A - Negotiation phase

| A.1 Definition of acceptance procedure |

| A.2 Definition of parameter-set |

'| I

| A.3 Definition of acceptance modality

| A.4 Definition of normative references |

'

| A.5 Definition of pass-fail criteria |

| A.6 - Definition of sampling methods (1A*) | _

(Part of) contract

*IA: if applicable

First batch check

Adjustments,

1. 11 V. Accepted,
» Field Layout > Provisional Final Transferable
check Acceptance a Acceptance to owner

Start
(n=1..1v)

C.1 Execution of sampling (1A¥)
C.2 Readiness

C.3 Execution of acceptance tests

C.4 (1A%

reworks,...

C.5 Execution of simulation (IA*)

C.6

Fig. 3. Flow chart of recommended phases and their corresponding activities. The circular process shown within “C-Acceptance phase” is repeated for each stage I

through IV.

Following this, the mean value X of a parameter can be described by the
mean value y of the population and the standard deviation of the mean
value ox:

J_C:ﬂ-i-O';QZ:ﬂ—i—inQZ (@D)]

7

The error value e can be defined as:

e=%—u @

It is the interval around a found sample mean value X, within which the
true mean value u of the population is located with a certain probability
described by the value z. Also, we can define a relative error e*=e/u with
1 being the estimated mean value (ue) of the population. For example, if

a relative error e* of + 5 % chosen, it is ensured that the sample mean

value is found within the + 5 % of the true mean p of the heliostat field.
With the definition of e and solving for n, the minimum statistical

sample size of heliostats to be measured calculates to:
2%0?

-5 3
The coefficient of variation V must be estimated. The estimated coeffi-
cient V. is the ratio between the estimated standard deviation ¢, and the
estimated mean value y,. The relative error margin is defined as e*=e/y,.
Then, Eq. (3) can be also written in the form:

22V?
n—

= P

4
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Since the number of heliostats in a field is not infinite, we can consider
the mode ‘pull without putting back’, i.e. in total we have to get fewer
samples. For a finite number of heliostats N,,, we can write, see also
[49].

- 6 [Npp—n
X=U+—4|/—=———0Z
g VA \[ Npop — 1

)

Including e and solving for n results in the minimum statistical sample
size in this case:

7%06?

() 0 ()

or written with the coefficient of variation V and the relative error e*:

(6)

22V?

o () (0 ()

We observe that for large heliostat fields with high population size Npop,
the term in Eq. (5) under the square root (Npop-1)/(Npop-1) approximates
one. Eq. (6) transforms to Eq. (3), and Eq. (7) transforms to Eq. (4). For
medium and larger fields with Npop > 100, the term (1-1/Npop) in Eq.
(7), approximates one. So Eq (7) can be approximated also by the
following form, sometimes called Slovin’s formula:

n (22 (1s (:52))

In short, if the heliostat property can be approximated by a normal
distribution, Eq. (7) can always be used, the simplified Eq. (8) only for
fields with more than 100 heliostats. Eq. (4) provides higher sample
numbers, especially for smaller fields, so its use is always possible but
not necessary.

)

(3

3.3.2. Not normally distributed populations

The assumption of a normal distribution (Fig. 4 left) is not neces-
sarily true for all parameters and the whole heliostat field. Examples are
the distributions of the 2D slope deviation or the 2D tracking deviation.
If optical errors around the single dimensions (x, y) are normally
distributed errors, the convolution in two dimensions frequently results
in a Weibull-type distribution (Fig. 4 middle).

Another example for a not normally distributed population is a he-
liostat field which has been constructed in several phases and the first
sector might have resulted in worse quality. This would result in a dis-
tribution with two peaks which in some cases can be approximated by an
overlay of two normal distributions each with different mean values and
standard deviations (Fig. 4 right).

In these cases, the field cannot be represented by a simple mean
value and the corresponding standard deviation, and the distribution
function found has to be considered for performance testing.

Solar Energy 298 (2025) 113730

3.4. Approaches for performance testing

3.4.1. Level-1 approach: Heliostat properties only
The guideline allows different acceptance approaches for the

Table 1

The different approaches of performance acceptance testing. Level 2 needs data
from level 1. (* means within confidence interval).

Heliostat Simulation-based Other
properties only output (level 2) Approaches
(level 1)
Acceptance Define sampling Define sampling Define a
Procedure method and and measure measurement
measure individual method to be used
individual heliostats. Level 2: to derive solar field
heliostats of the Data analysis efficiency:
sample (Anomalies), data — Solar flux
extrapolation on measurement, or
unmeasured — Measurement of
heliostats and total efficiency and
raytracing yield the thermal
simulation. receiver efficiency.
Contract Measured Simulation-based Heliostat field
heliostat heliostat field efficiency, or input

Complexity for
companies or
R&D
institutions

with expertise

on heliostat
metrology

Uncertainty of

field
performance

Limitations

parameters (e.g.
distributions of
permitted
tracking
deviation, slope
deviation, etc.)
comply with* the
contractual
design values?
Moderate

Depends on
sample size

Not considered
are:
e Field layout

efficiency, or
heliostat field yield
(yearly/monthly/
daily MWh) comply
with* the
contractual design
value?

