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Executive Summary

Purpose

The purpose of this guide is to provide both a practical overview and an in-depth understanding of the
Procedure for checking the power performance of solar thermal collector fields (Power Method) of 1SO
24194:2022. This guide refers to this method as “Power Check”. The presented material aims to clarify
the standard, provide background information, and promote its widespread use. It complements but
does not replace reading the standard. Furthermore, this guide explains how to run Power Check with
the free and open-source software SunPeek and discusses pathways to improve Power Check.

Power Check

Power Check can be utilized for power performance verification, including power performance guaran-
tees, and ongoing performance monitoring. These applications are crucial for the successful operation
of solar thermal plants. Power Check accounts for actual solar radiation levels, system and ambient
temperatures, and heat demand, unlike other evaluation methods (e.g., specific solar yield, input-out-
put diagram). Collector efficiency parameters based on Solar Keymark or similar are factored in. The
primary Power Check key performance indicator (KPI) is the measured to estimated collector field out-
put ratio, which has proven to be a reliable quality assurance indicator for solar thermal plants.

ISO 24194:2022 is the first standard to target operational solar thermal collector field performance,
unlike other standards that target individual collectors and laboratory tests. The standard currently
consists of the published ISO 24194:2022 and one amendment, ISO 24194/Amd 1:2024. Because of
the novelty of the standard in the solar community, the need for clarification may arise.

In a community effort, the open-source software SunPeek has been developed. It serves as a reference
implementation of Power Check and is presented in this guide. SunPeek provides a transparent and
consistent implementation of Power Check, making the method accessible to the solar community and
stakeholders involved in solar thermal projects.

Target audience

This guide addresses the following stakeholders of solar thermal plants:

e Plant operators who want to use Power Check for power performance verification, e.g., per-
formance guarantees given by suppliers during the commissioning phase, or for continuous
performance monitoring. This guide summarizes experiences from practical applications.

e For test laboratories and certification bodies, this guide outlines areas where the standard re-
quires clarification and highlights possible improvements for revisions.

e For academia and industry working on software implementations, this guide discusses model-
ling and automation and the implementation in the open-source software tool SunPeek.

e For collector manufacturers, investors and other stakeholders, this guide aims to provide a
deeper understanding of the procedure.

This guide draws inspiration from the Guide to Standard ISO 9806:2017. It considers experiences and
learnings from IEA SHC Task 68, initiating this guide, but extends beyond the task network by including
industry and research experts not participating in the task activities. Also, learnings from IEA SHC Task
45 and IEA SHC Task 55, which contributed to the development of Power Check, are incorporated.

Citation of I1SO standards

For simplicity, ISO 24194:2022 [1] and the related standard 1SO 9806:2017 [2] are referred to as ISO
24194 and ISO 9806, respectively, throughout this document unless explicitly stated otherwise.

Guide to I1SO 24194:2022 Power Check



Graphical Abstract of Power Check

Power Check infographics
Automated Power Check
according to ISO 24194 m
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Which sensors do you need
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The required sensors depend on the system hydraulics.
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Main processing steps of Power Check

Allowed collector types:

Collector type
e glazed flat-plate, evacuated tube, and concentrating collectors

JT
w

( Solar Keymark parameters or similar.
Collector parameters Required parameters (depending on formula):
L 70,hem, 70,5, Khem, Kn, K4, a1, a2, as, ag

Requirements

Required measurements:
thermal power, solar irradiance, inlet, outlet and ambient air temperatures.
Definition of measurement accuracy levels (1 /11 /111).

Sensors & measurements

oo

Formula choice depends on collector type and available radiation

Choose formulal/2/3
measurements.

&

Accounts for measurement uncertainty, heat losses, and other

Choose safety factor uncertainties. Typical value: fi5e 0.90 — 0.95

User choices

Minimum measuring period typically 2-4 weeks.

Choose time period Winter period not recommended.

& o

Sampling time of raw data must be £ 1 min.

LRla s L Data records are 1-hour-averages of valid raw data.

@

Restrictions on operating conditions to ensure

Data Filtering collector field is close to stable full power operation.

Data processing

Valid intervals are 1-hour intervals with valid data records,

Valid Intervals where the data filtering restrictions are fulfilled.

Calculated using formula, safety factor, collector parameters, and

Estimated Power .
measured values from plant operation (weather, system temperatures).

Measured Power

Comparison

) At least 20 valid intervals are requried for checking the power estimates.
Measured >= Estimated 7
-

YES
Power Check fulfilled Performance meets expectations.

Checking power estimate

NO Power Check not fulfilled Performance below expectations, take action.

Figure 1. Step-by-step procedure of the ISO 24194 Power Check.
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How to use this guide

Readers can consult the “Graphical Abstract of Power Check” for a quick impression of Power Check.
Below is an overview of the document structure. Readers with the I1SO standard at hand having ques-
tions about specific sections may want to refer to Table 1 and navigate directly to the relevant sections
of this document. The eager reader might want to directly jump to the “Applications and usage” chap-
ter for graphical Power Check results from various practical applications.

Chapter A “ISO 24194” gives a comprehensive overview of the ISO 24194 Power Check. The “Sum-
mary” sections provide the content described in the standard, withholding value judge-
ments. The “Remarks and recommendations” sections offer additional information and
practical advice. They contain interpretations on how to apply Power Check, based on the
authors’ experience and recommendations, which may differ from the views of the
ISO/TC 180/SC4 committee responsible for development of 1ISO 24194,

Chapter B “Enhancing the practical applicability of Power Check“addresses practical limitations and
proposes important enhancements: an improved data averaging method, the “Extended”
Power Check, in Section B.1; Strategies for evaluating various plant layouts and plants with
multiple collector fields, in Section B.2; the important practical question of how to handle
stagnation events in Power Check, in Section B.3.

Chapter C  “SunPeek open-source software” details how to run Power Check with the SunPeek soft-
ware tool, which offers a transparent, high-quality, and fully automated implementation
of the ISO 24194 Power Check. SunPeek serves as the reference implementation of Power
Check and is recommended by the authors of this guide. The development of SunPeek is
backed by academic and industrial partners. SunPeek is available free of charge, including
for commercial use.

Chapter D “Applications and usage” showcases real-world examples of Power Check applied to large
solar thermal plants, using the SunPeek software. The chapter aims to make Power Check
more accessible to the solar community, enhance methodological understanding, and
demonstrate SunPeek’s practical use. A detailed analysis focuses on a plant in Graz, Aus-
tria, and includes an open dataset with a full year of high-quality operational measure-
ment data. Power Check results for each of the proposed methodological improvements
of Chapter B are also included in this chapter.

Chapter E  “Discussion” summarizes a list of key discussion points, suggestions, and ideas regarding
Power Check, proposed by the authors. It also provides guidance for readers interested in
contributing to the development of SunPeek or the ISO 24194 standard.

Chapter F “Towards a Harmonized Power Check framework” tries to streamline the presented in-
sights on modeling and usage of Power Check results from the previous chapters into a
new “Harmonized Power Check framework”. This approach is a significant rework of
Power Check, which could serve as input for future research activities, SunPeek develop-
ments, and revisions of 1ISO 24194,

Chapter G “Appendix” includes terms and definitions, and lists of symbols, figures, and tables used
in this document.

Guide to I1SO 24194:2022 Power Check



Table 1. Overview of topics covered by this document and the SunPeek software, organized by chapters of ISO 24194.

Covered in...

I1SO 24194 Chapters this Sun

document  Peek
1 Scope A.l
2 Normative Reference A.10
3 Terms and Conditions G.1
4 Symbols G.2
5 Procedure for checking the power performance of solar thermal collector fields
5.1 Stating an estimate for the thermal power output of a collector field A.2 N4
5.2 Calculating power output A.3 v
5.2.1 General A3 v
5.2.2  Non-concentrating collectors — Formula (1) A.3 N4
5.2.3  Non- or low-focusing collectors — Formula (2) A.3 N4
5.2.4  Focusing collectors with high concentration ratio — Formula (3) A.3 -
5.3 Stating a performance estimate A.2 N
54 Restrictions on operating conditions A5 N
5.5 Shadows A.6 v
5.5.1  Shadows on fixed collectors in rows A.6 v
5.5.2  Shadows on one-axis tracking collectors in row - -
5.6 Collector incidence angle - N4
5.7 Example of setting up an equation for calculating performance estimate D N4
5.8 Determination of potential valid periods A.5, A.6 N
5.9 Checking collector field power performance A.2 N
6 Procedure for checking the daily yield of solar thermal collector fields A.9 =
7 Measurements needed A.7 v
7.1 General A.7 N
7.2 Requirements on measurements and sensors A.7 -
7.3 Valid data records A.5, A.6 N4
A Annex A (informative): Recommended reporting format — Power method C.5,D.2 i
B Annex B (informative): Recommended reporting format — Daily yield method — —
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A ISO 24194 Power Check

A.1. Scope

Summary

ISO 24194, Chapter 1 contains two methods to assess the performance of solar thermal collector fields:
“Power Check” (or Check of Performance — Power method) and “Daily Yield Check” (or Check of Per-
formance — Daily yield method). Both methods allow for comparing of measured collector field output
with an estimated output. Power Check applies to collector fields of glazed flat-plate collectors, evacu-
ated tube collectors, and concentrating collectors with or without tracking. The check can be used for
collector fields of all sizes. This guide covers only Power Check, which compares measured and esti-
mated thermal power output for operating conditions close to stable full power operation.

Remarks and recommendations

Usage: For practical purposes, Power Check can be deployed for different usages, like plant power per-
formance verification — including power performance guarantees — or ongoing performance monitor-
ing as explained in Section D.1. Although ISO 24194 uses the expression “the estimated power is veri-
fied” (Section 5.9) if the measured output exceeds the estimate, it does not specify any guarantee
procedure per se. The procedure itself and its usage should be clearly differentiated.

Collector types: The scope of Power Check covers the most common collector types deployed in large-
scale solar thermal collector fields. Solar Keymark data sheets [3] indicate the collector type, distin-
guishing between flat-plate, evacuated tubular, concentrating and WISCs.

Solar air heating collectors: 1SO 9806 and ScenoCalc [4] distinguish between liquid and air heat transfer
fluids. 1SO 24194 does not explicitly mention air collectors, but in principle, if the relevant 1ISO 9806
collector parameters and measurements are available, Power Check can be applied to solar air heating
collectors (SHAC). However, testing and evaluating SAHC performance is complex, because it requires
accounting for the enthalpy difference in the primary loop. Additionally, their thermal efficiency is
highly dependent on mass flow rate, and their performance is tested at three different air mass flow
rates, resulting in three separate parameter sets. For the ISO 24194 Power Check, this makes it chal-
lenging to select the appropriate parameters for estimating thermal power output, and it is discouraged
to apply Power Check to these collectors, as results can be unreliable.

WISC and co-generating collectors: In contrast to 1ISO 9806, Power Check is not applicable to WISCs and
co-generating / PVT collectors. For co-generating / PVT collectors, the thermal performance assess-
ment depends on the electric part, making ISO 24194 inappropriate, as it exclusively focuses on the
thermal part. A possible reason to exclude WISCs might have been that wind speed on the collector
plane, accounting for convective losses as defined in ISO 9806 for laboratory tests, is difficult to deter-
mine in practical applications. Also, representative measurements of longwave irradiance are challeng-
ing for collector fields. Consequently, the models ISO 24194 defines for the power output (see Section
A.3) do not include the wind speed and sky temperature-related coefficients a;, a,, a,, a, of the
ISO 9806 collector model.

Test certificates: 1SO 24194 (Section 5.2.1) recommends that collector efficiency parameters be based
on “Solar Keymark or similar”. In general, collector parameters should be determined according to the
latest version of 1ISO 9806.
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A.2. Stating and checking a power estimate

Summary

ISO 24194, Section 5.1: The estimated power output of a solar collector field is given as an equation
using the collector parameters according to ISO 9806, a safety factor, and measured operating condi-
tions. The estimated power output can be given for fields with more than one similar collector type.
Similar types are e.g. flat-plate collectors with single glazing and double glazing. If the requirements to
calculate power output (see Section A.3) are available for each collector array of similar type, power
output can be estimated for each field individually. An overall estimate for fields with two or more
similar collector types can be given by choosing representative collector parameters.

ISO 24194, Section 5.3: The performance estimate shall include the used collector Formula, the collec-
tor parameters, the safety factor, and the accuracy level (see Section A.8).

ISO 24194, Section 5.9: The standard compares the average measured power output to the average
estimated power output for all valid data records (valid 1-hour intervals), taking a safety factor into
account (see Section A.4). To be included in this comparison, data records shall fulfill the restrictions
on the operating conditions (see Section A.5). At least 20 consecutive valid data records are required.
The estimate is verified if the following criterion, called “Performance Verification Criterion” (PVC) in
this document, holds:

Average (Qmeasured) 2 Average (Qestimated) (1)

Remarks and recommendations

Usage of Power Check results: Although ISO 24194 does not explicitly define a procedure for perfor-
mance guarantees, stakeholders often agree to take the Performance Verification Criterion (PVC) (Eq.
(1)) when setting power performance guarantees, such as in contractual agreements. The choice of the
safety factor has a decisive influence on the Performance Verification Criterion (see Sections A.3 and
A.4), which makes the safety factor, although designed as a technical parameter, subject to contractual
negotiations, including risk assessment. To avoid this, the authors recommend to clearly distinguish
between the procedure itself and its usage (see Section D.1) and formalize this criterion in revisions of
the standard by introducing an acceptance threshold (see Section F.9). For guarantee applications, hav-
ing at least 20 valid data records (valid 1-hour intervals) can be a good practical choice, while for ongo-
ing performance monitoring, around five valid data records can already be meaningful in practice.

Uniform collector fields: The basic use case for applying Power Check is a collector field with one col-
lector model and uniform orientation, called a “uniform collector field” in this document. ISO 24194
lacks detail on how to treat heterogeneous solar collector fields. The authors do not recommend choos-
ing representative collector parameters but rather recommend using a methodologically more robust
approach. For a conceptual treatment of this problem, see Section B.2, for an example, Section D.4.

Valid data records: According to ISO 24194, valid data records are hourly mean values. The term “valid
data point” is presumably used synonymously with “valid data record” in ISO 24194. The authors rec-
ommended to deprecate this term and use “valid data record” or “valid intervals” instead. Power Check
Formulas in the standard are not valid for highly dynamic plant behavior and thus require some data
averaging. Intermediate quantities, e.g., thermal power calculated from volume flow, temperatures,
and fluid properties (see Section A.7) should be calculated at the original sampling rate.

Measurement period: To obtain 20 valid data records, as required by 1SO 24194, typically a measure-
ment period of 2-4 weeks is necessary. In spring and autumn, this period might be considerably longer,
and in winter it can occur that no valid data records are found at all, due to shading effects and low
irradiation (see Section A.6).
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A.3. Calculating power output

Summary

ISO 24194, Section 5.2 specifies three Formulas to calculate the collector field’s estimated thermal
power output. When an estimate is given, it shall always state which equation is used. If both Formula
1 and 2 can be applied for a given setup and high-quality direct irradiance data is available, the standard
recommends using Formula 2, as it uses a more accurate collector output model with lower uncer-
tainty. ISO 24194 does not apply to WISCs or co-generating / PVT collectors (see Section A.1).

Formula 1

Qestimated = fate " Ack * [no,hemKhem(eL' 07)Ghem — a1 (O — 0a) — @, (O, — 92)* — as (dﬁm/dt)]
Formula 2

Qestimated = feate " Acr - [770,be (6.,,67r)Gp + NopKaGa — a4 (O = Ya) — a0y — 19a)2 —dasg (dﬁm/dt)]
Formula 3

Qestimated = fsafe ' AGF ' [770,be (HL: QT)Gb - al(ﬁm - 19(1) — Qg (dﬁm/dt) - as(ﬁm - 19a)‘l-]

ISO 24194 requires an appropriate choice of Formula depending on the specific collector type and
mounting used, and each Formula requires specific measurements to be available (see Table 2):

e Formula 1 applies to non-concentrating collectors (e.g., glazed flat-plate or evacuated tube col-
lectors), with fixed mounting or tracked.

e Formula 2 applies to non- or low-concentrating collectors (concentration ratio Cp < 20), with
fixed mounting or tracked.

e Formula 3 applies to focusing (high concentrating) collectors (concentration ratio C = 20),
tracked in one or two axes.

The following table contains an overview of the collector parameters that are required to apply each
of the three 1SO 24194 Formulas. All collector parameters must relate to gross collector area (see I1SO
24194 Section 5.2.1). For an overview of the measurements and sensors required for each Formula,
see Table 2.

Table 2. Required collector parameters (as defined in 1ISO 9806) for each of the power output Formulas.

Parameter  Formula 1 2 3
a, First order heat loss coefficient at 9,, — 9, = 0 K v v v
a Second order hgat loss coefficient (temperature dependence of the v v 3

heat loss coefficient)
as Effective thermal capacity v v v
ag Fourth order heat loss coefficient (radiative losses dependence) - - 4
Mo Peak collector efficiency (n, at 9,, — 9, = 0 K based on beam irradi- : v v
’ ance G,
Honem :eak' collec.tor tefﬁcigncy (Nohem at 9 — 9, = 0 K) based on v _ :
emispherical irradiance Gy,
Ky Incidence angle modifier for direct solar irradiance ™ - v v
Ky Incidence angle modifier for diffuse solar radiation - 4 -
Khem Incidence angle modifier for hemispherical solar radiation v - -

W various models / formulas for the beam incidence angle modifier are possible; see 1ISO 9806.
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Remarks and recommendations

Reduced ISO 9806 model: Formulas 1-3 do not consider the dependence of collector performance on
wind speed and sky temperature. The coefficients a5, a,, a5, a; in ISO 9806 are omitted from the original
ISO 9806 model. While this may be justified as WISCs are out of scope for ISO 24194, it creates an
inconsistency between ISO 9806 and ISO 24194, see Section F.2 for further discussion.

Non-zero collector parameters and choice of Formula: Although the choice of power output formula
considers the collector type, it does not consider individual collector parameter values. According to
ISO 9806:2017 (Section 24.1.3, 26.2.2), certain collector parameters are mandatory and shall be iden-
tified; others can be set to zero before data analysis or must be set to zero, depending on the test
conditions. Checking that all collector parameters obtained through ISO 9806 which are non-zero, are
incorporated in the chosen formula, is recommended. For many concentrating collectors — even with a
concentration ratio Cg = 20 — data sheets show ag = 0 and a, # 0. Contrary to I1SO 24194, Formula 2
instead of Formula 3 should be used for these collectors.

Concentration ratio: The concentration ratio Cy is not typically indicated in collector data sheets stating
the ISO 9806 performance parameters. It is calculated as the ratio of (nominal) aperture area to ab-
sorber area, in the case of linear-concentrating collectors, as the ratio of mirrors aperture width to
absorber tube diameter. In principle, ISO 24194 Power Check is available for all concentrating technol-
ogies, including parabolic trough (PTC), linear Fresnel, and dish-type collectors. Typical concentration
ratios for these technologies are well above 20 (see [5]).

Reference collector area: Some collector data sheets indicate the collector parameters referring to the
collector’s aperture area. If this is the case, the parameters a,, a,, a5 and ag shall be converted accord-
ing to I1SO 9806 Annex G, Formula (G.1).

Ap
Pe = Pap 'A—Gp (2)

In cases where the description of the collector area is unclear, the manufacturer-reported (“nominal”
or “reference”) value of the area shall be used instead, if all parameters clearly refer to this same “nom-
inal” or “reference” area.

Collector test methods and parameter conversion: Collector data sheets typically state one of the two
test methods defined in ISO 9806, either QDT (quasi-dynamic) or SST (steady-state) test. Depending on
the applied test method (QDT / SST) and the chosen Formula (1-3), a collector parameter conversion
might be necessary; for the conversion, see Table 3:

e SST parameters are converted to apply Formula 2.
e QDT parameters are converted to apply Formula 1, as there are no separate beam and diffuse
irradiance measurements in Formula 1.

The conversion procedure described in ISO 9806:2017 Annex B was implicitly designed to convert from
SST to QDT parameters. Generally speaking, the QDT model describes the collector’s behavior better
than the SST model, but SST procedures were more common historically. Table 3 follows the conversion
from SST to QDT parameters from 1SO 9806:2017 Annex B but uses a modified procedure to convert
from QDT to SST parameters. Both directions use a “blue sky” assumption with 85% beam / direct
irradiance and 15% diffuse irradiance. Using Formula 1 with prior conversion from QDT to SST param-
eters is equivalent to using Formula 2 under a “blue sky” assumption (G, = 0.85 Gyemm, G4 = 0.15 Gpep)-
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Table 3. Parameter conversion between SST (steady-state) and QDT (quasi-dynamic) tests.

Collector test Source

SST (steady-state test)
Given parameter: 1o hem, Khem
Derived parameter: Ky, K4, 1o

Ky (61, 07) = K (01, 67) ISO 9806 Annex B, Formula (B.1)
1 90°
Ky = W z K, (6,y) sin(0) cos(6)
Jy=0° ISO 9806 Annex B,
Formula (B.3), (B.4)
W = sin(0) cos(8)
6,y=09;
steps= 10°
_ 70,hem ISO 9806 Annex B,
Mob = 0.85 + 0.15 K4 Formula (B.5)

QDT (Quasi-dynamic test)
Given parameter: 1 p, Ky, K4
Derived parameter: 1o hems Khem

ISO 9806 Annex B,

Nohem = Mop(0.85 + 0.15 Ky) Formula (B.5)

Based on ISO 9806 Annex B, Formula
Mo, (0.85 K, (6,,61) + 0.15 Ky) (B.2).and'(B.5), and IAM for. beam / di-
Mo hem rect irradiance; see also Guide to Stand-
ard 1SO 9806:2017 [6], p. 60.

Khem (HL' HT) =

A.4. Safety Factor

Summary

ISO 24194, Section 5.2: The formulas used to calculate the estimated power output (see Section A.3)
multiply the physical model output with a factor which lumps in all uncertainties and unmodeled ef-
fects and influences: the combined safety factor f,,;.. When a power output estimate is given, the nu-
meric value of the safety factor shall be stated. The safety factor f,,: in Formulas 1-3 is chosen consid-
ering potential influences from pipe losses, measurement uncertainty and other uncertainties and is
divided into three factors:

fsate = fo* fu*fo (3)

where fp is a safety factor for heat losses from pipes, fi; is a safety factor considering measurement
uncertainty and f; is a safety factor considering other uncertainties.

For Formula 1, the standard allows to set f; = 0.95 for accuracy level | and f;; = 0.90 for accuracy level
Il and Il if no additional information is provided. For other values, an uncertainty calculation and doc-
umentation is required according to ISO/IEC Guide 98-3 [42] (see Section A.8 for details on accuracy
levels). For Formula 2 and 3, the standard does not explicitly include a safety factor recommendation,
but it can be assumed that the same recommendations for Formula 1 apply. The combined safety factor
feare Shall be specified with an accuracy of 2 digits.
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Remarks and recommendations

Interpretation of safety factor: The combined safety factor f,,. indicates which proportion of the col-
lector field power output remains under ideal conditions if piping losses, measurement uncertainties
and (assumed) unmodeled effects and influences are considered. In ISO 24194, it is meant to be a tech-
nical parameter, much like the collector efficiency parameters. The safety factor directly influences the
Performance Verification Criterion (PVC) (Eq. (2)), which is oftentimes used when defining power per-
formance guarantees. For such usage, its value comes under the scrutiny of contractual negotiations,
including risk assessment of the contractual parties (see Section A.2). To avoid ambiguities, the authors
recommended to clearly distinguish between the procedure itself and its usage and state non-technical
safety margins separately, for further discussions see Sections D.1 and F.9.

Safety factor and accuracy levels: While ISO 24194 defines the concept of accuracy levels (see Section
A.8), a stringent method to deduce f;,; from the measurement equipment and hydraulic layout of a
plant is not provided in the standard. Some factors influencing measurement uncertainty can change
over time, due to e.g. sensor cleaning, re-calibration, and uncertainties depending on sensor age. This
would potentially require re-adjusting f..c in regular intervals. For further discussions on setting the
value of f,,., see Section D.1.

Measurement uncertainty example: For reference, a measurement uncertainty analysis using data from
the high-precision measurement setup of the large-scale solar thermal plant “Fernheizwerk” in Graz,
Austria [7], showed a combined standard uncertainty (using the sensors’ data sheet values) for the
measured-estimated power ratio of 3.2% (+20) [8], using Formula 1 and 2. See Section D.2 for Power
Check results of this plant.

A.5. Restrictions on operating conditions

Summary

ISO 24194, Section 5.4: To limit uncertainties, restrictions on operating conditions are given. Only rec-
ords (1-hour intervals) taken when the solar collector field is close to stable full power operation are
valid to check the power output. The standard uses the restrictions listed in Table 4.

Table 4. Restrictions on operating conditions to select valid data records / 1-hour intervals.

Operating condition Limits for Formula Comments
1 2 3

Shading No shadows See Section A.6

Change in collector < 5K/h <5K/h < 5K/h To avoid large changes in collector

mean temperature temperature during one hour.

Ambient tempera- > 5°C > 5°C > 5°C To avoid snow, ice, condensation on

ture solar radiation sensors.

Wind speed <102 <102 <10m/s Measurement shall be representative

s § for the wind speed 1 to 3 meters

above the highest point of collectors.

Hemispherical > 800 - - in W/m?

irradiance (POA)

Beam irradiance - > 600 > 600 in W/m?
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Remarks and recommendations

Data filtering example: Figure 2 presents example time-series plots for two 1-hour Power Check inter-
vals, both of which comply with the ISO 24194 restrictions outlined in Table 4. Note the steady operat-
ing conditions in the interval in the left plot, and the more variable operating conditions in the other
interval (right plot). According to I1SO 24194, restrictions on operating conditions are evaluated using
hourly mean values (see Section A.7). This implies that individual measurements can exceed or violate
the thresholds, but the hourly mean values must comply.

(a) (b)
Figure 2. Example time-series plots for two 1-hour intervals. Both time-series are “valid data records”,
complying with the 1SO 24194 restrictions in Table 4. Plot (a) shows steady operating conditions;
plot (b) shows variable operating conditions. Plots from SunPeek PDF report, see [28].

No shadows restriction: For the binary condition “No Shadows”, the authors recommend excluding all
hours when shading occurs at any single timestamp, as shading affects model validity. ISO 24194 only
addresses internal (row-to-row) shading, but the authors advise assuming that conditions with external
shading must also be excluded from Power Check analysis. See Section A.6 for a more detailed discus-
sion on shading.

Wind speed: Wind speed measurements are not commonly available in large-scale solar thermal plants;
see Section A.7 for a discussion on how to evaluate plants without wind speed measurement. Further-
more, one needs to be aware that ISO 9806 and I1SO 24194 specify different criteria for maximum al-
lowable wind speed: ISO 9806 sets the test condition limit at 4 m/s on the collector plane, while the
ISO 24194 Power Check (see Table 4) allows wind speeds up to 10 m/s (presumably hourly averages,
not measurements at single timestamps), at a height 1 to 3 meters above the highest collector point.
Measurement of wind speed in the collector plane for a whole collector field is out of reach, compared
to single collector tests in the laboratory. For Power Check, the risk of using high wind data (more than
4 m/s) lies in potentially applying the 1ISO 9806 model outside its valid range. The challenge of using
different reference points (collector plane vs. 1 to 3 meters above collector top) is that converting wind
speed data between these references is not straight-forward and can, for example, be influenced by
the collector field geometry, despite the existence of some models, usually requiring a surface rough-
ness parameter. One option would be to further investigate methods to estimate collector plane wind
speed from measurements above the collector, e.g., 1 to 3 meters above—or 10 meters above, a stand-
ard height in weather data.

Collector mean temperature change: The limitation on the collector field’s mean temperature change
implies that the mean temperature evaluated over one hour does not change substantially. Large tem-
perature fluctuations, such as cold or hot plugs in the inlet or sharp temperature shifts due to irradiance
changes, are not uncommon in solar plant operation. Although the ISO 9806 model in principle ac-
counts for temperature changes (as parameter), such temperature fluctuations can still affect the
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model validity, because the model does not account for delay effects caused by the fluid’s transit time
through the collector field. Generally, model validity decreases when the instantaneous collector inlet
and outlet temperatures are not representative of the internal temperature state of the collector field.
The overall goal of the temperature change criterion is to only accept data where the model is repre-
sentative of the collector field behavior and model error is low. The intention behind the temperature
change criterion can be interpreted in different ways, also illustrated in Figure 3:

1) Avoid significant heat up / cool down phases over an interval:
|d9,,/dt| <5K (4)

2) Avoid significant temperature peaks / dips within the interval:
max(ﬁm(t)) — min(ﬁm(t)) <5K (5)

3) Avoid significant deviations compared to the mean temperature of the interval:
max|9;, (t) — 9| < 5K (6)

dm/(t) dm(t)

T\
Vo t
Imltstart) Im(tend) min (9m(t))  maz (Im(t)) mag [dm(t) — Im|

Criterion (1) Criterion (2) Criterion (3)

Figure 3. Data filtering criteria for mean collector temperature. Criterion (1) aims to avoid significant heat up or cool down
phases, considering only the temperature at the start and end of the interval, but allowing arbitrarily large fluctuations
within the interval. Criterion (2) aims to avoid significant temperature peaks or dips, considering all values within the inter-
val. Criterion (3) targets significant temperature deviations compared to the mean temperature in the interval.

Using the same 5 K/h threshold, the second criterion is stricter than the first and third, and the third
can be stricter or less strict than the first, depending on the circumstances. For practical applications,
there can be a trade-off between reducing modeling errors (with a stricter criterion) and obtaining
more valid data records (with a looser criterion). Currently, there seems to be insufficient practical,
data-based evidence from ISO 24194 Power Check applications to provide a conclusive answer. It is
therefore recommended to choose one of these criteria and document the choice made.

The current SunPeek implementation uses the first criterion. With a first-order backward difference
approach to build the derivative, and assuming regularly sampled measurement data without gaps,
this translates to:

|19m (tend) - ﬁm(tstart)l <5K (7)

That is: the absolute temperature difference between the start and end of the interval must be less
than 5 K. This formulation makes the criterion very sensitive to just two specific temperature measure-
ments and their uncertainties. Therefore, the authors recommend using a numerically robust approach
to obtain the derivative if the first criterion is used; see Section C.8 for details.

“Stable full power operation”: ISO 24194 mentions in Section 5.4 that Table 4 aims to only include data
records (intervals) where the collector field is “close to stable full power operation” in a Power Check.
However, the standard lacks an explicit definition of “full power” and does not even require verifying
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that the collector field is operational (and not in stagnation or with the pump not running for some
reason). Where normal operational behavior is considered, the authors recommend adding a criterion
for minimum average specific power output:

Qmeasured

AGF = Qsp,min (8)

This criterion is to be used on averaged 1-hour data records. This can lead to including data records
where the plant is in operation for only a part of the interval, e.g., in the heating up phase at the be-
ginning of the day, but does not exclude intervals with a temporary dip in power output due to reduced
irradiance, see Figure 18 for an illustration. Further investigations are recommended to potentially find
better suited criteria. A typical choice to ensure normal operational behavior is Qsp,min =100 W/m?.

Stagnation: The standard does not explicitly mention stagnation and the operating condition re-
strictions do not contain corresponding filtering criteria. In general, it must be assumed that stagnation
periods can be present in operational data. As a result, stagnation events can be included in valid data
records, leading to a deterioration of Power Check results and to the occurrence of outliers (low or no
measured power output, but high / some estimated power output). Therefore, a criterion to Power
Check should be added in order to detect and filter stagnation from data records, see Section B.2 for
an in-depth discussion. To detect stagnation or operational interruptions within 1-hour intervals, filter-
ing individual measurements on the original time scale is necessary.

Additional restrictions: Although the required irradiance levels may filter out most conditions with large
angles of incidence (AOIl), the authors nevertheless recommend explicitly adding a restriction on al-
lowed incidence angles, e.g. AOI 8 < 80° [10]. For concentrating collectors (tracking collectors), only
operation periods in which all collectors are fully tracked shall be evaluated. The results would other-
wise be affected when collectors go out of tracking to avoid overheating of the heat transfer fluid in
individual collector loops.

A.6. Shading

Summary
1SO 24194, Section 5.5 contains formulas to calculate internal (row-to-row) beam shading for two cases:

e Fixed-mounted collectors (no tracking), assuming horizontal ground and no vertical offset be-
tween collector rows (ISO 24194, Section 5.5.1).

e One-axis tracking collectors, again assuming horizontal ground and no vertical offset (ISO
24194, Section 5.5.2).

Internal shading calculated in this way may be used as a restriction on operating conditions, see Section
A.5 in this document. ISO 24194 does not contain any statements on how to treat external shading,
such as shadows from nearby buildings or trees, or shadows from mountains that block direct sunlight
during some periods of the day.

Remarks and recommendations

Internal shading: The formulas in ISO 24194 to calculate internal beam shading assume geometrically
uniformly arranged, rectangular collector fields with no ground tilt, and no vertical offset between the
collector rows. The case of shading for flat ground is displayed in Figure 4. An extension of the row-to-
row shading calculation to collector fields mounted on a tilted ground is implemented in SunPeek. For
fields with different row spacings and geometry, using the most restrictive settings (narrowest row
spacing, highest tilt angle) is recommended to ensure that no part of the collector field is shaded.
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External shading: External beam shading is not covered by ISO 24194, although conditions with exter-
nal beam shading should be excluded (see Section A.5). A pragmatic approach to treat external shading
is to define a minimum sun elevation angle 6,,;, and exclude conditions where the sun elevation (sun
altitude angle) is below that lower threshold, 6, < 6,,,, see Figure 4. Alternatively, for improved ac-
curacy, an external program (e.g., horizon shading features in OpenSolar [11] or Solargis [12]) could be
used to derive a shading mask. One option for including horizon profiles is to use PVGIS [13], which
offers both an interactive and a web API interface, given latitude and longitude of the plant.

Diffuse masking: For collectors within a collector field, view obstruction of the front collector row re-
duces the incident diffuse radiation from the sky, an effect called diffuse masking, which alters reflec-
tion patterns. These phenomena are not addressed in ISO 24194. Diffuse masking is more pronounced
for narrow row spacing and steep tilt angles and can substantially reduce the diffuse irradiance in the
plane of array. For reference, measurements showed a reduction to 89% on average, relative to the
top of the collector (=100%) [14], for a collector field with 3.5 m row spacing, 45° tilt angle and 1.67
relative row spacing. Not taking diffuse masking into account in a Power Check overestimates the col-
lector field’s Gq and Gy, resulting in a higher estimated power output, and shifting the measured-
estimated power ratio unfavorably compared to the true performance. To account for diffuse masking
for narrow row spacings and steep collector tilts, a radiation correction model should be used (e.g.,
[14] or the Passias model available in pvlib [15]), or a slightly higher safety factor.

Figure 4. Collector field geometry with basic parameters and angle for external shading. In this figure
the collector length (L) runs from bottom to top as stated in ISO 9488:2022 [16], in contrast to
Figure 1in ISO 24194 where the collector width runs from bottom to top.

A.7. Required measurements

Summary

ISO 24194, Section 7: The standard requires certain measurement data channels and sensors for For-
mula 1-3 respectively and distinguishes two system configurations, as depicted in Figure 5.

v i = v i 2
T \ Ambient LR 1 \ Ambient
\ \ \ \ \ \ \ \ \
\ i \ i !
o e
‘ Temperature é‘; Wind Speed ‘ Temperature é_l Wind Speed
Volume Flow Hemispherical Irradiance Volume Flow Hemispherical Irradiance
or Mass Flow ‘ in plane of array or Mass Flow ‘ in plane of array
(a) (b)

Figure 5. System configurations (a) without heat exchanger and (b) with heat exchanger for systems with one collector field.
Adapted from 1SO 24194, Figure 5 and 6, which does not include the wind speed sensor
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ISO 24194, Section 7.3: The standard defines that only data records (hourly-mean values of measure-
ment data) that fulfill the requirements in Section 5.4 are valid to conduct Power Check.