Moderate, but
additional steps for
raytracing
compared to level 1
is needed
(raytracing
software incl. all
input data)
Uncertainty ~ 3 %
(with sufficient
sample size and
validated
raytracing
software)
Aimpoint strategy,
as defined in the
contract, is

power into
receiver at certain
operating
conditions comply
with* with the
contractual design
value?

Moderate

Medium-high,
depends on future
R&D

Requires flux
measurement
system with high

> 25 2.5
2 2
[)]
0 15
=
= 1
3
S 05
& 9
0 0.5 1 1.5 2 0

X

effects and considered. accuracy, or
e Aimpoint Raytracing receiver efficiency
strategies software must be measurement with
validated and same  lower
software for uncertainties than
contract and state-of-the-art.
acceptance Depends on actual
calculations must operating
be used. conditions.
Recommended
approach.
25
2
1.5
1
0.5
0
1 15 0 1 2 3
X X

Fig. 4. Schematic of three prototype distributions: Normal distribution (left; y=1.0 mrad, ¢ = 0.2 mrad), Weibull-type distribution (middle; as Rayleigh distribution

k = 2; A = 6 = 0.42 mrad) and overlay of two normal distributions (right; ¢y = 1.0 mrad, ¢; = 0.2 mrad, and p; = 2.0 mrad, 6, = 0.4 mrad)).
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heliostat field acceptance testing, see also Table 1. The level-1 approach
only compares individual heliostat characteristics (e.g. slope deviation,
tracking deviation, etc.) as defined in the Guideline for Heliostat Per-
formance Testing [45-47] after selecting a statistically relevant number
of heliostat samples. It then compares every measured quantity, e.g.
distributions of permitted tracking deviation, slope deviation, etc., with
the respective contractually agreed values and returns a pass or fail
output.

3.4.2. Level-2 approach: Simulation-based output

The level 2 approach uses either the heliostat field efficiency or he-
liostat field yield in MWh, expressed as yearly, monthly or daily mean
efficiency values or integral yield data for a year, months, or days using a
predefined Typical Meteorological Year. It builds upon the results of the
level-1 approach, because the performance parameters obtained from
individual heliostats investigated in level 1, serve as inputs for con-
structing a virtual representation of the solar field in a raytracing soft-
ware. Modern raytracing software can assign individual values to each
heliostat. These values with their found spatial distribution over the
field, like local anomalies or clusters, can be used instead of mean values
and standard deviations.

In the following, four steps are shortly explained: (1) Data explora-
tion and cluster analysis, (2) Resampling, (3) Data extrapolation, (4)
Data assignment and raytracing.

(1) Data Exploration and cluster analysis. After measuring the
performance parameters of selected heliostat samples, the resulting
dataset undergoes a data exploration to identify local anomalies or
clusters. A density-based clustering approach, for example the DBSCAN
algorithm can be applied using each heliostat’s geospatial position with
a performance parameter, for example the slope deviation. DBSCAN
automatically groups points which are closely packed together and flags
outliers that deviate significantly from their neighbors. This is ideal for
spotting local anomalies or clusters in the heliostat field.

(2) Resampling. In cases where local anomalies or clusters of
significantly higher or lower values appear, the level-2 approach is
preferred and additional samples are collected from those specific re-
gions to validate findings and refine the analysis. The resampling is
performed independently for each performance parameter, ensuring
that each parameter (e.g., slope deviation, reflectance) receives an in-
dividual examination. Re-running the clustering with the new data lies
the basis for the level-2 analysis, which provides a deeper understanding
of emerging patterns and helps to confirm or refute initial observations.
The procedure of data sampling and refinement is described in the draft
guideline document and is explained in detail in a separate scientific
article [50] focusing on statistics and cluster analysis. By combining
position and performance in the clustering process, local clusters of
abnormal or especially high-performing heliostats can be detected,
guiding either targeted improvements, maintenance or further
investigation.

(3) Data Extrapolation. The results of the measured heliostat in-
dividuals are extrapolated to unmeasured heliostats for the raytracing
simulation. The distribution function for each sampled performance
parameter (e.g. slope deviation) is aligned with the unknown distribu-
tion function characterizing the entire heliostat field or field clusters to
generate synthetic data for the unsampled heliostats. It is crucial that the
distribution function remains unaltered throughout the synthetic data
generation process. This can be achieved by using a kernel density
estimation technique (KDE). KDE is a nonparametric method that avoids
making assumptions about the data’s underlying shape. Instead of
forcing the data into a particular distribution, like e.g. a normal or
gamma distribution, KDE constructs a smooth probability density
function. It places small often Gaussian-shaped “kernels” around each
observed data point and summarizes these kernel functions. This
approach ensures that important features of the sampled distribution,
such as skewness, multiple peaks, or heavy tails, are accurately captured
and preserved. KDE solves the problem of smoothing data by allowing a
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limited sample to be used to infer a population. Once the KDE is formed,
synthetic data can be drawn from this estimated density, guaranteeing
that the statistical properties remain consistent with those in the original
heliostat measurements. Prior resampling increases the information
amount for the estimation technique.

(4) Data Assignment and Raytracing. The virtual heliostat field is
created by assigning performance parameters to unmeasured in-
dividuals in accordance with the distributions of the identified local
anomalies and clusters. The resulting virtual heliostat field model allows
for the calculation of hourly or annual efficiencies for the entire man-
ufactured heliostat field. Modern raytracing simulation tools which have
been validated against beam characterization measurements must be
used for this calculation, and the same raytracing software must be used
during contract negotiations and acceptance testing to avoid any dif-
ferences caused by different software implementations. Raytracing cal-
culations can be compared against in-situ flux measurements obtained
from individual heliostats or groups to validate the simulated power
outputs during the acceptance test.

3.4.3. Other approaches

Further measurement methodologies for assessing the heliostat field
efficiency are either (1) solar flux measurement technologies, or (2) the
measurement of both the total efficiency and receiver thermal
efficiency.

Solar flux measurement technologies which suit industrial needs do
not need moving bars and are compatible with industrial-scale receivers,
see also [8-14]. The solar field efficiency can be derived by

Mol field = Py, aP/ Z (GbAnEl/)s.(pf)i (9)

with Py, ap being the aperture input power measured by integrating the
solar flux mapping results, Gy, the direct normal irradiance, Ayt the net
heliostat aperture, ps ,, the solar mirror reflectance being multiplied with
the mirror cleanliness ¢ of heliostat i.

A second alternative method is to measure the total efficiency (solar
to thermal output) and the receiver thermal efficiency and dividing both
to get the solar field efficiency.

Msol field = ntotal/’?rec,th (10)

The thermal output for the total efficiency can be estimated by the
product of mass flow rate, specific heat capacity and increase between
receiver input and output temperature of a fluid. The receiver thermal
efficiency can be estimated by tests developed during the Solar Two
Project [17] and its further developments [18,19].

4. Results and discussion
4.1. Sampling and influence of input parameters on the sample size

If the properties of the heliostats can be approximated by a normal
distribution, either the level-1 approach or the level-2 approach can be
chosen. As an example, for a field of 5000 heliostats with normally
distributed characteristics, an estimated mean value for the tracking
accuracy of ye = 1.0 mrad and an estimated standard deviation of 6, =
0.2 mrad are assumed. Permitting a relative error e* of 3 %, the real
mean value for tracking of all heliostats is in the range from 0.97 to 1.03
mrad. Desiring a 95 %-confidence (coverage factor k = 2), the standard
normal deviate z = 1.96 is used. The number of heliostats n that must be
characterized to be representative for the tracking deviation is 166. If
permitting a relative error of 5 %, the output of Egs. (7) or (8) is 61
heliostats, and with 10 % error it is 16 heliostats.

Table 2 shows the sample size for the different formulas for a relative
error e* of 5 %, and compares the values calculated by Egs. (4), (7) and
(8). It can be observed that the sample size calculated with Eq. (4), ‘pull
with putting back’, does not depend on the heliostat field size and is
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Table 2

Number of heliostats to be sampled for a relative error of e*=5 % for an esti-
mated mean value for tracking accuracy tracking u. = 1.0 mrad, estimated
standard deviation of 6. = 0.2 mrad (coefficient of variation V., = 20 %), with 95
% of confidence (k = 2; z = 1.96), calculated with the Egs. (4), (7) and (8). A
relative error e* of 5 % means that the mean tracking error falls between 0.95
and 1.05 mrad with 95 % confidence. These equations are valid under the
assumption of a normal distribution.

Heliostat field size Sample size n, Eq. Sample size n, EQ.  Sample size n, Eq.

Npop @ %) ®)
100 62 39 39
500 62 55 55
1000 62 58 58
2000 62 60 60
5000 62 61 61
10,000 62 61 61

always largest. Equations (7), and Eq. (8) produce practically the same
number of heliostats to be sampled. As the number of heliostats is
limited, the authors recommend using either Eq. (7) or Eq. (8), both
based on ‘pull without putting back’.

Under the assumption of a normally distributed heliostat character-
istics, Fig. 5 shows the sample size for the tracking deviation for three
different error margins (left), and three different coefficients of varia-
tions (right), both as a function of the heliostat field size. It is noteworthy
that the required sample size is nearly constant for solar plants with
more than 2000 heliostats, regardless of the specific error margin used.
However, a more stringent error margin requires a large increase in the
number of essential measurements (samples). A higher expected coef-
ficient of variation V. also increases strongly the number of samples.
Depending on the sensitivity of the performance parameter on the en-
ergy yield, a different error margin must be used for each parameter.
Hence a different sample size n is calculated for each heliostat perfor-
mance parameter. The procedure for selecting heliostat samples for
measurement is performed in a fully randomized manner.