Remarks and recommendations

Overview: In Power Check, measurements with sensors serve three purposes: first, to determine the
measured power output; second, to calculate the estimated power output using Formulas 1-3, as de-
tailed in Section A.3; and third, to filter measurement values based on restrictions on operating condi-
tions, as described in Section A.5. Table 5 holds an overview of all required measurement data chan-
nels, which depend on the chosen Formula (see Section A.3 for details on Power Check Formulas).

Valid data records: Power Check uses hourly-mean values to check power estimates (see Section A.2).
The term “valid data record” is presumably used synonymously with “valid data point” and “valid in-
terval”. The authors of this guide recommend using either “valid data record” or “valid interva

|II

The standard requires intervals to start and end at full hours (e.g., 11:00, 12:00, 13:00, etc.) (ISO
24194:2022, Section 7.2.2). The authors recommended that measurement data are averaged using an
arithmetic mean to create data records:

X =

S|

n
X (9)
i=1
Weighted averaging with the time distance to the next measurement is not recommended, as the in-
terpretation of data gaps or irregular sampling rates is typically not straightforward.

Power measurement, fluid properties: Thermal power output is one of the principal measurements for
Power Check and is the quantity used for comparison with the estimated power output, as detailed in
Section A.2. If power output is not directly available as an input quantity, it can be calculated from
primary- or secondary-side volume flow or mass flow, if the fluid properties density and heat capacity
(temperature- and potentially concentration-dependent) are known:

Q=V-p(&9) c(&9): (9.~ 9) (10)

In system configurations with a heat exchanger (see Figure 5), thermal power can be measured on the
primary or on the secondary side. Unless there is substantial additional heat capacity in the primary
circuit (e.g., tank or hydraulic shunt), it is advised to measure power output in the secondary side; this
is also recommended by ISO 24194, Section 5.7. In the secondary side, power output is typically meas-
ured by calibrated and gauged heat meters, sometimes also used for billing purposes. Heat exchanger
thermal losses can be neglected, assuming an adiabatic heat exchanger; capacitive effects from heat
exchanger heat-up or cool-down are typically insignificant as well, since Power Check restricts such
operating conditions, as detailed in Section A.5.

However, in some circumstances and generally for system configurations without a heat exchanger, it
is necessary to measure thermal power in the primary loop. This is straightforward if water is used as
a primary-loop heat transfer fluid (due to well-known physical properties), but more involved for other
fluids with some concentration of anti-freeze liquid. In practice, the temperature- and concentration-
dependent physical fluid properties (density and heat capacity) are seldom precisely known; moreover,
anti-freeze concentration might change over time, for example if liquid is refilled. Consequently, true
fluid properties might differ significantly from datasheet values (see [7] for an example), potentially
introducing very large uncertainties in Power Check results. To obtain reliable results, fluid properties
(except for water) should be determined by measurement, at least once at the start of recording meas-
urements, even though this can be costly. It is important that the fluid properties are evaluated at the
correct temperatures. Refilling with anti-freeze liquid should be documented.
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Radiation measurement: The respective Power Check Formulas require different irradiance measure-
ments, see Table 2. If only Gy, (POA hemispherical irradiance) is available, Formula 1 is used. Using
Formula 1 with prior conversion from QDT to SST parameters (see Table 3) is equivalent to using For-
mula 2 under a “blue sky” assumption with constant shares of 85% beam / direct irradiance and 15%
diffuse irradiance.

For systems with multiple flat-plate or evacuated tube collector fields or if only G, is available, the
collector orientation (tilt, azimuth) might differ from the radiation sensor orientation. Following an
analogous case in ISO 9806 Section 19.2.2, angular deviations are acceptable if they don’t affect inci-
dence angle modifier values by more than 2%. For cases outside this limit, radiation models should be
used, see Section F.7 for further discussions. Also, if the “blue sky” assumption leads to substantial
bias, radiation models could be used to calculate G, and G4 and apply Power Check Formula 2. When
giving a Power Check output, it should be stated whether radiation models have been used to compute
irradiance data, include details about the modeling and evaluate the model uncertainty.

ISO 24194 also permits the use of satellite data instead of on-site measurements (see Section A.8).
However, due to a lack of international quality standards for the satellite data and questionable fit to
local conditions, the adequacy should be proven on a case-by-case basis.

Wind speed: From a practical point of view, many solar thermal plants — particularly in low-wind loca-
tions — do not have wind sensors installed. To simplify Power Check application, the authors recom-
mended making wind speed an optional measurement, required only if the result is expected to be
wind dependent. That is: If both wind-related collector parameters (a3, ag) are zero, Power Check is
also applicable without wind speed data, and the wind criterion may be neglected in Power Check data
filtering. Neglecting wind from Power Check should be documented in the results.

As an example, for the “Fernheizwerk” plant evaluated in Section D.2, where wind speed is measured
directly at the plant, wind speed has a negligible effect on Power Check results (see Figure 56 and Table
20). The plant is located in Graz, Austria, a low-wind location with an average yearly wind speed of
around 1.4 m/s, calculated based on the TMY (Typical Meteorological Year).

Alternatively, wind data from nearby weather stations could be utilized. However, since wind speeds
tend to have significant local variation, on-site measurements are preferable. The representativeness
of remote wind measurements for collector plane wind speeds is questionable. At best, remote data
could serve to filter out very high wind conditions [7].

Table 5. Required measurements for Power Check Formulas.

Symbol Formula 1 2 3

Hemispherical solar irradiance on the v

Ghem - -
plane of collector

G, Direct solar irradiance (beam irradiance) _ e v 12
on the plane of collector

Gy Diffuse solar irradiance on the plane of _ vl _
collector

9; Collector field inlet temperature 4 4 v

9, Collector field outlet temperature 4 4 4

9, Ambient air temperature v v v

u Surrounding air speed (wind speed) v Bl v B3l vl

Qumeasured Power output ¥ v v v

Wl Measured in collector plane for low-concentrating collectors.
121 Measured in tracking plane for concentrating collectors. For some concentrating collectors, contrary to 1SO 24194, For-
mula 2 should be used, see Section A.3.
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Bl Wind speed is frequently not available in solar thermal plants and should be made mandatory only if the results are
expected to be wind dependent (see paragraph on “Wind speed” in this section).

I Alternatively, power output can be calculated if volume flow or mass flow are measured, and fluid properties are avail-
able with low uncertainty.

A.8. Measurement accuracy levels

Summary

ISO 24194 Introduction: The standard defines the concept of accuracy levels, to distinguish between
more or less accurate performance comparisons. Accuracy levels are meant to reflect the reliability and
accuracy of measurement equipment and acquired measurement data. Accuracy levels relate to both
methods, Power Check and Daily Yield Check. The standard distinguishes three accuracy levels (1 / 1l /
I11) and suggests that they should be considered when a safety factor is chosen (see Section A.4). The
standard indicates that the accuracy level shall be stated when giving a performance estimate. How-
ever, since the standard includes only indicative safety factor values and does not include any stringent
methodology to compute a safety factor based on a chosen accuracy level, the usage of accuracy levels
is purely informative.

ISO 24194 Section 7.2.1: The standard requires that all instrumentation and sensors have valid calibra-
tion. Concerning the main measurements involved in a Power Check (solar radiation and power out-
put), the standard defines limits on overall measurement uncertainty, as listed in Table 6.

Table 6. Measurement uncertainty tolerances for solar radiation and power output, for accuracy levels I-llI.

Accuracy level

Measurement I 1l 1 ISO 24194 Section
Solar radiation +3% +5% +5% 7.2.1
Power output +2% +3% +5% 7.2.1

ISO 24194 Section 7.2.2: The standard specifies and recommends guidelines for time-related data. For
data acquisition, raw data logging shall have a sampling rate (logging time) of 1 minute or less, and
measurements without timestamps are not acceptable. Timestamps should include time zone infor-
mation and avoid daylight saving time (DST). Timestamps of the 1-hour data records used in Power
Check shall represent the average values over the previous hour; for instance, a data record
timestamped 12:00 represents measurements from 11:00 to 12:00 on that day. Raw data must not be
used twice when computing these data records. The standard sets a “time measurement tolerance” of
0.1% but lacks a reference value for the percentage, making this criterion impractical.

ISO 24194 Section 7.2.3-7.2.7: The standard specifies in detail the accuracies for solar radiation, tem-
perature, flow rate, power, and wind speed. Each accuracy level (I-Il) includes requirements for sensor
calibration, location, and installation (Table 7), as well as sensor specifications, measurement uncer-
tainties and solar sensor cleaning (Table 8).

The standard includes ISO 9060 as a normative reference (see Section A.10), using mixed terminology
between the withdrawn ISO 9060:1990 [17] and ISO 9060:2018 [18]. For solar radiation accuracy
level I, the standard requires following the recommendations of ISO/TR 9901, while not explicitly stat-
ing a version. This document assumes the current version ISO/TR 9901:2021 [19], adapted to I1SO
9060:2018 [18].

There is an inconsistency in the uncertainty limits for power output at accuracy level Ill between ISO
24194 Sections 7.2.1 and 7.2.6; see Table 6 and Table 8 in this document for comparison. Another
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inconsistency concerns the use of radiation data derived from satellites: According to Section 7.2.3.2,
satellite data can be used for level II/111, but 7.2.3.3 and 7.2.3.4 only mention satellite data in connection
with level lll. The latter seems to aligh more with the standard’s intention, as all other criteria regarding
solar sensors are the same for accuracy levels Il and Ill.

ISO 24194 Section 7.3: The standard states that data with obvious errors or very atypical operating
conditions shall be excluded, and such omitted data shall be reported and justified. See Section C.7 for
details on how this is interpreted and implemented in the SunPeek software.

Table 7. Requirements for sensor calibration, location and installation.

Item Description 1SO 24194
Section
Calibration Valid calibration for instrumentation and sensors 7.2.2
Solar radiation: Level I: < 500 m from any collector 7.2.33
Sensor location Level Il: < 1000 m from any collector
Level lll: < 1000 m from any collector or use of satellite data
Solar radiation: Placement shall avoid reflections. 7.23.1
Sensor placement Fixed flat-plate collector fields: on top of collectors.
Tracking collector fields: close to the tracking axis, close to
southern end of row (northern hemisphere) or northern end
of row (southern hemisphere)
Solar radiation: Sensors shall receive the same levels of direct, diffuse and 7.2.3.4
Representativity of reflected solar radiation as the complete collector field.
measurements (i)  For very large collector fields, several sensors might be
necessary.
(ii)  For flat-plate collector fields, sensors shall be placed in
the middle of the installation.
(iii) In general, it is strongly recommended to have at least
two solar sensors.
Solar radiation: Coplanar to collector plane within a tolerance of < 2° 7.2.3.1
Pyranometer coplanarity
Solar radiation: Level I: Twice a week in the measurement period if clean air, 7.2.3.4
Sensor cleaning every day if smoke and particles in the air.
Level Il and Ill: Weekly in measurement period (for level Ill:
not applicable for satellite data).
Installation fluid Best practice rules apply, such as measuring in the centerof  7.2.4.2
temperature sensor the pipe or thermally insulating the pipe at the measure-
ment position.
Installation of ambient air  Normal best practice rules apply, such as putting the sensor 7.243
temperature sensor into a white, ventilated shelter to shade it from solar radia-
tion, and measuring at least 1 m above the ground.
Level I-lII: positioned < 100 m from collector field
Location volume flow sen-  If used, flow rate shall be measured on the inlet (cold) side; 7.2.6
sor, fluid properties fluid density at the inlet side must be used for flow or power
calculation.
Location wind speed Level I-lll: positioned 1 m to 3 m above the highest point of 7.2.7

sensor

the collector field, < 100 m from collector field
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Table 8. Sensor specifications and measurement uncertainties for accuracy level I-lIl.

Measured Level | Level Il Level Il 1SO 24194
quantity
Global / hemi- Pyranometer Class C / Second Class  Sensors with accuracy £5% in 7.2.3.2
spherical irradi- or better. Satellite data not allowed. the range 600 — 1000 W/m?.
ance Recommendations following ISO/TR  Satellite data not allowed [!

9901
Beam and diffuse ~ Pyranometer for Gy, plus either Not defined 7.2.3.2
irradiance pyranometer Class B / First Class or

better with shading ring for G4 or
pyrheliometer for G,

DNI Pyrheliometer Class C / Second Class or better 2! for highly concentrat- 7.2.3.1
ing, tracking collectors with field of vision < 6°; tracking errors < t1°.

Fluid temperature < 0.35K(Class A) 7.2.4.2
Ambient air < 0.35K (Class A) 7.243
temperature
Volume flow rate standard uncertainty in relevant range
(mass flow rate)

<1% <2% <2% 7.2.5
Power (measured standard uncertainty in relevant range
or calculated) <2% < 3% < 3% 7.2.6
Wind speed <1m/s 7.2.7

111SO/TR 9901:2021 [19]
[211SO 9060:2018 [18]
131 See the note in the text above on the inconsistency of ISO 24194 Section 7.2.3 concerning the use of satellite data.

Remarks and recommendations

Accuracy level and safety factor: The accuracy level guidelines provide practical recommendations for
measuring solar collector fields. However, for Power Check, accuracy levels are purely informative, and
the standard does not specify how accuracy levels translate to safety factors. Only the chosen safety
factors are relevant for numerical Power Check results. If no detailed documentation for the uncer-
tainty calculation is done, the standard recommends (without further explanation) a safety factor of
fu = 0.95 for accuracy level | and f; = 0.90 for accuracy level Il and Il (see Section A.4). In practice,
most solar plants only partly meet the requirements of levels I-lll, for instance, because solar sensors
are cleaned only at irregular intervals. For long-term surveillance, meeting the accuracy level guidelines
is unlikely for most installations, making their practical relevance questionable, in the authors’ view.

Additional documentation and inspection: To improve traceability of Power Check results, the authors
recommend including documentation of the measurement setup, including the deployed sensors and
their individual accuracy level as stated in Table 8. Additionally, the authors recommend the following:

e Maintaining a logbook of significant plant events that might affect sensor uncertainties or
measurement data, such as any maintenance work, power supply interruption, or sensor cali-
brations.

e Following the recommendations on reliable data acquisition, validation, and storage of [20].

e Regular on-site inspection of plant and measurement equipment.

e Installation of a webcam on the collector field to double-check important events and shading.
For the installation of a webcam, data protection laws may apply.

e Automated plausibility checks during data analysis (see Section C.7 for the SunPeek implemen-
tation).
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Unfortunately, the standard does not cover the entire measurement chain and does not model the
resulting standard uncertainties or maximum errors. It lacks guidelines for fluid properties (density,
heat capacity) possibly used to compute power output and for radiation modeling possibly involved in
computing estimated power output (see paragraph below, and Section A.7).

Fluid properties: Fluid properties are known to significantly impact measurement results. Generally,
measuring thermal power in a circuit using water as a heat transfer medium is preferable. Datasheet
information for non-water fluid mixtures has been found to be not always reliable (see [7] for an ex-
ample) and should be used with caution. To obtain reliable results, fluid properties (except for water)
should be determined by measurement. Refilling with anti-freeze liquid should be documented.

Weighted averaging: Is is recommended to use weighted averaing to obtain data records from raw data
measurements (see Section A.7). ISO 24194 does not explicitly specify this.

Data quality and data processing: The standard specifies the omission of measurement data with gross
errors (obvious errors or very atypical operating conditions), but does not contain instructions on prac-
tical data quality checks (e.g., min-max bounds, hanging sensor checks), how to treat data gaps (e.g.,
allow some missing or invalid values within a 1-hour interval), or ensuring the correctness of the time
zone. For practical applications, such checks are essential and often consume a large share of the time
involved in producing a Power Check result. An implementation of such data quality checks is available
in the SunPeek software tool, see Section C.7.

Representativity of radiation measurements: The standard assumes that radiation sensors receive the
same amount of direct, diffuse, and reflected solar radiation as the whole collector field and recom-
mends placing pyranometers on top of the collectors (for flat-plate collector fields) to avoid reflections.
However, the standard does not address how adjacent collector rows alter reflection patterns or ob-
struct diffuse radiation; this is discussed in Section A.6 of this document. For complex collector field
geometries, using multiple radiation sensors and averaging their measurements may increase accuracy.

A.9. Power Check vs. Yield Check methods

History: The development of 1ISO 24194 was a collaborative effort between ISO and CEN (European
Committee for Standardization) under their technical cooperation agreement. The standard was pre-
pared by ISO/TC 180, Solar energy, Subcommittee SC 4, in collaboration with CEN/TC 312, Thermal solar
systems and components. Precursor versions of these methods were used in Denmark for over twenty
years [21], mainly for guarantee procedures between collector manufacturer and plant designer/oper-
ator. Two IEA SHC Tasks contributed substantially to its realization, namely Task 45 [22], [23] and Task
55 [24], [8], [25]. Currently, 1SO/TC180/SC4/WG4 is working on a revision of the standard, ISO/AWI
24194 [26], which aims to define an “Annual Yield Check” method, based on [23] and [27]. All these
methods are subsumed under the term “Performance Check”.

Power Check vs. Daily Yield Check: ISO 24194 specifies two Performance Check methods to compare
measured and estimated solar output: Power Check and Daily Yield Check. Table 9 provides a compar-
ison between the two methods. This document focuses on Power Check and does not cover Daily Yield
Check. Unlike Power Check, the yield-based methods compare the solar energy yield (kWh) against an
estimated yield, whereas Power Check addresses solar power output (kW). Yield-based methods may
bear improved financial relevance as they directly address solar energy, the quantity sold to customers.

However, Daily Yield Check is less generally applicable, compared to Power Check: It cannot be applied
to tracking and concentrating collectors and is limited to the summer half-year (for latitudes > 25°).
Furthermore, it is a less established method with little practical experience from real-world solar ther-
mal plants, making it difficult to provide useful recommendations at present. Some practical aspects,
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such as collector fields with irregular land-use ratios, require further study. The restrictions on operat-
ing conditions (Table 2 in ISO 24194, excluding low-irradiance periods and days with low daily irradia-
tion) imply that Daily Yield Check does not fully represent plant operation, and results do not reflect
the solar energy measured by a heat meter and used for billing. Annual Yield Check could address and
potentially overcome some of these limitations. The fact that Power Check uses shorter chunks of data
in its analysis (1-hour intervals) brings some benefits: Results can be obtained in a shorter time (a few
operational hours), and if the measured output does not meet expectations, the fine-grained hourly
results offer more detailed insights into possible root causes, making it easier to distinguish between
partial and full load behavior or different incidence angles.

Conclusion: The authors believe that the solar thermal community could benefit from open-source im-
plementations of yield-based methods, as highlighted in the public roadmap of SunPeek (see Section
E.4). Both power-and yield-based methods have their own strengths and weaknesses. The primary ad-
vantage of yield-based methods is their direct correlation with the amount of solar energy produced,
the relevant quantity for the revenue that a solar plant generates. For instance, an open-source imple-
mentation of Annual Yield Check (as discussed in the ongoing I1SO 24194 revision) would allow the
community to gain practical experience with yield-based methods and encourage their widespread
adoption.

Table 9. Comparison of Power Check and Daily Yield Check methods.

Item

Power Check

Daily Yield Check

Focus quantity

Applicable collector
types
Valid data records

Minimum required
valid data records

Seasonal limitation

Practical experience

Performance insights

Open-source
implementations

Solar power output (kW)

Glazed flat-plate, evacuated tube, con-
centrating / tracking collectors

1-hour intervals with minimum

solar irradiance Gpen = 800 W/m? or
G, = 600 W/m? and additional criteria
to ensure stable operating conditions
20

No seasonal limitation but practically
limited by possible shading and too
low irradiance

Well-established with real-world expe-
rience from several projects

Enables insights into partial loads and
root causes of underperformance

SunPeek [30]

Solar energy yield (kWh)

Flat-plate; not tracking /

concentrating collectors

Data in 1-day data chunks with minimum
solar irradiation = 5.5 kWh/m? and addi-
tional criteria to ensure unrestricted en-
ergy delivery from the collector field

5

Limited to summer half-year (for lati-
tudes > 25°)

Less established, limited practical experi-
ence

Limited insights, less detailed

None yet

A.10. Normative References

ISO 24194 incorporates three key normative references used in the definition of Power Check and Daily
Yield Check methods: 1ISO 9806:2017 [2], ISO 9488:2022 [16], and ISO 9060 (using a mixed terminology
between 1SO 9060:2018 [18] and the withdrawn I1SO 9060:1990 [17]). These standards provide the
framework and technical specifications that underpin the procedures outlined in ISO 24194.

e /SO 9806 (Solar energy - Solar thermal collectors - Test methods) defines test methods for solar
thermal collectors, such as QDT (quasi-dynamic test) or SST (steady-state test). Collector data
sheets, available in the Solar Keymark database [3], are always tested according to ISO 9806.
Collector performance parameters reported in such data sheets are used in Power Check to
compute the estimated collector field power output (see Section A.3). While using collector
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parameters based on ISO 9806 is not mandatory (see ISO 24194 Section 5.2.1), using such col-
lector data sheets is a typical use case for Power Check. For ISO 9806, a guide document [6]
like this document exists.

e /SO 9060 (Solar energy - Specification and classification of instruments for measuring hemi-
spherical solar and direct solar radiation): This standard provides specifications for solar radia-
tion sensors and guidelines for selecting and using such instruments. In Power Check, irradi-
ance data is used to calculate the estimated power output (see Section A.3) and is the single
most important influencing factor on Power Check results. ISO 9060:2018 [18] defines sensor
classes used to specify the accuracy levels in 1ISO 24194 Section 7.2.3 (see Section A.8). Some
readers might still be familiar with the ISO 9060:1990 [17] terms (like Secondary Standard, First
Class and Second Class); the current ISO 9060:2018 [18] uses the terms Class A, B and C.

e /SO 9488 (Solar energy - Vocabulary) provides the vocabulary and basic terms for solar thermal
energy. In ISO 24194, the terms and definitions given in ISO 9488:2022 [16] apply. It also de-
fines symbols such as A (gross collector area) which are used in 1ISO 24194. The latest version
is 1ISO 9488:2022 [16]. For terms and definitions used in this document, see Section G.1.
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B Enhancing the practical applicability of Power Check

This chapter outlines methodological extensions to the ISO 24194 Power Check, to address and over-
come practical limitations and improve its applicability to real-world installations. The goal of this chap-
ter is to highlight three important enhancements that deserve a detailed focus and have already been
partly integrated into SunPeek [30]. In Chapter E, the authors propose further discussion points, sug-
gestions, and ideas about Power Check. Chapter F contains an outline for a major rework of Power
Check, which goes beyond the presented enhancements in this chapter.

The enhancements presented here are:

e Section B.1: Presentation of the “Extended Power Check” method, a method enhancement in
data averaging, fully implemented in SunPeek.

e Section B.2: Extending Power Check to solar plants with multiple / heterogeneous collector
fields —an outline of a detailed concept is given.

e Section B.3: How to treat stagnation in Power Check: Proposition of a concrete solution.

B.1. Extended Power Check

ISO 24194 Limitations

Power Check utilizes 1-hour averaged values of recorded measurement data to calculate both meas-
ured and estimated power output. The method outlined in the standard requires intervals to start and
end at full hours (e.g., 11:00, 12:00, 13:00, etc.), a limitation that owes to practical constraints of
spreadsheet-based data analysis. However, the rigid restriction of full-hour interval limits is not imper-
ative for obtaining 1-hour averaged Power Check values and may not yield the most useful results.

Enhanced procedure

To address this limitation, an “Extended Power Check” method is proposed using a moving-window
approach; this extended method has been first presented in [28]. Just like the ISO 24194 Power Check,
the extended method employs 1-hour averaged values but does not confine the interval limits to full
hours. For example, a 1-hour interval with the extended method could span from 10:24 to 11:24. Im-
portantly, the extended method adheres to the same restrictions and criteria as the default method
for filtering measurement data (see Section A.5). This ensures that all 1-hour intervals resulting from
the extended method meet all data requirements of ISO 24194, such as the restrictions on operating
conditions defined in ISO 24194 Table 1 (Section 5.4).

Figure 6 graphically depicts the data averaging methods of both the default and the extended methods.
The moving-window averaging of the extended method generates a set of “candidate intervals”: partly
overlapping 1-hour intervals that satisfy all Power Check data filtering criteria. A technique is required
to select the best among all candidate intervals. In the SunPeek implementation, a minimum-noise
criterion for interval selection is used, a score calculated as minimum relative standard deviation of the
thermal power. Figure 7 demonstrates the effect of the extended method’s interval scoring: The high-
est-scoring interval (a) has one hour of nearly perfect steady state operating conditions with almost
constant power output, whereas the lowest-scoring interval (b) shows considerable variability in ther-
mal power output. Once a candidate interval is selected, overlapping intervals are discarded from the
candidate set to avoid duplicate data usage, and the next best-scoring interval is chosen. While other
interval selection criteria are possible (e.g. maximize the interval number), the minimum-noise crite-
rion described above leads to the smallest output variance and thus robust Power Check results.
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Figure 6. Comparison of Power Check averaging methods. The default method (top) is limited to intervals confined by full
hours. The extended method (bottom) uses moving windows and selects intervals based on a score metric. Source: [28].
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(a) Highest scoring interval (b) Lowest scoring interval

Figure 7. Highest scoring interval (a) and lowest scoring interval (b) selected by the Extended Power Check,
showing the preference for steady thermal power output conditions. Source: [28].

Remarks

The Extended Power Check has been implemented in the SunPeek open-source software and applied
to several solar thermal plants. Results from the extended method have been compared to those of
the default method, with example results and comparisons presented in Section D.2. These analyses
indicate that the extended method tends to produce more valid data records, while maintaining com-
parable values for the average power ratio across several intervals. Overall, the extended method re-
sults cover a wider range of operating conditions, compared to the default method described in Chap-
ter A. It leverages modern data analysis techniques and enhances the practical usefulness of Power
Check results.

B.2. Multiple and heterogeneous collector fields

1ISO 24194 Limitations

Many solar thermal plants have complex geometric and hydraulic arrangements to optimize the layout
and the solar yield. Examples include plants with multiple flat-plate collector fields with different ori-
entations, a combination of single- and double-glazed flat-plate collectors, or flat-plate collectors com-
bined with concentrating collectors.
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ISO 24194, Section 5.1: The standard lacks a systematic treatment of complex arrangements, and only
states that an overall Power Check can be conducted for collector fields with different collector types
assuming “similar collector types” (see Section A.2).

e An overall estimate for fields with two or more “similar collector types” can be given by choos-
ing “representative collector parameters”. The standard only states that, for instance, single-
and double-glazed flat-plate collectors can be regarded as “similar”.

e If size, inlet, and outlet temperatures are available for each collector field of the same type,
Power Check estimates can be computed for each field.

This approach has several limitations:

e The procedure to determine “representative collector parameters” is not defined and leaves
room for interpretation. It is not specified, for example, how to consider different collector
areas, possibly different Power Check Formulas (see Section A.3), or possibly different irradi-
ance measurements, such as for differently oriented fields.

e The term “similar collector types” is not precisely defined. Details or examples of how to apply
the method to combined collector types are not provided. Applications to fields with “non-
similar” collector types are not specified.

e Ifinlet and outlet temperatures are not available, e.g., for serially connected fields, the proce-
dure may not be applicable. For example, no procedure is defined to compute or model inter-
mediate temperatures.

e Differences in geometric arrangements (e.g., tilt, azimuth, and row spacing) of groups of col-
lectors are not addressed. Availability of irradiance measurements is not addressed.

e Several data filtering questions are undefined, for instance, whether the restrictions on oper-
ating conditions (see Section A.5) must be fulfilled for each field or for all fields combined.

Enhanced procedure

This guide attempts to clarify the situation by providing a generic and traceable procedure on how to
apply Power Check to plants with complex arrangements. The basic situation is illustrated in Figure 8
for a plant with two collector fields: Some measurements are available per field, while others are
shared, for example ambient temperature, but notably also power output.
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Figure 8. Example setup for a plant with two collector fields.

Before outlining the enhanced procedure, it is important to clearly define the used terms (see also

Section G.1):

e A plant (or system, installation) for the delivery of thermal energy can have one or multiple
collector fields, which can be uniform or heterogenous.
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e A collector field (collector array as in ISO 9488:2022 [16]) is a group of solar collectors that are
closely connected in series, in parallel or in combination of both modes, with one hydraulic
input and one hydraulic output.

e A uniform collector field, as defined in this document, is a collector field consisting of one col-
lector model with a geometrically uniform arrangement. A collector model has a distinct name,
dimensions and one set of collector performance parameters as listed in the data sheet,
whereas a collector type is a more generic (such as flat-plate, evacuated tubular collector
types). A geometrically uniform arrangement means all collectors have the same mounting
(tracked or fixed with constant tilt and azimuth) and row spacing with a rectangular shape on
a plane (see Section A.6). This term “uniform collector field” is used as a modeling abstraction.
For example, a heterogenous collector field where the collectors have different mounting an-
gles could be split into two uniform collector fields.

e A heterogenous collector field, as defined in this document, is a collector field with a more
complex arrangement than a uniform collector field, e.g., due to using multiple collector types
or collector models, having multiple subgroups of collectors connected in parallel or series,
irregular row spacing, irregular mounting angles, etc.

Usually, there are several possibilities to conceptualize complex arrangements of solar thermal plants.
The arrangement in Figure 8 could be seen as a plant with two collector fields, but also a plant with
one heterogeneous collector field.

The proposed method targets hydraulic and geometric arrangements which are more complex than a
plant with a single uniform collector field and treats all such cases as a plant with multiple fields. The
idea is to compute the estimated power for each field individually (following ISO 24194, see Section
A.3), and to compare the sum of these estimated power outputs with the corresponding sensor that
measures the overall power output, for all fields.

An example is shown in Figure 9, which illustrates the idea for the case for two different collector fields
(as shown in Figure 8) and combined power, ambient temperature and wind speed measurements. In
this case, the estimate can be computed for each of the collector fields individually, using irradiance,
inlet and outlet temperatures, incidence angle modifier, collector area and collector parameters per
field in Power Check Formula (see formulas in Section A.2). The comparison of measured and estimated
power can then be carried out by summing up the estimated outputs of both fields. When specific
power outputs are given (W/m?), the area relates to the combined gross collector area of all fields.

Compute estimated \ *
power for field #2 \ 25
4 22
\ Ambient Use measured power
of both fields
Compute estimated Y} 1
power for field #1 A
. \ i i
L AT | |
Collector field #1 ﬂ i

Hemispherical Irradiance
in plane of array

l Temperature é Wind Speed Heat Meter ‘

Atotal =Acri1TAcFrz
]

R Ack
Average(Qmeasured) = 5o

] Acks 4
Atotal Average(Qestimated, CF#1) + Am: * Average (Qestimated, CF#Z)
——

Figure 9. Illustration of the proposed extension of Power Check to multiple collector fields.
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Figure 10. Proposed extension of Power Check to multiple collector fields: Comparison of average measured and estimated
power output (for collector field #1 and #2) with the sum of the estimated power outputs for collector field #1 and #2.

This idea can be used to apply Power Check to plants with multiple fields in general:

e First, all heterogeneous collector fields of a plant will be partitioned into uniform collector fields
which are treated individually.

e Each uniform collector field consists of one collector model and has a geometrically uniform
arrangement. Hence, an individual estimation can be given according to I1SO 24194. For sim-
plicity, it is assumed that all measurements are available to compute the estimated power (see
paragraphs later in this section for handling missing sensors).

e Uniform collector fields that have a common power measurement are grouped together. A
group can consist of one or multiple collector fields.

e Datarecords are valid and thus used for Power Check, if the requirements for operating condi-
tions (see Section A.5) are simultaneously fulfilled for all collector fields of a group. For sim-
plicity, using one common safety factor for all fields is recommended, see the “Remarks” sec-
tion for a further discussion.

Using these assumptions, comparisons between measured and estimated power can then be made for
each collector field group, by summing up the estimated power of all collector fields in a group
(weighted by their corresponding area) and comparing to the power measurement (similar to Eq. (1)):

Zlivzl (ACF,i ' Average(Qestimated)i)

> (11)
group Z?Izl Acr,i

Average(Qestimated)

where N is the number of fields which are measured together, Ag; is the gross area of the i-th field,
and Average(Qestimate), IS the estimated power of the i-th field according to 1SO 24194.

Following the procedure described above, the ISO 24194 Power Check can be applied to plants with
multiple collector fields. A process diagram illustrating the procedure is shown in Figure 11. To summa-
rize, the procedure makes the following modeling assumptions and requirements:

1) Collector fields are not required to have individual power measurements. Only a common
power measurement for multiple fields (or for the whole plant) is required.

2) Each collector field is assumed to be geometrically uniformly arranged, having the same
mounting (tracked or fixed with constant tilt and azimuth), collector length and row spacing.

3) Each collector field has exactly one collector model with its characteristic efficiency parameters.
Collector types of different fields do not need to be similar (in the ISO 24194 sense). The pro-
posed procedure perfectly works, for example, for a field of flat-plat collectors (using Formula
1) and a field with concentrating collectors (using Formula 2 or 3).
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4) Given the corresponding Formula 1-3, each field has all required data channels (irradiance,
inlet and outlet temperature, ambient temperature, etc.) to compute the estimated power and
filter valid data records.

5) Ambient temperature and wind speed are assumed to be valid for all fields of a plant, although
individual measurements per field can be used if available.

6) Requirements for operating conditions should be simultaneously fulfilled for all fields.

This procedure works regardless of the specific hydraulic layout (for instance, collectors connected in
series, in parallel, etc.). However, each field still requires all necessary sensors for computation of the
estimated power output, the same as in the single-field case described in ISO 24194. In case a sensor
is missing, sensor measurements can in some cases be modeled. Below are example setups with no
missing sensors, and a detailed guide how to address missing sensors, for selected plant setups.
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The procedure is similar for plants with n subfields, which share one
common power output measurement. Each field needs to be uniform:
one colletor model, geometrically uniform arrangement.
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L l‘ ----------- 1
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: : Sampling time of raw data must be < 1 min.
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Common valid intervals are 1-hour intervals with valid data records ,
where the data filtering restrictions are fulfilled for all fields.

Field-specific: formula, collector parameters, and measured values
from plant operation (weather, system temperatures),

Sum estimated powers of all fields, inclduding safety factor.

Commeon power mesaurement for all fields,

At least 20 guarantee intervals required for checking the power

Checking power estimate

estimates.
-
YES. power Check fulfilled Plant performance meets expectations.
NO. power Check not fulfilled Plant performance below expectations, take action.

Figure 11. Process diagram for application of 1ISO 24194 Power Check to plants with multiple and heterogeneous
collector fields. Refer to Figure 1 to compare to the single-field case.
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Example setups with no missing sensors

Figure 12 and Figure 13 show example setups for plants with two fields, connected in parallel and in
series, where all available sensors for computing estimated power per field are given.
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Figure 12. Parallel case: Setup with two fields connected in parallel. Setup (a) without and (b) with heat exchanger.
With complete sensor measurements, each collector field has inlet and outlet temperatures, and irradiance measurements.
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Figure 13. Serial case: Setup with two fields connected in series. Setup (a) without and (b) with heat exchanger.
Both systems combine flat-plate and concentrating collectors in series. With complete sensor measurements, each collector
field has inlet and outlet temperatures, and irradiance measurements, as required for the chosen Formula.