4.2. Process of estimation of the initial mean and standard deviation
values

In the following, an example of a fictitious 50-MW plant with a total
of 14,500 heliostats is used to discuss the process of estimation of the
initial mean g and standard deviation o6, on the sampling for mirror
reflectance, slope deviation and tracking accuracy. The estimated input
parameters and the permitted relative error are listed in Table 3. In the
case of mirror reflectance, assuming an estimated standard deviation o,
of for example only 0.2 % means that we have to know previously that
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there is no high variance in the delivered mirrors. Then, Egs. (7) or (8)
result in a sample size of 18 heliostats for reflectance, 82 for slope de-
viation and 62 for tracking accuracy. Fig. 6 shows the plant layout and
the randomly selected heliostats for each parameter of Table 3.

The estimates have to be based on a critical engineering mind. If a
very small coefficient of variation is used, like in the case of reflectance
in the example of Table 3, it has to be checked beforehand that this is the
case. Only then, a very small coefficient of variation of 0.002 is justified,
resulting in the very small sample size of only 18 heliostats. On the other
hand, if the evaluators suspect a wider variance of reflectance, the
estimated standard deviation ¢ has to be increased, leading to a higher
coefficient of variation V. and hence larger sample size. An increase of
0. = from 0.2 % to 0.8 % would increase the number of mirrors to be
measured from 18 to 273.

The estimated values should be chosen conservatively to detect sig-
nificant irregularities. The calculated sample size n should always be
seen as a minimum. After sampling, the input parameters g, and o, for
the formulas may be compared with the observed ones (us, 05), and the
sampling can be redone using these. This checks whether the sample size
is sufficiently large. If not, more samples have to be taken.

The estimation of the mean and standard deviation values for sam-
pling should be based on, amongst other: (1) qualification reports of the
mirror production line with good coverage of sampling, (2) consider-
ation of the different particularities of each construction site, like parts
of a heliostat field may have been constructed in different phases and the
first sector may be of worse quality, or there could have been several on-
site assembly lines, each with different quality. (3) The usage of airborne
image technologies should be considered to get deeper insight if there
are clusters of worse quality.

However, the guideline does not solve the problem of making too
optimistic estimations on the variance which might lead to the situation
that heliostats with worse quality may be not detected at all. This is
especially critical in the case of not normally distributed population
where the application of the presented equations is not scientifically
justified. In this sense, the procedure presented may not be the final one,
and further guidance should be given in a final guideline. Additional
safety factors on the resulting number of samples n could be applied for
example, whenever there is little knowledge about the construction
phases or drone screening measurements. The number of investigated
heliostats may be increased until there is no significant change in the
output.

The relative error e* should be related to the sensitivity of the
parameter on the energy yield. The higher the sensitivity, the lower the
relative error e* must be chosen. A scientific discussion, whether the
sampling is sufficient and what is the significance of the uncertainty of
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Fig. 5. Required quantity of heliostats n to be measured for representation of the heliostat field for 95 % confidence (z = 1.96) for different relative error margins e*
(coefficient of variation V, = 0.2; left) and different coefficients of variations (relative error e*=5 %; right). The calculation is performed with Eq. (7).
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Table 3
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Estimated input parameters for Egs. (7) or (8) and resulting heliostat sample size n for a fictitious field of Np,, = 14500 heliostats.

Parameter Estimated mean Estimated standard Estimated coefficient of Relative error Resulting heliostat
(ue) deviation variation (V,) (e*) sample size
(ce) (n)
Reflectance of clean mirror 94 % 0.2 % 0.002 0.1 % 18
Ps,p
Slope 1.3 mrad 0.3 mrad 0.23 5% 82
Deviation
SDop,rMs
Tracking 0.5 mrad 0.2 mrad 0.40 10 % 62
Accuracy Trackap ycs,rms
performance testing phase and needs more definitions in the contract,
like definitions of a TMY, the raytracing program, aimpoint strategy, etc.
1000 The Heliodor project consortium recommends not to stop at level 1, but
to continue with level 2.
Compared to the level-1 and level-2 approach based on statistical
500 measurements and raytracing, the other approaches presented in section
3.4.3 in Egs. (9) and (10) are not yet recommended at this development
- 0 stage.
Solar flux measurement technologies without moving bar are in
e development and currently have still a high measurement uncertainty. A
—-500 1-sigma uncertainty of + 6.2 % for local solar flux density values is
Tracking estimate.d by Offgrgeld [1(?] f{)r a Yolumetrif: receiver wit}} non-
1000 Reflectance Lambertian reflection behavior, including a radiometer uncertainty of
Slope + 3.0 %. Raeder et al. [11] observe in two single tests deviations of the
integrated solar flux with a reference measurement below 4.4 % for a
—1500 -1000 -500 0 500 1000 1500

X

Fig. 6. Example of sampled heliostats which are marked with colors indicating
the parameter to be measured: Tracking, reflectance and slope deviation; more
details in Table 3.

each parameter on the energy yield is discussed in a separate article
[50].

4.3. Comparison between approaches

In the level-1 approach, the guideline recommends evaluating the
heliostat field quality by comparing distributions of heliostat parameters
like tracking accuracy, reflectance and slope. Frequently, in a contrac-
tual agreement, the mean value and the standard deviation for each
parameter are defined and compared. This procedure can be used for
normally distributed populations which can be described by a mean
value and standard deviation. It is easy to use and understand and less
effort than defining a level-2 approach. However, local clusters of pa-
rameters of inferior quality are not represented correctly. The level-1
approach is not practical for not normally distributed populations.

In contrast, the level-2 approach can be used both for normally
distributed and not normally distributed populations. Clusters of inferior
quality can be represented in a more realistic way due to the possibility
to represent the spatial occurrence of in a raytracing software. Of course,
this is only feasible, if the sampling results are representative for the
entire field, since the simulations of the level-2 approach can only give a
result as good as the input. A cluster with higher tracking deviation for
example has a lower effect on the spillage losses and receiver efficiency,
if it is located closer to the tower. The energy yield calculated by the
level-2 approach is a more relevant characteristic than mere heliostat
properties. Agreeing on energy yield together with an aimpoint strate-
gies or flux limits means that an EPC company may compensate one
parameter with inferior quality with another with superior quality, or by
simply using more heliostat units. Also, it is possible to include an
aimpoint strategy in the contract. The level-2 approach is the more
powerful, but more complex. It requires more work during the

tubular receiver with non-Lambertian reflection, excluding the uncer-
tainty of the radiometer reading. Adding 3 % of radiometer uncertainty
[5,6] results in an uncertainty below approximately + 5.3 %. Casanova
et al. [14] report an uncertainty of the integrated flux of below + 5 %,
but for receivers with Lambertian reflection behavior. When the un-
certainty of these methods decreases, they probably may become a good
method for acceptance in case of external receivers.

The second method to calculate heliostat field efficiency presented is
the measurement of both the total efficiency and thermal receiver effi-
ciency, see Eq. (10). The limiting factor is the determination of the
receiver thermal efficiency in an industrial-scale solar plant. Its accuracy
has still to be proved to be sufficient for acceptance testing. For these
reasons, the Heliodor project consortium recommends using the level-2
approach based on statistical measurements and raytracing.

5. Experience from practical field test at the Juelich solar tower

A practical field test of the final acceptance step of the guideline was
performed at the Solar Tower in Juelich, Germany. A simulated envi-
ronment was set up with DLR as the owner, CSP Services as the mea-
surement service provider and Synhelion as the heliostat manufacturer.
The testing was performed in a subfield with 1001 heliostats where
major components of the Juelich heliostat had been replaced. With a
trained team and good preparation, the duration of the testing should
take about one week.

5.1. Contractual agreement

The “contract” in this simulated environment defines both accept-
able mean values and standard deviations (level-1), additionally to the
yearly heliostat field efficiency, using an agreed TMY (level-2) with
fixed sunshape and attenuation. It is assumed that the heliostat field
cleanliness is 100 %. The validated raytracing software STRAL [51] was
applied for both the contractually agreed and the calculated perfor-
mance using the level-2 approach. For the exemplary testing of the
guideline, the focus was restricted to four key performance parameters:
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Net heliostat aperture Ae; (level-1: >8.178 + 0.007 m?), solar-weighted
reflectance of the clean mirror ps , (>94.0 + 0.14 %), 2D-slope deviation
SDap,rms (<1.5 £ 0.3 mrad), and 2D-tracking accuracy Trackap Hcs,rRMs
(<2.0 £ 0.2 mrad). Some communication and safety parameters were
tested also; however, this article only reports the subfield performance
testing.

5.2. Sampling

As initial estimates for mean and standard deviation, the contrac-
tually agreed values have been taken. Table 4 shows the applied relative
error e* and the resulting heliostat sample size n for each parameter. The
relative error should be related to the sensitivity of the parameter on the
energy yield. The sensitivity is also printed in Table 4. More sensitive
parameters generally require smaller relative errors. A small deviation
in the net heliostat aperture and mirror reflectance has a direct effect on
the energy yield, while the effect of slope and tracking deviations
dependent on the design of the plant, mainly on the heliostat position in
the field, its distance from the solar tower, the required solar concen-
trations in the receiver aperture, or the dimensions of the receiver
aperture. More detailed studies will be given in a separate article [50].