Missing sensors

In some plants, sensor measurements required to compute estimated power output might be missing,
either permanently (if no sensor was installed), or temporarily (e.g. due to a malfunction). Example
cases are shown in Figure 14 (a—c).
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Figure 14. Plant setups with multiple fields where sensors are missing. Setup (a) lacks an irradiance sensor for field #2.
Setup (b) lacks inlet and outlet temperatures for individual parallel fields. Setup (c) lacks outlet temperature of field #1 and
inlet temperature of field #2 (“inter-field” temperature between fields in series).
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Missing sensor measurements can in some cases be deduced from models. Below is a detailed guide
covering four cases which are important in practice:

1) Missing radiation measurements (Figure 14 (a))

2) Missing return temperature for fields connected in parallel (Figure 14 (b))

3) Missing outlet temperature for fields connected in parallel (Figure 14 (b))

4) Missing “inter-field” temperature for fields connected in series (Figure 14 (c))

Case #1. Missing radiation measurements (Figure 14 (a)): For flat-plate collector fields, the most com-
mon impediment is that a measurement of G, in the collector plane is available for one field, but not
for another field with different orientation (tilt, azimuth). Radiation modeling could be used to model
Ghem ON other fields, but ISO 24194 does not specify whether this is admissible, or how to proceed in
case collector and radiation sensor orientations differ. The authors propose following the recommen-
dations outlined in Section F.7.

Case #2. Missing inlet temperature for fields connected in parallel (Figure 14 (b)): If inlet temperatures
for fields connected in parallel are missing, each field should use the common return temperature
measurement. For longer connection pipes, the safety factor may be increased, or pipe losses quanti-
fied, as outlined in Section F.6.

Case #3. Missing outlet temperature for fields connected in parallel (Figure 14 (b)): If outlet tempera-
tures for fields connected in parallel are missing, the common outlet temperature can be used for each
field if they can be assumed to be “similar”, e.g. short connection pipes and sufficiently good hydraulic
balancing. For fields with good balancing, influence on power distribution is typically negligible [29].

Case #4. Missing “inter-field” temperature for fields connected in series (Figure 14 (c)): In this common
case, fields with different collector technologies are connected in series, usually with the intention of
having each technology operate in its ideal temperature range. Computing estimated power output for
each field requires knowing the temperature between the fields (i.e., the outlet temperature of field
#1, and inlet temperature of field #2). In practice, the inter-field temperature measurements are some-
times missing. They can be modeled, under the assumption that the inter-field inlet and outlet tem-
peratures (outlet field #1 and inlet field #2) are equivalent and can thus be described by the same
“inter-field” temperature, 9,. This unknown temperature 9, is modeled as a weighted average of the
field #1 inlet temperature 9;;, ;, and the field #2 outlet temperature 9, , with weight a € [0,1].

Opy=a Y1+ (A —a) 9, (12)

Each choice of a weight a corresponds to setting the inter-field temperature 9, and a distribution of
the total power output Q,,. between the power output of the fields, Q, and Q, (see Figure 15):

Ot =V pe (82— 0i1)
=V-p-cf-(19x—19i'1)+V-p-cf -(193'2—19,5)

=V-p- cr - 1- a? (92 —0i1) +V -prcr- a(9ez — V1) (13)
= (1 —a) Qt0t+ @ Qrot
=0Q:1+ 0
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Figure 15. lllustration of inter-field temperature v,.

The following approaches for choosing a exist, listed in increasing order of accuracy and complexity:

1) Even split method: Assign same thermal power output to both fields, Q; = Q,. As a result, the
inter-field temperature is the average of the inlet and outlet temperature.

a=0.5 (14)

2) Collector area method: Assign thermal power output relative to the fields’ gross collector areas,
Acr; and Acg,. This is equivalent to assuming both fields operate at the same efficiency. As a
result, it is assumed that larger fields lead to a correspondingly higher temperature increase.

Acr

o= CF2_ (15)
Acp1 + Acr

3) Irradiance method: Assign thermal power output relative to each field’s irradiance (Gpep, as-
suming Formula 1). This is similar to method ii, but takes different irradiation conditions into
account, for example when combining tracking and non-tracking collectors.

_ ACF,Z ' Ghem,Z
ACF,l ' Ghem,l + ACF,Z ) Ghem,Z

o (16)

4) Optical efficiency method: Assign thermal power output relative to the fields’ optical effi-
ciency. The example below uses Formula 1 and 3. In contrast to method iii, this also takes dif-
ferent collector into account to some extent.

_ Acr2 * Mo p K, (01, 07) Gy
Acr1 Mo nem Khem (01, 01) Ghem + Acr2 * M0,pKb (61, 61) Gy,
5) Collector equation method: Assign thermal power output according to collector efficiency
equations with an iterative procedure ay, a4, a5, ... to set a. In contrast to method 4, this takes

all collector parameters into account to approximate the relative temperature increase of
both fields, but requires an iterative procedure:

a (17)

e |Initial condition (n = 0). Set a, = 0.5.
e Step n. Calculate power with weight a,, and new weight a,,,; (example with Formula 1).

i) Ue(an) = ay - 19i,1 +(1=ay)- 198,2 (18)
i) Ima (an) = 0.5 Y1 + 9% (an) (19)
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i) Oz (@) = 0.5 (9ez + Ox () (20)
Ql (an) = ACF,l ) [no,hemKhem(HL' HT)Ghem,l - a4 (ﬁm,l(an) - 19a)

iv) . (21)
— (81 () = 9a)” — as(A0,1(an)/at)]

V) QZ (an) = ACF,Z ) [no,hemKhem(GL' GT)Ghem,Z - a4 (ﬂm,z (an) - 190.) (22)
—a; (ﬁm,z (an) - 79(1)2 —as (dﬁm,z(an)/dt)]

VI) Qpas Q2 (an) (23)

" 0y(an) + Q)

e Iteration. Setn = n + 1 and repeat until a,, converges.

The authors recommend using the “collector area method” (item 2), as it is reasonably precise and very
simple. The “irradiance method” (3) and “optical efficiency method” (4) should be used if the fields
receive substantially different irradiance levels or use hemispherical versus beam / direct irradiance.
Weight «a is constant for methods (1) and (2), for methods (3)—(5) it is calculated per raw data point.

Mixed collectors in rows modeled as uniform collector fields

Some collector fields deploy different collector models or collector types within each row or have other
geometric characteristics that make them non-uniform, such as different mounting angles or row spac-
ings within the field as shown in Figure 16. Such fields can be split into multiple uniform “collector
fields” in the sense of a modeling abstraction, although they may not have one hydraulic input, and
one hydraulic output as defined for the term “collector array” (collector field) in ISO 9488:2022 [16].
Missing sensors can be calculated according to the guidelines in the previous section.
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(a) (b)
Figure 16. Examples of collector fields composed of different collector models within each row: (a) combination of
single- and double-glazed collectors; (b) combination of collectors with different tilt angles.

Remarks

Comparison to ISO 24194: The procedure described above is equivalent to the ISO standard procedure,
provided all required measurements and parameters are available, for individual field estimates. In
contrast, using representative collector parameters for similar collector types when inlet or outlet tem-
peratures are missing (plugging the parameters into one formula) effectively assumes a parallel con-
nection of fields with identical inlet and outlet temperatures, which is not valid for fields connected in
series. Generally, the more missing sensors need to be modeled, the higher the safety factor should
be. Further research is required to explore methodological limits and to investigate edge cases.

Reporting: For applying Power Check to plants with multiple and heterogeneous fields, it is recom-
mended to include a hydraulic scheme in reports and to describe the modeling assumptions.
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Safety factor: The proposed procedure assigns the overall safety factors to the summed-up power es-
timates of all fields. Since safety factors are only relevant in connection with a power output compari-
son, this is a reasonable simplification. Defining individual safety factors per field is possible in principle,
but this would imply that the safety factor for multiple fields would cease to be a constant. The authors
see this as a major drawback and recommend using an overall safety factor per power measurement.

Edge cases: Plants with multiple fields with very divergent orientations (e.g., East and West-facing flat-
plate collector fields), can only be evaluated if there are mutually including overlapping operating in-
tervals (valid data records).

SunPeek implementation: At the time of writing, the current SunPeek version supports cases with mul-
tiple collector fields connected in parallel or series as shown in Figure 12 and Figure 13 if all required
measurements are available and if the same formula for all fields is used. An improved implementation
supporting this procedure is envisaged, as defined in the SunPeek Roadmap, see Section E.4.

B.3. Stagnation events

ISO 24194 Limitations

In solar thermal plant operation, several definitions of stagnation are in use. This section uses the fol-
lowing definition based on the current ISO 9806 standard [2]: stagnation is a condition where there is
abundant solar irradiance, but the collector field is under no-flow or low-flow conditions, and no useful
energy is taken from the solar collectors. This may be caused by a failure (e.g., power outage) or by
external system conditions (e.g. maximum storage temperature reached), but it can also be a planned
system state (e.g., in deliberately oversized collector fields, in an industry application with no heat de-
mand on weekends, or due to planned downtime or maintenance).

ISO 24194 does not mention the topic of stagnation explicitly and the operating condition restrictions
do not contain corresponding filtering criteria, see 1SO 24194 Table 1 (Table 4 in this document) and
Section A.5. As a result, stagnation events can be included in valid data records as shown in Figure 17.
The extent to which stagnation events are included depends on the interpretation of the “change in
collector mean temperature” criterion, see Section A.5 for three different interpretations of this crite-
rion. Even with the most restrictive interpretation — the second criterion as shown in Figure 3 — which
limits temperature peaks or dips to 5 K within an hour, a stagnation event may be present although this
is more of a rare edge case. The power output during stagnation events is zero (no volume flow), but
Formulas 1-3 do not consider if the array is actually in operation. Therefore, data records where stag-
nation occurs have a lower measured-estimated power ratio, compared to normal plant behavior, po-
tentially distorting the performance assessment.

Use cases

The key question is whether Power Check data restrictions should be extended with a restriction to
exclude stagnation events, in the way that shading is already handled. There are pros and cons to this
Power Check modification:

e Pros: Power Check is designed to estimate power output for periods of normal operation, not for
stagnation. Also, the ISO 9806 model can be outside its validity range if the plant is in stagnation.
Excluding stagnation events would ensure that Power Check is limited to typical operational behav-
ior, covered by the models used.

e (Cons: In a scenario where Power Check is constantly applied during plant operation, it would be
preferable to detect stagnation events as soon as possible, preventing them from going unnoticed
— especially if stagnation is not part of plant design (as opposed to planned stagnation, due to
specific operational schedules, etc.). For unplanned stagnation events, it would be useful not to
exclude stagnation with additional data filters.
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Figure 17. Impact of stagnation events on data selection of Power Check. The interval from 1-2 PM has a
change in mean collector temperature of ~ 3 K as the array cools down after reaching stagnation temperatures.
This interval is a valid data record fulfilling all ISO 24194 criteria on operating conditions if the
“change in collector mean temperature” criterion is interpreted as in Figure 3 b, i.e. |W| < 5K within an hour.

Enhanced procedure

As filtering out stagnation seems to align better with the intention of the standard, the authors recom-
mend adding a criterion to Power Check to detect and filter stagnation from data records. However, to
ensure that stagnation does not go unnoticed, a summary of stagnation events should be documented
in Power Check outputs; a recommended reporting format should be given. In an ongoing monitoring
scenario, stagnation events need to be identified separately.

While it is true that, following this recommendation, Power Check may report that collector field oper-
ation is fine even if stagnation has occurred, the results are still valid and representative of collector
field operation, for the included Power Check data records.

Distinguishing between stagnation and normal plant operation within 1-hour intervals requires filtering
individual measurement data on the original sampling rate. A practical method is to use an additional
criterion on minimum specific power output, in the restrictions on operating conditions:

Qmeasured

ACF = Qsp,min (24)

The value of Qsp,min for distinguishing between stagnation and normal plant operation depends on
technical features of the specific collector field, such as the collector technology and the normal oper-
ating temperature. For example, for conventional flat-plate collectors operating at around 9,,, = 80°C,
a typical choice could be Qsp_min = 100 W/m?, essentially using the same value to ensure that the plant
is in operation, although applied to individual data records and not 1-hour averages (see Section A.5).
A drawback of this criterion is that it may exclude some 1-hour intervals where the power output tem-
porarily dips, even though no stagnation is actually happening, see Figure 18.
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Plant: FHW Arcon South _Test_. Array: Arcon South. Interval #11: 2017-05-11 11:00 (UTC+1) to 2017-05-11 12:00 (UTC+1)
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Figure 18. Data in a valid 1-hour interval showing a temporary dip in power output due to reduced irradiance.
Such intervals would be ruled out by a minimum specific power output criterion used to detect stagnation.

A more targeted criterion would be to set a minimum specific volume flow:

=P sy (25)

Likewise, this criterion depends on the collector technology and plant layout. Additionally, for some
plants, only the thermal power output may be recorded as a data point. Collector field temperatures
cannot be used as criteria to detect stagnation. This is because during stagnation, due to low / no cir-
culation in the solar loop, the collector field temperature sensors do not reliably represent the actual
collector field temperatures.
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C SunPeek open-source software

This chapter presents the free and open-source software SunPeek, which includes the first open-source
implementation of the I1SO 24194:2022 Power Check. It briefly explains the SunPeek tool and shows
how it can be used to perform Power Check.

Section C.1 provides a short introduction to the functionality of SunPeek and provides useful
links for using the software.

Section C.2 presents a quick guide on how to run Power Check with SunPeek.

Section C.3 discusses the plant configuration in more detail.

Section C.4 outlines the data upload and inspection in more detail.

Section C.5 discusses executing and applying Power Check.

Sections C.6 to C.9 provide additional details on Power Check implementation, data handling,
sensor calculations, and SunPeek’s envisaged link to the Solar Keymark Collector Database in-
tegration.

To analyze a plant with SunPeek, the following procedure is recommended:

1)
2)
3)

4)
5)

6)

New users can try the public demo?, including the built-in demo plant (see Section D.2).

For installation, see the SunPeek Installation Guidelines?.

To work with your own plant, start with the quick guide in Section C.2 and go through Sections
C.3 to C.6 for step-by-step instructions from plant configuration to Power Check evaluations.
Check out Chapter D on example applications.

Read Sections C.6 to C.9 for background information on SunPeek, Power Check implementation
and Solar Keymark Database integration.

Check out the SunPeek Documentation® for additional in-depth information.

Source Code: The latest SunPeek source code is available in the SunPeek GitLab Repository®.

This guide is based on SunPeek Backend version 0.4.3. Power Check implementation will be further
developed with newer versions of SunPeek.

SunPeek ISO 24194 reference implementation

SunPeek is designed to be the reference software implemen-
tation of ISO 24194 Power Check by ensuring an open-source,

S u n Pe e k transparent, consistent, readily available and broadly validated

implementation. The authors of this guide recommend using
SunPeek as the reference tool to run Power Check.

! https://demo.sunpeek.org

2 https://docs.sunpeek.org/quick_start/installation/

3 https://docs.sunpeek.org/

4 https://gitlab.com/sunpeek/
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https://docs.sunpeek.org/quick_start/installation/
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C.1. About SunPeek

SunPeek resources

SunPeek Public Demo

https://demo.sunpeek.org/

SunPeek Resources
SunPeek Hub https://sunpeek.org/
Public Demo https://demo.sunpeek.org/
Documentation https://docs.sunpeek.org
Software Repositories https://gitlab.com/sunpeek/
Python Library https://pypi.org/project/sunpeek/
DockerHub https://hub.docker.com/u/sunpeek/
Open Dataset (Demo Plant) https://doi.org/10.5281/zenodo.7741083
Zenodo Community https://zenodo.org/communities/sunpeek/
LinkedIn https://www.linkedin.com/company/sunpeek/
Contact support@sunpeek.org

What is SunPeek?

SunPeek is an open-source software designed to automate the performance evaluation of solar ther-
mal plants, focusing on large-scale installations. Designed as a containerized web application, SunPeek
includes a web interface and a Python backend with a REST API; see [30] for details on the software
design. The tool has been developed through collaboration between research institutes and industry
partners and is a NumFOCUS affiliated project®.

5 https://numfocus.org/sponsored-projects/affiliated-projects
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SunPeek software features

e Compatibility: SunPeek runs on Windows / Mac / Linux (using Docker containers)

e Automated calculation and comparison of measured and estimated power output for collector fields (Power
Check according to ISO 24194)

e Real-world demo solar plant, with open dataset of measurement data from real plant operation.

e Graphical User Interface (GUI) for fast and interactive plant configuration and evaluation

e Measurement data: Support of common text-based data formats

e Connection to Solar Keymark Collector Database (work in progress) and option to add custom-defined collec-
tors.

e PDF reports and CSV export of calculation results.

e Automatic conversion between ISO 9806 QDT (quasi-dynamic) and SST (steady-state) collector test certifi-
cates.

e Automated data pipeline for data cleaning and data calculation, compensating for missing sensors.

e Fluid properties support, with pre-defined and custom fluids, and CoolProp [33] database integration.

e Enhanced Power Check applications (e.g., filtering of stagnation events, application to multiple fields, Ex-
tended Power Check).

e Standardized interface (REST API) for integration into existing software tools and databases.

e On-premises data storage, no need to share data with third parties.

ISO 24194 reference implementation

The software incorporates the first open-source implementation of Power Check of I1SO 24194:2022
and is designed to serve as the reference software implementation of ISO 24194. Specifically, SunPeek
has the following goals:

e Make the ISO 24194 Power Check implementation easily accessible and free of charge, includ-
ing for commercial use, without the burden of every user designing their own tool.

e Provide a fully automated implementation and transparent implementation where data han-
dling and each calculation step is traceable.

e Start a dedicated community around an open development approach, where users can con-
tribute, request features, or participate actively in the development process. The goal is to
achieve a trusted, harmonized, consistent, high-quality and well-maintained implementation
of 1ISO 24194 for the solar community (see Section E.4).

e Clarify the standard where it leaves room for interpretation when moving from a paper docu-
ment to a software implementation and suggest further improvements.

e Provide a framework and development platform, aimed at performance monitoring and as-
sessment algorithms for solar thermal plants, with a standardized software interface that al-
lows integration of SunPeek with other software tools.