A small estimated standard deviation o, is taken for the net heliostat
aperture and clean mirror reflectance. This is because in the simulated
environment of the project, it is assumed that test certificates from the
mirror manufacturing lines are available (component pre-test) and that
the batch numbers in the factory and on-site have been checked in the
quality assurance plan during procurement and commissioning.

5.3. Measurement

5.3.1. Slope deviation

The slope deviation is measured using the installed QDec for helio-
stats deflectometry system [31] at the Juelich Solar Tower. This process
is easily feasible within a single night due to its automation. A total of 27
randomly selected heliostats are measured. On-site concentrator
manufacturing quality control with automated in-line measurements is
an alternative to reduce acceptance test scope in the field. The possible
impact of transport and final assembly at the destination in the solar
field has to be considered and checked with a few measurements.

5.3.2. Clean mirror reflectance

Before measurement, the mirrors have been cleaned at the mea-
surement locations. Then, the monochromatic reflectivity values p;
near the four heliostat corners are measured with a D&S reflectometer,
with each location being measured twice. Subsequently, the mean
reflectivity value is calculated for each heliostat. A total of ten randomly
selected heliostats are measured.

The D&S handheld reflectometer measures the monochromatic

Table 4
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reflectivity p, , at a wavelength 4 and an acceptance angle ¢. However,
for yield calculations, the solar-weighted reflectance p;, is needed. For
this reason, only the standard deviations of the individual reflectivity
measurements are taken from the reflectometer readings. For the mean
value of the solar-weighted reflectance p;,, before installation,
randomly selected mirrors should be measured in a laboratory or during
manufacturing with a spectrophotometer (component pre-test). The
samples must be measured according to the SolarPACES reflectance
guideline [52]. It is necessary to prove whether the same mirror batches
are installed in the field. If there are any inconsistencies, further tests can
be carried out.

5.3.3. Net heliostat aperture

The net heliostat aperture is measured using a tachymeter. Ten he-
liostats are sampled, with measurements taken at the corners of the four
sub-mirror segments of each heliostat. The average edge length of the
mirrors and based on that, the aperture area is calculated. As with
reflectance, measurements taken on samples in the laboratory can be
used (component pre-test).

5.3.4. Tracking accuracy

The tracking accuracy is evaluated using the installed beam char-
acterization system. A total of 24 heliostats are characterized. The po-
sition of the focal spot of the heliostat on a white target is measured by a
camera. Due to the fact that we need to characterize the tracking ac-
curacy for several heliostats, the procedure deviates from the one
described in the SolarPACES Guideline for Heliostat Performance
Testing. Instead of continuously focusing one heliostat over several
hours, each heliostat is measured in several homogeneously distributed
time series of a few minutes over a day. Three to five time series should
be taken for each heliostat. In each time slot (e.g. 1 h), a whole group of
heliostats is measured, and then the whole group is measured again in
the next time slot, and so on.

5.4. Results and discussion

Fig. 7 shows the measured distribution functions of the results for
slope deviation, clean mirror reflectance, net heliostat aperture, and 2D
tracking accuracy. The measured mean values of the samples ug and the
expected mean values g,. are shown by vertical lines. The figure includes
a box plot comparing the measured standard deviation o5 with the ex-
pected standard observation c.. Table 5 shows a comparison of the
contractually specified with the measured values.

5.4.1. Slope deviation

For slope deviation, the measured mean value and standard devia-
tion are slightly lower than the estimated ones. Hence, the observed
coefficient of variation Vs is slightly lower as expected. There is no

Minimum number n of heliostats to be sampled with estimated statistical input parameters, relative error margin e* and expected range for the mean value in the
Juelich heliostat subfield (1001 heliostats). A 95 % confidence interval (k = 2; z = 1.96) is assumed.

Parameter Estimated mean and Estimated coefficientof  Relative Expected range of x(95 Sensitivity of the Resulting heliostat
standard deviation variation (V) error % confidence) parameter on energy yield  sample size
(pe £ 0e) (e*) (n)
Interval
Slope 1.5 £ 0.3 mrad 0.20 7.5 % [1.4; 1.6] mrad medium 27
Deviation
SDop rMs
Reflectance of 94.0 + 0.14 % 0.0015 0.1 % [93.9; 94.1] % high 10
clean mirror
Pso
Net heliostat 8.178 0.0008 0.05 % [8.174; 8.182] m? high 10
aperture Ape¢ +0.007 m?
Tracking 2.0 &+ 0.2 mrad 0.10 4% [1.9; 2.1] mrad medium 24
Accuracy

Trackap Hes,RMs

10
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Fig. 7. Measured distribution functions of the sampled heliostats for slope deviation, clean mirror reflectance/reflectivity, net heliostat aperture, and 2D tracking

accuracy (RMS).

Table 5

Comparison of the contractually specified values with the measurement campaign results for the four examined parameters in the investigated subfield (1001 he-
liostats). The contractually agreed values also served as estimations for the first sampling. The last column shows the sampled coefficient of variation and compares the

value to the estimated one.