The longer-term SunPeek development goals are summarized in a Roadmap?®, as is common for open-
source projects. SunPeek strives to improve the user experience and code quality, aligning with devel-
opments of the standard and integrating topics not yet covered, like Daily Yield Check (see Section A.9).

Licenses

The SunPeek Web-Ul is available under the BSD-3-Clause license’, the SunPeek Backend uses the GNU
Lesser General Public license®. These licenses allow free commercial use. SunPeek is distributed with-
out any warranty and even without the implied warranty for merchantability or fitness for a particular
purpose.

6 https://sunpeek.org/resources/roadmap
7 https://opensource.org/license/bsd-3-clause/
8 https://opensource.org/license/Igpl-3-0/
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C.2. How to run Power Check with SunPeek

Figure 19 illustrates how SunPeek can be used to perform Power Check according to ISO 24194: After
installing SunPeek, a user can configure new plants using the User Interface (or the Python Backend).
In this step, the most important parameters of the plant (e.g., location, installed collectors, etc.) are
defined. After providing measurement data, Power Check can be executed in the User Interface. The
process is described in more detail in Sections C.3 to C.5.

Quick Guide - SunPeek

ISO 24194 Power Check with SunPeek

Prepare Plant Configure Plant

Install SunPeek Add Plant Add Arrays & Collectors
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/ / Specify Solar Collectors Map and Configure Sensors
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Prepare Measurement Data é = = FREE 9
e

Upload Data Inspect Data

One-off Plant Configuration
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Figure 19. Quick Guide to ISO 24194 Power Check with SunPeek.
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C.3. Plant configuration

This section describes how new plants can be added to SunPeek to run Power Check.

Overview

To set up a plant in SunPeek, a one-off configuration is required. The configuration collects all the in-
formation needed to run Power Check on the plant. This includes information like the plant location,
collector parameters, measurement data format, and measurement setup with the respective data
channels. As shown in Table 10, plant configuration is done in five steps, and SunPeek guides the user
through each step. The following paragraphs discuss the steps in more detail.

Table 10. Plant configuration in five steps.

Step  Configura- Action

tion page
1 9 Enter the parameters which are common for the whole plant, e.g., longitude and latitude.
Plant
2 @ Enter information for all fields and select the collectors used. If the power output is not
A directly measured (only volume or mass flow is available), select a fluid from the database,
rrays and SunPeek will calculate the power output. SunPeek requires each collector field to be
uniform, i.e. consisting of one collector model with a geometrically uniform arrangement
(same mounting and row spacing, rectangular shape of the field on a plane), see Section
B.2 on how to treat complex arrangements.
3 —] Upload a sample measurement data file to provide the data channel names, which are later
th used for Power Check. Also, define the datetime format and time zone of the data. For a
ata list of available data formats, see Section C.7.
Format
4 E In Sensor Mapping, measurement data channels are linked with input slots for computa-
tions. In the automated SunPeek Power Check evaluation, these input slots have clearly
Sensor defined meanings, accessible via tooltip descriptions in the Web-Ul. Input slots are available

Mapping for all required data channels (e.g., collector inlet temperature), but also for optional inputs
(e.g., a custom shadow-horizon “Array is shadowed”). To accommodate various measure-
ment setups, SunPeek offers a range of input slots and allows calculation of some data
channels (e.g., thermal power output can be calculated using volume or mass flow, inlet
and outlet temperature, and a heat transfer fluid). The same data channel can also be
mapped multiple times. For example, the same temperature sensor can be used as array
inlet temperature for several arrays (see Section B.2).

5 The sensor configuration specifies additional properties of each data channel, such as the
physical unit in which measurements are provided. For some data channels, additional sen-
Sensor sor properties are required, e.g., tilt and azimuth angles for an irradiance sensor.
Properties
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Start: Add a new plant

After successfully installing SunPeek, the SunPeek Web-Ul shows a welcome screen in the web browser,
as shown in Figure 20. Using the “TRY THE DEMO” button creates a new plant with the pre-configured
solar plant “Fernheizwerk” (see Section D.2 for details). The button “ADD NEW PLANT” starts the con-
figuration for a user-defined plant.

If plants are already added to the SunPeek instance, the welcome screen is automatically redirected to
the Plant Overview screen. In this case, a new plant can be configured using the “ADD PLANT” button,
another demo plant by clicking on “ADD DEMO PLANT” (see Figure 21).

:SunPeek ® O
‘SunPeek
Nice work!
You have successfully launched SunPeek
Add a new plant to check its performance
and monitor guarameesA
Figure 20. Welcome Screen after successfully launching SunPeek.
SunPeek ® @

Plants L Gexeonr |

]

Figure 21. Plant Overview page appearing if a plant already exists.
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Step 1: Plant configuration

The first step of the configuration as shown in Figure 22 deals with parameters that are common for
the whole system, e.g., longitude and latitude of the plant location. This information is used for calcu-
lations (e.g., angle of incidence) and for referencing the plant in the overview page (e.g., name of plant,
operator, additional description).

SunPeek

New Plant

@ ~ddPiant Plant

Please enter required information about the solar thermal plant

Basics

Plant Name')

Position

Latitude!”)

Elevation

Additional Information

Operator

Description

CANCEL

Figure 22. Screenshot of the plant configuration step.

Step 2: Array configuration

This step allows the user to define the individual collector arrays that are to be checked according to
ISO 24194. SunPeek allows the user to specify multiple collector fields with different collector models
and sizes (see Figure 23) and supports some Power Check applications with multiple collector fields
connected in parallel (see Section B.2 for details). A fluid can be selected from a dropdown menu and
its concentration can be specified to allow the calculation of power based on volume flow and temper-
atures. If the fluid is not listed, the Python backend allows a manual configuration of fluid properties.

For each collector field the gross area, orientation, and row spacing can be specified, see Figure 24. In
addition, a collector model (containing the Solar Keymark Parameters) can be selected from the Sun-
Peek database or can be added manually, see Figure 25. Finally, a name can be added for referencing
the Field inside the SunPeek application.
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New Plant
© Addpiant Collector Arrays
e Add Arrays Configure which collector arrays are installed at the solar thermal plant

e Data Format

ADD ARRAY

Name Collector
Arcon Arcon 3510

Solar Fluid

Fluid Type

PKL (Pekasol L, Propylene Glycol)

Figure 23. Screenshot of the array configuration step. Multiple collector fields can be added.

New Plant
© ~ddPlant Array Details
o P e Please enter required information about the collector array

Basics

Arcon

515

Position

Collector

Arcon 3510

‘ CANCEL

Figure 24. Screenshot of interface to add collector field details.
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Figure 25. Screenshot of Select Collector page.

Edit Collector m

Basics.

Marsfacure® | TVP SolarSA

Collector Narme” | MT- Power v4

Licence Number” I 011-751890F

Date issued | 24.05.2017 (]
Collector Type @ FlatPlate (O Concentrating
Size
Gross Area” | 196 m? I
Aperture Area | 12.51 (example only) m* l
Gross Length®™ I 975 mm l
Gross Width(? I 2015 mm I
Gross Height!” | 51 mm I
Keymark Parameter

Reference Area @ GrossArea O Aperture Area

@ Quasi Dynamic Test (QDT) O Steady State Test (SST)

e
- [or |
" [ 0.504 WimiK ]
2" I 0.006 Witk I
o5 | 15320 Jim K I
" [0ss7 ]

Incidence Angle Modifer (M)
[ [ 1a_imterpotated -]

please insert the IAM values for each angle of incidence below
o 0 2 w a = 60 m* " w0

v ]+ |1 Jose|oos Joss [oss [or2|ase o |

L[1 1 l'l lU.W 0.9

095 l 088 l 072 J036 O l

Figure 26. Screenshot of “Edit Collector” page, which opens when
clicking on the “Edit” symbol in the Select Collector page.
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Step 3: Data Format

SunPeek can handle tabular data in text files (e.g., TXT or CSV files, comma-separated values), accepting
a variety of format details like file encoding, decimal and field separators, and time zone information.
The tool must know how to interpret the measurement data that is uploaded to the application. Thus,
this step allows the user to upload a sample measurement file and specify the data format and time
zone parameters (see Figure 27 and Figure 28). The datetime format and time zone is critical to ensure
that the angle of incidence and shading calculations match with the content of the data, see Section
C.7 for background information. For convenience, the parsed data is shown to the user to check if Sun-
Peek parses the data correctly.

SunPeek

New Plant
© adopiant Data Format
sensors. ©
e Add Arrays Please provide a sample data file with all required sensors

Check that the file was parsed correctly and adapt the settings if necessary.
e Data Format

) FHW_AreS_.017(2).csv (1.6 MB)

Parsed File:

Index vf vi_std mf_cale
2017-07-01700:00:00+01:00 8.03652569130017e-7 6.7833177119956%¢-7 0.0008294675856611
2017-07-01T00:01:00+01:00 7.01294274305867e-7 6.7820620035799%¢-7 0.0007238379188601
2017-07-01T00:02:00+01:00 7.67517841424272e7 6.7828743870752e-7 0.0007922087340281
2017-07-01700:03:00+01:00 7.20463020909833e-7 6.78229713993494e-7 0.0007436576084972
2017-07-01700:04:00+01:00 7.69533137521993e-7 6.78289911114414e-7 0.0007943268998673
2017-07-01700:05:00+01:00 7.32273593389557e-7 6.78244202105667e-7 0.000755884389942
2017-07-01700:06:00+01:00 7.70236147788624e-7 6.78290773584511e-7 0.0007950898890123
2017-07-01T00:07:00+01:00 7.7276698474858e-7 6.7829387848788%-7 0.0007977207820688

2017-07-01700:08:00+01:00 7.42162604473772e-7 6.78256333314241e-7 0.000766146698565

AN17.07.N1TANABANLAT AN 7 ARROANINNINETIA T £ 7004920019004 T N ANATENAROANOANES

CHANGE SETTINGS CONFIRM

Figure 27. Screenshot of the Data Format configuration after selecting a sample CSV file in the file input.
Parsed data is shown to the user to check if the parsing is correct.

Upload settings

Separator Decimal Index @ Encoding @ [ Timezone/UTC offset @ Date-Order
; . 0 utf8 UTC offset included in data ~ year_month_day

(0]

Date-Format

Figure 28. Screenshot of the Data Format parameters that can be specified by the user.

Step 4: Sensor Mapping

ISO 24194 describes the measurement points of two standard systems with one collector array, i.e.
systems without heat exchanger and with heat exchanger respectively (ISO 24194, Figures 5 and 6),
see Figure 5 in this document. The sensor mapping for a plant without heat exchanger is shown in
Figure 29, for the system with heat exchanger in Figure 30. SunPeek does not model the heat exchanger
explicitly, and instead simply assigns the data channels required for the ISO 24194 Power Check to
“Plant” and/or “Array”. Table 11 lists the current input slots for sensor mapping available in SunPeek,
marks if they are required or optional for the standard systems with and without heat exchanger and
shows some example usage for ISO 24194 calculations.
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Sensor Mapping

‘ Temperature

E N\ —%n Wind Speed
(10 i Volume Flow
E o or Mass Flow
= Hemispherical Irradiance
Pl ‘ in plane of array
\
¥ i
\ 1
¢
x
p— O
>
(18]
| -
(-
<
Figure 29. Screenshot of Sensor Mapping page for systems without heat exchanger
and corresponding sensor position in hydraulic scheme.
Sensor Mapping
l Temperature
4!-:' =5 wind speed
(1] 1 Volume Flow
E hermal power or Mass Flow
é"’ ‘ Hemispherical Irradiance
Ambient in plane of array
Sensor Mapping ! *
! i

Flant Gollector Temperatures

damoplant 2024062 v

Figure 30. Screenshot of Sensor Mapping page for systems with heat exchanger
and corresponding sensor position in hydraulic scheme.
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Table 11. Required and optional parameters and sensors for plants with one collector field and with or without heat exchanger.
Symbols refer to terms and definitions used in ISO 24194, see also Section G.1.

Name Symbol ™ Requried @  Comments, Examples
Plant level
Ambient temperature Jq Y
Wind speed u (Y-S) To check data filtering restrictions ©*!
Thermal power (measurement)  Qpneasured (Y-S) Can be calculated if not directly available
Thermal power (calculation) (Y-S) Required if no power measurement available
Inlet temperature 91, i sec (Y-S)
Outlet temperature e, Ve sec (Y-S)
Volume flow Voris Viec (Y-S)
Mass flow M) Mgec (Y-S) Alternative for volume flow
Relative humidity N
Dew point temperature N
Air pressure N
Array level
Inlet temperature 9;
Outlet temperature Je Y
ﬁ:gﬁ:l (hemispherical) radiation Goun (v-5) For Formula 1 or 2
Direct radiation input Gy, (Y-S) For Formula 2 or 3 if no DNI
Diffuse radiation input Gy (Y-S) For Formula 2 if no G, or DNI
DNI radiation input DNI (Y-S) For Formula 2 or 3 if no Gy,
Thermal power O s N As..sumed to be same as plant, for installations
without heat exchanger.
Volume flow Viri N
Mass flow Lo N
Array is shadowed (Y-S) User defined horizon mask !

111 According to ISO 24194, Chapter 4. Subscript pri indicates measurements in collector loop (primary side), subscript sec
after the heat exchanger (secondary side).

121 Required for Power Check. Y = Yes (required for all plant / collector field configurations), (Y-S) = Yes-Setup (required for
some plant / collector field configurations), N = No (not required).

131 Wind speed measurement is considered optional; see remarks in Section A.5.

141 Allows using more complex horizons, or shading modeled with third-party software.
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Step 5: Sensor Properties

In the last step of the plant configuration, the user confirms the physical unit of each measurement
data channel. This is done in the “Sensors” tab during plant configuration, see Figure 31. Some channels
require specifying additional information, such as tilt and azimuth angles for irradiance sensors.

SunPeek

New Plant
@ ~ddpiant Sensors
Configure the sensor details so SunPeek can interpret the data.
o Add Arrays g © =0 P ©
CHANGE SENSORS
a Data Format
o Map Sensors
e Configure o oM Sensor Type @ o] [e—}

Sensors
Global irradiance EDIT #

Ambient temperature

Fluid temperature

Fluid temperature

Thermal power

Figure 31. Screenshot of Sensor definitions like physical units and other properties for the provided sensors (data channels).

State after successful plant configuration

After the plant has been configured, a message appears to confirm the successful configuration (Figure
32). Users can proceed to upload measurement data (see Section C.4) and run Power Check (see Sec-
tion C.5). The plant configuration only has to be done once as information is stored in the database.
However, user can adapt information in the “Configuration” tab.

Well done!

sslully added a new plant!
3 the full functionality of

CONTINUE

Figure 32. Screenshot of SunPeek after plant configuration was successfully completed.
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C.4. Data upload and inspection

This section describes how data can be uploaded to SunPeek and how data channels can be checked.

Data upload

On the “Data Upload” page, users can upload measurement data files via drag and drop and check the
data upload history (see Figure 33). Uploaded measurement data will be automatically processed, con-
catenated, and saved in the SunPeek data storage. Data can be spread across multiple files, with each
file covering a specific time interval. SunPeek can receive multiple files in one go and combine them in
the right time order. However, there are some notable limitations:

e If multiple data files are provided, data channel names must be the same across all files. Addi-
tionally, unused columns or data channels are unproblematic (they will not be stored however).

e Foragiventime interval, all data channels need to be in the same file. SunPeek cannot combine
data channels from multiple files.

e For timestamps, SunPeek requires one datetime column. SunPeek does not accept timestamps
split into two columns (e.g. day and time columns).

In case erroneous data has been uploaded, SunPeek allows deleting either single upload entries, or all
uploaded data for the plant. If a new data upload overlaps in time with already stored data, the new
data will overwrite the existing data in the overlapping period. Uploading data also triggers SunPeek to
(re-)calculate all virtual sensors, such as sun position, collector field shadowing, etc., for the uploaded
period. See Section C.8 for details on virtual sensors.

The SunPeek databases are created at SunPeek installation. By default, SunPeek uses file-based Parquet
storage for measurement data and SQLite for configuration data (see Section C.7). If SunPeek is set up
on a server, an admin can grant access to multiple users or make access public, as it is for the SunPeek
Demo Server®. The tool can also be installed on a single user machine for local use on that machine.

SunPeek
Demo Plant

Hi o Data Upload

£ confgurstion v Please specify the dat

Figure 33. Screenshot of Data Upload page.

? https://gitlab.com/sunpeek/
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Visual data inspection

For visual data inspection, SunPeek provides a graphical time-series view of the uploaded measure-
ment data (see Figure 34). This view displays the data after all internal quality checks, the same data
SunPeek utilizes in its calculations and in Power Check analysis. Virtual sensors are displayed just like
any of the regular data channels.

C.5.

SunPeek ®

demoplant_202409...
Sensor Data

HE Overview

01/05/2017 4 01/06/2017 x APPLY RANGE

£ configuration v
2 Data Upload
A SensorData —— g

la Performance Check

Origin (Measured/Virtuah ed (vesfnc)
Q All Sensors - Mapped - | X

RECALCULATE
C “Virtuacs

Figure 34. Screenshot of line plot for visual data inspection.

Power Check application

This section shows how to execute Power Check following the 1ISO 24194 recommendations and covers
the export of data and figures.

Executing Power Check

After successful data upload, Power Check can be executed. The results are presented in three different
segments in the SunPeek Web-UI as shown in Figure 35:

Middle left: A measured vs. estimated comparison of power outputs for all valid data records,
inspired by Figure 3 in ISO 24194.

Middle right: A time-series plot of the measured-estimated power ratio of all valid data records,
which is not mentioned in the standard, but is helpful to detect performance changes over
time. Both these plots are also included in the PDF report.

Bottom: A table containing the results of Power Check for the selected evaluation period. It
shows the number of valid data records (intervals), the average measured and estimated
power, and the average power ratio. Each field is represented in an individual row, while the
plant total is displayed in the last row. Clicking on the individual rows allows the user to inspect
the results of the fields individually, updating the plots.

A toolbar on the outer right enables zooming and allows selection of datapoints in the plot. Upon se-
lection, the table is updated to only show results of the selected valid intervals. The Web-UI offers an
interactive option to switch the chosen safety factor on or off (i.e. f;. = 1) by using the toggle switch
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on the bottom-right. This updates the plots and tables immediately. The toolbar at the top allows the
user to set an evaluation period / measurement period by specifying a start and end time used for
calculating Power Check results.

SunPeek @

demaplant_202409...

Thermal Power Check

H Overview
2 confguration .
-

S DataUpload

4 Sensor Data

L& Perormance check

K

Arcon South Array 51566 [m?] 512 [Wyme] 488 [Wym¢] 104.9% a7l

> Plant Toral Total 515.66 ] 512 [wimi] 488 (W] 104.9% 471

Figure 35. Screenshot of interactive graphical and tabular display of Power Check results. Each dot represents one valid
data record (1-hour interval). The toggle on the bottom-right allows interactively switching the safety factor on or off.

Power Check settings

Power Check settings can be adjusted by clicking on the gear symbol at the top right of the page. The
following parameters can be set on plant or array level (see Figure 36):

e Method: The user can choose between two data averaging methods. “ISO” uses intervals that
start and end at full hours as described in ISO 24194 (see Section A.7), “Extended” uses a mov-
ing-window approach (see Section B.1).

e Formula: Choice of Formula 1-2 as defined in Section A.3 (Formula 3 is not yet implemented).
For each collector field, SunPeek checks if the formulas are consistent with the available data
channels.

e Safety factor: Power Check uses a safety factor to compute the estimated power. The three
safety factors for “Measurement Uncertainty”, “Pipes” and “Other” can be set here.

e Use Wind: Decide if wind speed is used as a data filtering criterion to check restrictions on
operating conditions (see Section A.5). If the check is done with wind speed and the data chan-
nel is not available, the evaluation outputs an error.

“AUTO” settings: SunPeek simplifies plant configuration by providing sensible default values as an auto-
mode, where it tries several possible settings for Power Check and chooses the most appropriate. Sun-
Peek has an auto-mode for these settings:

e FEvaluation period / measurement period: By default, a period that includes all uploaded data
is used.

e Method: “I1SO” is the default option for the data averaging method.

e Formula: For all collector types, Formula 2 is chosen if it can be applied (e.g., if beam / DNI
irradiance data is available), otherwise Formula 1 is chosen.

e Safety Factors: By default, the safety factors are fp, = 0.99 for heat losses from pipes f; = 0.93
for measurement uncertainty, and f; = 0.98 for other uncertainties. This results in an overall
safety factor f,,.. = 0.90. Be aware that these default values do not indicate recommendations
and do not consider actual accuracy levels of the installation.
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e Use Wind: If wind speed measurement is available, use it as a data filtering criterion. If wind is
not available, the wind speed requirement in ISO 24194 Table 1 is ignored.

Power Check Settings

Method

Safety Factors

| CANCEL

Figure 36. Screenshot of Power Check Settings, which can be adjusted when clicking
on the gear icon at the top right of the toolbar.

Export

SunPeek also features an export function both via the Web-UI and Python API. The following options
are available to export Power Check results:

e (SV file: Download the numeric calculation results as a CSV file by clicking on the “Export”
button on the grey toolbar on the outer-right on the Power Check page.

e PDF report: Download a PDF report which comprehensively follows the content recommenda-
tions of ISO 24194 Annex A by clicking on the blue button in the top-right corner. Example
pages are shown in Figure 37 and Section D.2.

e Extended PDF report: Download an extended PDF report (APl only), including a detailed time-
series plot for each data record on original sampling rate, see example plots in Figure 49.

ISO 24194 suggests several graphical representations of Power Check results. The main plot is Figure 4
(in the standard) showing the overall Power Check result in a bar chart. SunPeek features this plot in
its PDF report (see Figure 37), adding key numeric results such as the average power ratio.
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Power Check according to 1SO 24194:2022 Thermal Power Output: Measured vs. Estimated

(a) (b)

Intervals used for Power Check Data Points Considered

hera
Eaih ta

(c) (d)

Figure 37. Example pages of Power Check PDF report in SunPeek: (a): Average measured and estimated power output
(averaged over all valid data records), similar to Figure 4 in ISO 24194; (b): Measured vs. estimated power output
for valid intervals, without safety factor (left) and with safety factor (right), similar to Figure 3 in ISO 24194;

(c): Distribution of valid data records (intervals), no similar figure in ISO 24194; (d): Numeric calculation results
for valid data records, extension of the “Data points considered” table in ISO 24194 Annex A.

C.6. Power Check implementation

The SunPeek implementation closely follows the standard and the recommendations of Chapter A.
Nevertheless, compared to the standard, SunPeek has some limitations, adds some modifications and
extensions, and automates the data processing and calculation.

Limitations

The following specifications of ISO 24194 are not yet implemented in the SunPeek version described in
this document. These are expected to be included in the future, see SunPeek Roadmap in Section E.4:

e Daily Yield Check (ISO 24194, Chapter 6), for details see Section A.9.

e Power Check Formula 3 for concentrating collectors with high concentration ratio (ISO 24194,
Section 5.2.2).

e Shadows on one-axis or two-axis tracking collectors in a row.

Extensions

The major conceptual extensions of the SunPeek implementation compared to ISO 24194 are:

e An approach for applying Power Check to plants with multiple and heterogeneous collector
fields. The current SunPeek version supports a limited number of plant configurations (see Sec-
tion B.2), more complex cases will be added in an improved implementation.
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Automatic calculation of internal (row-to-row) shading, assuming rectangular and regular col-
lector fields, and extending the formulas to collectors mounted on sloped ground. To exclude
external shading: option to include a constant horizon profile, in terms of a minimum sun alti-
tude (horizon) or a user-provided shading mask.

Extended Power Check (see Section B.1) with a moving-window (“rolling”) data filtering.
Minimum average power output as additional restriction on operating conditions (see Section
A.5) to ensure that the plant is in operation.

Modifications

SunPeek introduces the following modifications:

Requiring a minimum number of measured values per 1-hour interval. This excludes applying
Power Check to plants if only 1-hour averaged measurement data are provided. For details, see
Section C.7.

Allowing Power Check results to be provided with less than 20 valid data records, issuing a
warning in that case.

Allowing calculation of Power Check even if there is no wind speed measurement (see Section
A7).

No check or reporting of accuracy levels of measurement instrumentation. Does not consider
accuracy levels in the choice of the default safety factor.

Interpretation of the “change in mean temperature” restriction on operating conditions so as
to avoid significant heat up / cool down phases over an interval, i.e., |d9,,/dt| <5 K within
one hour (see Section A.5).

Data flow and calculation procedure

Data processing for Power Check is only briefly addressed in ISO 24194, and the terminology used is
not always consistent. To enhance traceability in data handling and creation of data records, and to
allow additional data quality checks, SunPeek requires users to provide the logged raw measurement
data (initial recorded data) and does not accept only 1-hour data records. The SunPeek data flow and
Power Check calculation procedure are illustrated in Figure 38 and explained in Table 12. Further de-
tails can be found in Section C.7.

Build valid data records

Legend

Configured solar plant Parse measurement data, Find and exclude Calculate virtual sensors:
ready in SunPeek add physical units gross errors in data I Shading, irradiance, etc.
8 o g
Apply restrictions on operating Ensure data quality criteria Calculate 1-hour averages Exclude all timestamps
conditions from ISO 24194 for 1-hour averages of explaining variables where any measurement is invalid

v Q o X

Solar Keymark data sheet Calculate estimated power for C dvs. esti d
or other collector parameters all collector fields in solar plan& . power, calculate KPIs, create plots

O B ‘e

Options: Safety factor,

) Power Check
Measurement data on original time scale 1SO 24194 formula, wind

PDF report & Web-Ul
Averaged data usage, evaluation period.. Q

Options

Figure 38. Overview of data processing steps in the SunPeek implementation of the ISO 24194 Power Check.

This is a simplified overview and not intended as graphical software documentation.
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Table 12. Comments on each data flow step depicted in Figure 38 for the SunPeek Power Check.

Step Explanation

Configured solar plant ready in SunPeek:

This assumes that the plant configuration in SunPeek has been completed.
e  For the plant configuration, see Section C.3.
e  SunPeek ships with a pre-configured “demo plant” which allows users to run Power Check
right away, using the included measurement data, see Section D.2.

In this step, SunPeek parses the measurement data provided by the user.

e Alongside the measurement data, date and time information are also parsed. In practice,
this is a critical step and a frequent source of issues, see Section C.7 for more information.

e SunPeek uses unit-aware quantities internally, because using explicit physical units helps to
improve data processing quality and avoid unit clashes. It maps unitless measurement data
to unit-aware quantities with physical units, and uses these in internal calculations (for de-
tails, see Section C.8. Users can assign physical units to measurement channels in the Sun-
Peek Web-Ul, see Section C.3.

8 Parse measurement data, add physical units:

Find and exclude gross errors in data:

((

Measurement data may occasionally contain unreliable or invalid entries.
e SunPeek attempts to use only valid and reliable data. While detailed error analysis of the
measurement data is out of scope, SunPeek excludes data that are outside physical limits.
e For details on these gross error checks, see Section C.7.

9 Calculate virtual sensors: Shading, irradiance, etc.:

Virtual sensors represent quantities required for computations but are not directly measured.

e Examplesinclude the solar position, or row-to-row shading of collector rows. Virtual sensor
calculations are triggered when new data is uploaded.

e Virtual sensors are calculated at data upload. Recalculating virtual sensors might become
necessary due to changes in the plant configuration (e.g., sensor mapping, or assigning a
different physical unit to a sensor). SunPeek warns when such a recalculation is necessary.
Recalculation is computationally expensive; therefore, it is not triggered automatically.

e  For more details on virtual sensors, see Section C.8.

x Exclude all timestamps where any measurement is invalid:

The “Sensor Data” page in the SunPeek Web-Ul shows all sensor data (both regular and virtual sen-
sors) as used in computations, with all error checks and corrections applied. For Power Check calcu-
lation, SunPeek is cautious and excludes all timestamps where any of the required sensor data is
invalid, ensuring that only timestamps with valid data for all sensors are included.

Calculate 1-hour averages of explaining variables:

C Following the I1SO 24194 standard, SunPeek calculates 1-hour averaged values (data records), offer-
ing two averaging methods, namely a fixed-window and a moving-window approach. For details on
these averaging methods, see Sections A.5 and B.1.

Q Ensure data quality criteria for 1-hour averages:

Faulty or missing data can lead to 1-hour averages based on limited measurements or long gaps
between measurements. SunPeek excludes 1-hour intervals that do not meet quality criteria. Sun-
Peek does not require a 1-minute sampling rate (logging time) as ISO 24194 does but makes the
process of building 1-hour averages traceable. For details on these quality criteria, see Section C.7.

J Apply restrictions on operating conditions from ISO 24194:

ISO 24194 Table 1 lists restrictions for the data records (1-hour intervals), such as minimum solar
irradiance, or no shadows. SunPeek automatically applies the right set of restrictions, depending on
the formula used. See Section A.5 for more details.
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Step Explanation

Build valid data records:

O The valid data records that SunPeek uses for Power Check are those 1-hour averaged intervals which
meet all quality criteria and restrictions described in the previous steps. Numeric and graphical out-
puts of Power Check are based solely on these valid data records.

B Solar Keymark data sheet or other collector parameters:

SunPeek makes sure it has all required collector parameters.
e Depending on the formula used for Power Check (see Section A.3), certain collector param-
eters are required.
e SunPeek automatically converts collector parameters from SST (steady-state) and QDT
(quasi-dynamic) collector tests, if necessary. See Section A.3 for details.
e Typically, these collector parameters are from Solar Keymark datasheets, but self-defined
collectors with custom parameters can also be used.

¢  Calculate estimated power output for all collector fields in a solar plant:

-,..- In this core step, SunPeek uses one of the power output models (Formulas 1-3 in ISO 24194 Section
5.2) to compute the estimated power output. For plants with multiple arrays, this step is repeated
for each array or field, and the total estimated power outputs are summed up.

Options: Safety factor, 1ISO 24194 Formula, wind usage, evaluation period / measurement period:

Users can define some Power Check settings, such as evaluation period / measurement period,
safety factors, and the formula for computing estimated power output. As described in Section C.5,
SunPeek simplifies this process by providing sensible default values and “AUTO” settings.

Compare measured vs. estimated power output, calculate KPIs, create plots:

ISO 24194 suggests outputs, plots and report formats, including tabular display of numeric results.
SunPeek computes the main KPIs from Power Check results.

SunPeek compiles Power Check results into a data structure for the Web-Ul and PDF report. The PDF
report follows the recommendations of ISO 24194 and is available via the Web-Ul and SunPeek REST
API. Once a plant is configured, this allows full automation of Power Check process: adding new
data, running Power Check analysis, and generating a PDF report.

g Power Check PDF report & Web-UI:

C.7. Data handling and quality checks

This section describes how SunPeek handles a variety of timestamp formats and implements data qual-
ity checks to allow for an automated Power Check application for real-world plants. An overview of the
SunPeek procedure to compute valid Power Check data records is shown in Figure 38 in the previous
section.

Timestamps

Since the quantitative Power Check results depend on solar position and related information (e.g., an-
gle of incidence, calculated shading, etc.), it is crucial that time zone information is parsed correctly.
The main practical issues are incorrect time zones or misspecified timestamp formats.

SunPeek does not follow the concept of a sampling rate or logging time. Measurement data can be
provided by users with arbitrarily sampled timestamps; specific criteria apply to decide if data chunks
are good enough to build 1-hour average data records, as explained later in this section. SunPeek does
not interpolate or resample data to a default time grid. This causes the limitation that SunPeek cur-
rently cannot combine data channels from different sources with possibly different timestamps. To use
several data sources, users are required to sample data to common timestamps before using that data
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in SunPeek. In other words, for each time interval for which measurement data is provided the respec-
tive data file needs to cover all data channels.

To avoid ambiguities, SunPeek recommends providing time zone aware timestamps and not using day-
light saving time (DST), as also recommended by ISO 24194. SunPeek recommends using the timestamp
formats following ISO 8601-1:2019 [33] with a clear time zone indication: Table 13 contains example
data in a format complying with ISO 8601 without time zone, and Table 14 has an example with time
zone-aware timestamps, as recommended.

In practice, specifying the wrong time zone is a common issue. That said, and since data in real life
often do not comply with these recommendations, SunPeek provides a variety of options to specify
custom time zones. Here are the main ones:

1) "UTC offset included in data": For measurement data that contain time zone information as a
UTC offset, timestamps would look like this: "2023-10-04T11:14:00+01:00" or "2023-10-04
11:14:00+01:00", see Table 14.

2) "Plant local time zone with DST": For measurement data recorded in the same time zone where
the plant is located, including the DST changeover (from / to summertime).

3) "Plant local time zone without DST": Like 2), but without DST changeover. This is often the way
data loggers record data.

4) Any other time zone: Any time zone can be selected, such as UTC or "Europe/Vienna". Note
that many time zones based on place names assume a DST changeover.

SunPeek parses timestamps based on this time zone information, and internally always uses time zone
aware timestamps. This avoids ambiguity and allows conversion to any time zone for display. By default,
SunPeek outputs (plots, reports) display timestamps in ISO 8601 format in the “local time zone”, an
automatically determined time zone of the plant location (latitude, longitude), without DST changeo-
ver. For example, for most of central Europe, this is “UTC+1”. Using such local time zones with fixed UTC
offset also facilitates interpretation of results, as solar radiation and solar thermal power patterns
match with this time zone, unlike DST-affected time zones like “Europe/Vienna”.

Table 13. Default data format “YYYY-MM-DD hh:mm:ss” according to ISO 8601-1:2019 [31] without time zone information.
In SunPeek, the “Time zone / UTC offset” needs to be defined in the “Data Upload” page or APl endpoint.

timestamps; data_channel _01; data_channel_02; data_channel_03
2025-01-01 10:00:00; 14.72; 13.47; 1.4
2025-01-01 10:01:00; 15.72; 14.89; 1.5

Table 14. Default data format with time zone information. Extended format “YYYY-MM-DDThh:mm:ssthh:mm” according to
I1SO 8601-1:2019 [31]. In SunPeek, the corresponding “Data Upload” setting is “UTC offset included in data”.

timestamps; data_channel_©01; data_channel 02; data_channel 03
2025-01-01T710:00:00+01:00; 14.72; 13.47; 1.4
2025-01-01T10:01:004+01:00; 15.72; 14.89; 1.5
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Data storage

After parsing the provided measurement data and computing virtual sensors (see Figure 38), SunPeek
stores the raw (uncorrected) measurement data as time series. In practice, data volumes can become
large, with numerous sensors per plant, and plants being monitored over many years. SunPeek uses
file-based Parquet® data storage for efficient storage and retrieval of data. Individual sensor data, for
both measured and virtual sensors, can be fetched from Parquet. To deal with large data volumes, data
is fetched in-memory for specific time intervals, when necessary for specific computation. For details
on the SunPeek software architecture, see [30].

SunPeek also provides options to batch delete all uploaded data, and to delete single uploaded data
files. When new data is uploaded, overlapping existing data is overwritten. This enables users to upload
new data in case erroneous data has previously been uploaded. Some of these features extend the
feature set of classical Parquet packages and have therefore been implemented in Python in a custom
parquet-datastore-utils package!, published on PyPi!? and available under a BSD-3 license .