Contractually agreed values

Measured values

Parameter Estimated Estimated standard Estimated coefficient of Sampled Sampled standard Sampled coefficient of
mean deviation variation (V,) mean deviation variation (V)
(ue) (ce) (us) (05)
Slope 1.5 mrad +0.3 mrad 0.20 1.5 mrad +0.3 mrad 0.20 (similar)
Deviation
SDap,rMs
Reflectance / Reflectivity of  pg, = 94.0 % +0.14 % 0.0015 Pre=950%  £0.18 % 0.0019 (1.3x higher)
clean mirror
Net heliostat aperture 8.178 m* +0.007 m* 0.0008 8.176 m* +0.005 m* 0.0006 (0.7x lower)
Anet
Tracking Acc. 2.0 mrad +0.2 mrad 0.10 2.2 mrad +1.6 mrad 0.73 (7x higher)
Trackap mcs,rms Subfield
Orange cluster 2.8 mrad +1.9 mrad 0.67 (7x higher)
Red cluster 1.7 mrad +0.5 mrad 0.30 (3x higher)
Blue cluster 1.7 mrad +1.8 mrad 1.07 (11x higher)

indication of the need for additional sampling. The distribution function
follows the expected Weibull-type distribution.

5.4.2. Clean mirror reflectance

Regarding reflectivity, the measured standard deviation is about 26
% larger than the estimated. And, the mean value of the monochromatic
reflectivity p, , measured by the reflectometer is 1 percent point higher
than the estimated solar-weighted reflectance p; ¢, although both values
are not directly comparable. The observed coefficient of variation Vg is
higher than the estimated V,. Consequently, three additional samples
would have been necessary to achieve statistically significant results.
However, due to time constraints, this additional measurement has been
omitted in the project. Increasing the sample size probably would have
made the normal distribution of reflectance more apparent. The solar-
weighted reflectance p;,, not measurable by a field instrument, is
needed for level-2 calculations. In the simulated environment of the
project, it is assumed that the qualifying company proves that the a
solar-weighted reflectance ps, of 94 % has been observed by pre-

11

component testing beforehand. In other words, it is assumed that the
measured mean solar-weighted reflectance is as contractually agreed.

5.4.3. Net heliostat aperture

For the net aperture area, the standard deviation of the sample is
below the estimated value, and the sampled mean aligned well with the
estimate. Thus, the selected sample size is sufficient.

5.4.4. Tracking accuracy

While the measured, mean tracking deviation is about 10 % higher
than the expected mean values the standard deviation is almost a factor
eight higher than anticipated. This increased variability suggests that
some heliostats are quite good, but others require additional calibration
points to achieve the desired accuracy.

Fig. 8 shows the investigated heliostat subfield. The 24 sampled
heliostats for the tracking accuracy are shown as colored rectangles. The
rectangle size is a measure of the tracking deviation. A cluster analysis
algorithm run on the sampled data successfully identified a group of
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Fig. 8. Heliostat subfield to which the acceptance guideline is applied. The size of each rectangle represents the tracking accuracy level. The clusters are delineated
by rectangles. Additionally, the distribution functions in the lower-right panel illustrate the characteristics of each cluster.

heliostats exhibiting poorer aiming performance compared to other
areas. This group is displayed in the orange frame and the measured
values in the lower part of Table 5. Upon investigation, the heliostats
had been recently refurbished and had not yet accumulated sufficient
calibration points for accurate sun tracking. Under commercial condi-
tions, these heliostats would likely not have passed the readiness for
acceptance test or the provisional acceptance test, and the final accep-
tance test would have been postponed in order to totally calibrate the
field to pass the readiness for final acceptance testing.

If the test had continued with the underlying mix of well and
moderately calibrated heliostats, the number of samples would have
grown significantly. In the orange cluster with 377 heliostats, for
example, the found high mean value yg of approximately 2.8 mrad and
high standard deviation o5 of 1.9 mrad increases the observed coefficient
of variation V; over the expected one in Table 4. This would require an
additional 270 tracking measurements in this cluster to achieve statis-
tical significance.

In contrast to the orange cluster, the red and blue ones show in
average well-calibrated heliostats. However, both clusters have a higher
variance in calibration quality than anticipated. Especially the blue
cluster contains some few heliostats with very poor aiming quality,
which increases the variance in this group to a value almost as high as in
the orange cluster. This special situation of a not totally calibrated field
with high variance in aimpoint quality -7 times higher than estimated-
may occur in reality, but usually the acceptance test is interrupted to
terminate the calibration. If not, a lot of additional heliostats have to be
measured and the field may not pass the acceptance test.

The findings about the quality of the clusters have been confirmed by
the heliostat field managers. Heliostats in the orange cluster have been
recently installed and therefore have not had enough calibration points
for a proper sun tracking. Certainly, in a commercial setting, these he-
liostats would not have passed the “readiness for acceptance” test and
the final acceptance test would have been postponed. The cluster anal-
ysis has demonstrated the utility of the method in extracting meaningful
information and identifying specific field regions that require revision,
recalibration, or more detailed sampling.

In the simulated environment of the project, the consortium decided
to continue the acceptance test as a provisional acceptance test, but, for
time reasons, without resampling and measurement of additional he-
liostats, which is not conform to the proposed methodology.
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5.4.5. Level-1 approach

Comparing the measured and contractually agreed mean values and
standard deviations in Table 5, the EPC contractor fulfills the specifi-
cations for slope deviation, reflectance, and heliostat aperture, but not
for tracking accuracy. Hence, the result of the acceptance test is "failed".

5.4.6. Level-2 approach

In level-2, the DLR raytracing tool STRAL is used with the defined
TMY, sunshape and attenuation to assess the monthly and annual he-
liostat field efficiency, see Fig. 9. For each cluster, the sampled values
were extrapolated using KDE and assigned to the not measured
heliostats.

The simulation indicate that the investigated subfield has an
approximately 0.2 % lower yearly efficiency than agreed in the contract
caused by the low tracking accuracy of some heliostats, especially in the
orange cluster. Hence, the result of the acceptance test for performance
is "failed".

Despite the notably high standard deviation in the tracking error, the
aggregate impact on system performance was limited.

5.5. Lessons learned

In general, the acceptance procedure using the level-2 approach
went without encountering major problems. The project consortium
learned the following during the execution:

e It is of major importance to correctly choose estimated mean and
standard deviation values, based on a critical engineering mind,
considering results of component pre-tests or on-site quality assur-
ance equipment, if available.
Knowledge about the heliostat field production order and
manufacturing process helps to confirm the results of a cluster
analysis.
If after a cluster analysis, there is a high standard deviation in all the
sectors, a cluster analysis might not help to reduce the total amount
of heliostats to be characterized. If different sectors have different
qualities or standard deviation, then clustering is helpful to reduce
the number.
e The mean value for solar-weighted mirror reflectance should be
measured with a spectrophotometer preferably before installation in
the laboratory (component pre-testing). Post-cleaning reflectivity
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meas). The bars indicate the monthly difference in collected energy in the receiver aperture plane between measured and contractually agreed values.

variations can be verified in the field using a standard handheld
reflectometer.

The test for tracking accuracy deviates from the test described in the
SolarPACES Guideline for Heliostat Performance Testing [45] in the
sense, that one heliostat is tested in three to five time intervals over
the day during a few minutes only, hence allowing the character-
ization of more heliostats during a day.

The acceptance procedure identifies specific field regions which
require revision, recalibration, or a more detailed sampling.

The level-2 approach, although being more work, showed its benefits
compared to the level-1 approach. It can compensate for poor per-
formance in one parameter with better improved performance in
another.

Overall, the developed guideline proves to be an efficient tool for
conducting heliostat field acceptance tests. It provides the necessary
decision-making flexibility regarding the choice of measurement
methods for each parameter and allows for adaptability in determining
the required accuracy. Additionally, the guideline offers actionable
recommendations, such as interrupting the acceptance process for
further technical revision.

6. Conclusion and Outlook

The Heliostat Field Performance Testing Guideline addresses the
challenge of objectively and practically assessing the performance of
large-scale heliostat fields and serves as a basis for performance accep-
tance testing in an industrial context. The guideline is designed to in-
crease confidence among stakeholders involved in commercial CSP
central receiver projects. By providing generally accepted protocols, it
establishes a standardized framework for meeting contractual obliga-
tions, ultimately increasing the reliability of commercial projects.

The Heliostat Field Performance Testing Guideline complements the
SolarPACES Guideline for Heliostat Performance Testing [45], which
defines parameters and respective measurement techniques of individ-
ual heliostats.

The level-1 approach of the Heliostat Field Performance Testing
Guideline selects a statistically relevant number of heliostat samples and
compares the heliostat characteristics (e.g. slope deviation, tracking
deviation, etc.) with contractually defined values. The recommended
level-2 approach uses level-1 data to extend the measurement results to
unmeasured heliostats and performs a raytracing yield simulation with
energy yield outputs and solar field efficiency calculations. The guide-
line also includes additional material, such as a sample acceptance
procedure for a fictitious power plant and a sample contract between the
heliostat field manufacturer and the owner.
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Experience from practical level-2 field tests at the Juelich Solar
Tower demonstrate the viability of the approach provided the sampling
is representative. It is confirmed that the geometric performance pa-
rameters, like slope deviation and tracking accuracy have a high sensi-
tivity on the results. It is also shown that the cluster analysis algorithm
can successfully detect regions of heliostats with poorer aimpointing.

The lessons learned are included into the final, national guideline
document which will be distributed for international review to the
SolarPACES Task III Heliostat Working Group. Further scientific publi-
cations on the methods are planned.
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