Data quality checks

SunPeek excludes physically impossible values from being used in analysis and Power Check computa-
tions. For example, a solar irradiance measurement of 2000 W/m? is considered erroneous. As illus-
trated in Figure 39, SunPeek rejects values outside valid ranges and sets them to NaN (not-a-number)
and corrects values slightly outside physically possible limits. Data quality checks are implemented as
follows:

e Sensor type: SunPeek assigns a sensor type in the sensor mapping process (see Section C.3).
For example, when a data channel is mapped as “inlet temperature” of a collector field, its
sensor type is automatically set to “Fluid temperature”. Available sensor types for data chan-
nels related to Power Check are listed in Table 15.

e Physical units: A sensor type determines the allowed physical units for a data channel. For ex-
ample, for power measurements, the units W, kW and MW are accepted, but kWh or K are not.

e In practical data acquisition, measurement values slightly outside physically possible limits can
occur due to measurement uncertainties. To deal with this case, SunPeek provides a “tolerance
range” where data are replaced by physically meaningful values. For instance, slightly negative
radiation values (such as —3 W/m?) appear frequently in radiation measurements; such values
are replaced by the value 0 W/m?. Values outside the tolerance range (e.g. —50 W/m?) are set
to NaN. See Table 15 for a list of all SunPeek sensor types and the respective data replacement
schemes.

e SunPeek does data check corrections on the fly. No raw data is ever overwritten. The Parquet
file storage (see above) keeps original, raw data, as parsed. Data check settings can be changed
at any time and will be effective immediately.

10 https://parquet.apache.org/
1 https://gitlab.com/sunpeek/parquet-datastore-utils
12 hitps://pypi.org/project/parquet-datastore-utils/
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Figure 39. Data quality checks in SunPeek for treating gross errors.
Values inside a “tolerance range” are corrected, values outside are set to NaN.

Table 15. SunPeek sensor types and data replacement schemes.

Sensor type Comg;:t‘ible Measurement Set to NaN Rep{age with 0 Set to NaN

unit data channel below within range above
Fluid temperature °C 9y, e -20 - 200
Ambient temperature °C Y, -30 - 60
Global radiation W/m? Ghem —-10 [-10,0] 1700
Direct radiation W/m? Gy —-10 [-10,0] 1400
Diffuse radiation W/m? Gy —-10 [-10,0] 1110
DNI W/m? DNI -10 [-10,0] 1400
Thermal power w Qprir Osec -10 [-10,0] -
Mass flow kg/s My, Mgec —-100 [—100,0] -
Volume flow m?/s Voris Vaec -0.1 [<0.1,0] -
Wind speed m/s u -1 [—1,0] -
Temperature derivative  K/s d9,,/dt —100 - 100
Angle ° 6., 0r -90 - 90

W Physical unit of measurement data channel assigned to the sensor type must be convertible to this unit.
21 The term “Global radiation” is used for both hemispherical irradiance (in tilted plane) and horizontal irradiance.

Building data records

In practical data acquisition, perfect, flawless data does not exist. Therefore, clear criteria should spec-
ify what is acceptable. When building Power Check data records (the 1-hour averages), SunPeek allows
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for some share of bad (missing or invalid) individual measured values. To ensure the quality of data
records, SunPeek defines 3 criteria for quality assurance, as detailed in Table 16.

e For a given timestamp, SunPeek checks if all relevant data channels are available and meets all
quality requirements for individual measurements, as described above. SunPeek follows a strict
approach, excluding all timestamps where one or multiple measurements are invalid (NaN).

o Next, SunPeek computes the 1-hour averages. To be considered for Power Check analysis, data
records must meet the 3 quality criteria in Table 16: 1) A data record must have a minimum
percentage of available data (max_nan_density). 2) Gaps between individual measurements
are allowed but must be short (max_gap_in_interval). 3) Each data record must be based
on a minimum number of individual measurements (min_data_in_interval).

e These criteria might seem tricky to grasp at first, but they offer the advantage of being easily
applicable to varying sampling rates and intervals lengths. As a result, a wide range of data
scenarios (data logging and acquisition, sampling rates, data quality issues, etc.) can be han-
dled using the same criteria set. Nevertheless, to meet specific needs in certain cases, the Sun-
Peek API allows for customization of these criteria for valid data records.

e The resulting data records will be used to run Power Check. Power Checks imposes restrictions
on operating conditions (see Section A.5), so only a part of these data records may be consid-
ered “valid data records” in the terminology of ISO 24194 (see Figure 38 for an overview on
data processing steps).

Some numeric issues involved in computing data records are worth noting:

e SO 24194 includes an operating condition restriction that involves the change of the mean
collector temperature over time. This criterion allows several interpretations, SunPeek uses the
interpretation that aims to filter out significant heat up / cool down phases over an interval,
i.e. |m| < 5K (see Section A.5). Calculating derivatives of noisy measured data is known
to be very delicate, if based on unfiltered raw and possibly irregularly sampled data. To obtain
reliable values for (d9,,/dt), SunPeek uses a numerically stable approach based on SciPy’s im-
plementation of the Savitzky-Golay filter [32].

e Power Check Formulas (see Section A.3) are based on hourly-averaged values of individual
measurements (e.g. hourly-averaged irradiance, ambient temperature etc.). The hourly aver-
ages are calculated first (data records) and are then used in one formula to compute the esti-
mated power output. This process order is fine if the involved terms are linear. However, some
terms in the formulas are nonlinear, namely (8, —9,)?and (9, —9,)*. Non-linear terms
should be calculated on the initial time grid first and only then averaged to build data records.

e As mentioned in Section A.6, valid data records must not contain any shaded timestamps. That
is, a valid data record is considered as having “no shadows” if there is no internal and no exter-
nal shading for any timestamp within the 1-hour period.

Table 16. Data quality criteria for building data records (1-hour intervals) utilized for Power Check in SunPeek.

Name Default value

max_nan_density 10%

Missing or invalid data are encoded in SunPeek as NaN (not-a-number). The percentage of NaN data compared
to the total data is termed “NaN density”. This criterion defines the maximum allowed NaN density, within a
1-hour interval. For example, for measurement data recorded with a 1-minute sampling rate, a 1-hour interval
should have 60 values. In this case, no more than 6 timestamps with NaN data are allowed.
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Name Default value

min_data_in_interval 10

Minimum number of non-NaN measurement values required in a 1-hour-interval. The 1-hour intervals are
meant to be averages over several single measurement values. It might happen that a 1-hour interval contains
only a few individual measurements. The intention of this criterion is to exclude intervals with too few meas-
urements. For example, a 10-minute sampling rate results in only 6 values per 1-hour-interval.

max_gap_in_interval 10 minutes

Even if an interval has enough individual measurements per 1-hour interval, those records might have gaps
between them. For example, measurements might be clustered at the beginning or end of the interval. The
intention of this criterion is to avoid having 1-hour intervals with large gaps between measurements.

C.8. Virtual sensors and other calculations

Virtual sensors

Virtual sensors are much like regular, measured sensors, but they are not given directly as measure-
ment data channels. Instead, virtual sensors are calculated based on other sensors and optionally on
parameters. Virtual sensors exist on the same time grid as regular sensors.

Typical examples for virtual sensors are the solar position, or internal (row-to-row) shading of collector
rows. Another important example for a virtual sensor is a plant’s thermal power output if it is not avail-
able as a sensor measurement. In this case, SunPeek allows thermal power to be calculated, based on
measured volume or mass flow, inlet and outlet temperatures, and fluid properties.

SunPeek calculates virtual sensors automatically at data upload, after applying data quality checks to
regular, measured sensors (see Figure 38, Table 12). SunPeek then applies data quality checks to the
calculated values of the virtual sensors themselves, just like regular sensors. Users can also trigger re-
calculation at any time (e.g., after a change in plant configuration), on the “Sensor Data” page in the
Web-UI (see Figure 40). The “Sensor Data” page also lists all the virtual sensors available in a plant.

'SunPeek ® O

demaplant_202503.
Sensor Data

01.06. 2017

APPLY RANGE

Q, sensor Narme Virtuals - Mapped - x

Figure 40. Screenshot of Virtual Sensors in the “Sensor Data” page.
The page offers filtering for “Virtuals” and “Recalculate Virtuals”.

Heat transfer fluids

Fluid properties (density, heat capacity) are required to calculate power output from volume flow or
mass flow (see Section A.7). SunPeek integrates CoolProp [33], a well-established C++ library with a
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fully featured Python wrapper!®. CoolProp includes a library of common solar fluids (e.g., brands like
Antifrogen, Pekasol and Zitrec) and standardized fluids (e.g., ASHRAE glycols). In the SunPeek Web-UI,
users can select a fluid and specify the concentration (volumetric percentage).

Additionally, the SunPeek backend allows users to define custom fluids, both pure and concentration-
dependent, provided that density and heat capacity data are available from datasheets, characteristic
curves, or lab tests. Fluid property information is often available in graphical charts, and SunPeek fol-
lows this procedure to incorporate such information:

1) Digitize charts: Use WebPlotDigitizer'* to digitize the density and heat capacity charts and ex-
port a CSV file with fluid property tables. If charts are available for different fluid concentra-
tions, digitize each concentration curve into the same CSV file.

2) Train models: Use SunPeek’s fluid package to train interpolation models. Once trained, these
models allow for temperature- and concentration-dependent fluid property calculations.

3) Transfer to database: Add the trained, custom fluid to the SunPeek fluid database.

Shading calculation

SunPeek assumes uniformly arranged arrays and models them as shown in Figure 4 with the same tilt
B, azimuth y, collector length L, row spacing S. These parameters are used to calculate row-to-row
shading. Through the Python API, row-to-row shading calculation for collector fields mounted on
sloped ground is also available. Shading for one- and two-axis tracking collectors is not yet imple-
mented. The optional parameter minimum sun altitude / horizon (8,,;,) is used to check for external
shading. The effect of view obstructions of the front collector in reducing the incident radiation from
the sky and altering reflection patterns is not considered (see Section A.6 for further discussions).

Radiation conversion

Radiation conversion between collector fields of different tilt and azimuth is desirable, as well as radi-
ation decomposition which allows splitting hemispherical irradiance into its beam and diffuse parts.
This feature is not yet implemented in SunPeek. Once implemented, it will allow calculating irradiance
for arrays without their own radiation sensor, based on one or more irradiance sensors existing else-
where in the plant (see Section F.7 for further discussions).

Conversion of collector parameters

In SunPeek, solar collector parameters can be given either as QDT (quasi-dynamic) or SST (steady-state)
test procedures and referencing the collector’s gross or aperture area. As required by ISO 24194 (sec-
tion 5.2.1), SunPeek always uses collector parameters related to gross collector area. If necessary, Sun-
Peek converts these parameters in accordance with ISO 9806, as outlined in Section A.3.

Unit conversion

SunPeek internally utilizes unit-aware quantities, based on the python packages pint and pint-pandas.
Dealing with explicit physical units enhances the quality of data processing and mitigates issues related
to unit clashes.

External calculations

SunPeek utilizes the pvlib package [34] to leverage existing functionality, specifically for collector inci-
dence angle modifiers (IAM) and for solar radiation calculations. The pvlib.iam module is used for the

13 http://www.coolprop.org
14 https://automeris.io
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ASHRAE IAM model. For the common case where longitudinal and transversal IAM values are known
for a collector (e.g., if the Solar Keymark data sheet is provided), SunPeek extends pvlib.iam.interp to
support longitudinal and transversal IAM, whereas pvlib.iam.interp only works for symmetric collector
IAMs. Additionally, SunPeek employs pvlib to calculate solar position (azimuth, elevation etc.) and angle
of incidence. Future enhancements of SunPeek involving radiation modeling are anticipated to rely
more heavily on pvlib.irradiance, along with self-developed algorithms.

C.9. Solar Keymark Collector Database integration

The Solar Keymark is the main quality label for solar thermal products and is widespread in the Euro-
pean market and beyond. Its certification scheme for collectors builds on ISO 9806. Among other
things, the Solar Keymark database [3] lists the certified collectors and their technical parameters, see
Figure 41 for an example.

SunPeek uses the collector efficiency parameters and dimensions to run Power Check (see Section C.3).
To ease the configuration and ensure that the correct parameters are used, the “SunPeek Collector
Package” is currently being created in collaboration with the Solar Keymark Network and Solar Heat
Europe. The package is planned to be released and integrated into the main SunPeek Web-Ul in 2025;
for the current status, please check [35].

The “SunPeek Collector Package” is a Python package containing performance parameters and other
data of all collectors certified according to Solar Keymark. The package will be synchronized regularly
with the Solar Keymark database, adding newly certified collectors and dropping collectors that lost
certification. The package will also be available for general use, as a stand-alone without using the main
SunPeek package. In addition to this Solar Keymark interface, users can also define and use custom
collectors in SunPeek as described in Section C.3. This might be useful for applications with experi-
mental or uncertified collectors.

E The Solar Keymark About Solar Keymark v Stakeholders v The Network v Tools v Press room v Contact Us

E}Q!é'?!?!"!“\"
[ COLLECTORj\ TANK SYSTEM CONTROL =
011-753282F
TVP Solar SA
HT Power H4 v
Certificate  Application »  Testresults +  Output Regulatory

&=
Test results: thermal |

Flat plate collector
Gross

Steady state - outdoor
0.02

Water-Glycole

069

045

0.005

Figure 41. Example of thermal test result entries for collectors in Solar Keymark database. Source: [3].
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D Applications and usage

This section elaborates different uses of Power Check and contains example applications to large-scale
solar thermal plants using the SunPeek open-source software. The aim of this chapter is to make Power
Check results more accessible to the solar community, deepen methodological understanding, and
show the variety of practical use cases of the SunPeek software:

e Section D.1: Discusses three main uses of Power Check results.

e Section D.2: Presents the SunPeek Demo Plant, a large solar plant located in Austria, for which
accurate measurement data is publicly available, and shows the influence of various Power
Check settings on the outcome, including the Extended Power Check.

e Section D.3: Treats the question of the influence of soiling on collector performance, using
SunPeek and Power Check in a monitoring setting.

e Section D.4: Shows how Power Check can be applied to multiple fields as discussed in Section
B.2.

e Section D.5: Shows how stagnation events affect Power Check results, providing empirical ma-
terial to the discussions in Section B.3.

e Section D.6: Presents an application to evacuated flat-plat collectors.

D.1. Usage of Power Check results

Power Check can be applied to three main use cases.

1) Plant power performance verification: Power Check can be used to verify plant performance a pos-
teriori (over a defined time interval), for example, to demonstrate and verify compliance with funding
agency requirements. The typical KPI is the Performance Verification Criterion (PVC, average measured
vs. estimated power output) as defined in Section A.3 and shown in Figure 46.

2) Power performance guarantee: While ISO 24194 does not explicitly define a procedure for perfor-
mance guarantees, stakeholders can agree to take the Performance Verification Criterion (PVC) or spe-
cific (averaged) results of the measured-estimated power ratio when setting power performance guar-
antees, such as in contractual agreements. These performance guarantees can be given for plant com-
missioning, the initial operating period (typically 1-3 years) or any other fixed reference period. This
use case is similar to performance verification, but as failing to fulfill guarantee contracts may result in
substantial fees, the procedure may be “stricter”.

3) Ongoing performance monitoring: Regular application of Power Check, e.g. with daily updates, ena-
bles early detection of performance deviations, such as those caused by soiling or degradation. Ongo-
ing monitoring can be beneficial over the whole plant lifetime, also for plants built before ISO 24194
was published. One possible approach is to continuously update a KPI such as the average measured-
estimated power ratio averaged over 20 data records. This KPI could be used to monitor plant perfor-
mance and to anticipate maintenance needs (see Figure 48 as an example).

Safety factor: The importance of a “true” safety factor value depends on the intended use of Power
Check results. For ongoing monitoring, one may mostly look for relative performance changes, thus
feate 1S less important. For power performance guarantees, the safety factor is oftentimes directly linked
to the fulfillment of the guarantee and thus comes under the scrutiny of contractual negotiations, alt-
hough it is meant to be a purely technical parameter. For scientific analysis, in-depth modeling of indi-
vidual safety factors can provide additional insights. Experience from practical applications of Power
Check with the SunPeek software has shown that an f,.;. in the range of 0.85 to 0.95 is common.
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Remark: 1t is beneficial to distinguish these use cases and be aware of how they influence the im-
portance of the safety factor. To further clarify the situation, an “acceptance threshold” should be in-
troduced in revisions of ISO 24194, to clearly distinguish technical and non-technical aspects of safety
retentions (see Section F.9 for further discussion).

D.2. SunPeek Demo Plant

Use case and data

SunPeek comes with a preconfigured demo plant with a collector field of the “Fernheizwerk” installa-
tion in Graz, Austria. Figure 42 shows a plant picture and the measurement setup for included “Arcon
South” field, a flat-plate collector field representative for the layout of many large installations. The
demo plant comes with open-access measurement data: A full year of operational measurement data
is available for download on Zenodo [36] and can be used under a Creative Commons license. Basic
information of the plant is listed in Table 17.
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Figure 42. SunPeek Demo Plant (“Fernheizwerk”, field “Arcon South”), located between the white dashed lines,
at time of data recording in 2017. View from the southeast. Source: https://www.picfly.at Thomas Eberhard.

Table 17. Basic information of SunPeek Demo Plant (“Fernheizwerk”, field “Arcon South”)

Item Value, Source

Plant location Graz, Austria

Collector Area 516 m? or 361 kW (field for demo dataset), 8206 m? or 5.7 MW (total plant)

Application Solar District Heating (SDH) for the Graz District Heating network
Operator solar.nahwaerme.at Energiecontracting GmbH
Public Demo https://demo.sunpeek.org/

Open Dataset

Journal Article

https://doi.org/10.5281/zenodo.7741083
https://doi.org/10.1016/].dib.2023.109224

The dataset was acquired in a research project and is also described in a journal article [9]. It features
one calendar year of 1-minute sampled, quality-checked measurement data, including irradiance data
for DNI, Gy, (in collector plane), and global horizontal irradiance, and lab-tested density and heat ca-
pacity of the solar fluid. Measurement uncertainty is provided for all data channels, including Python
code for the GUM error propagation. For the SunPeek Demo Plant, the data are used to test, validate,
and demonstrate Power Check. Beyond SunPeek, the dataset supports scientific progress and collabo-
rative initiatives for open-source software.
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SunPeek configuration

The demo plant can be accessed in two ways: a) via the public SunPeek demo?®, b) via the Web-Ul in a
custom SunPeek installation. To create a demo plant, click on “TRY THE DEMO” on the welcoming
screen or “ADD DEMO PLANT” on the Plant Overview page, where one can also access already created
demo plants (see Figure 43). Since both hemispherical, beam tilted and diffuse tilted irradiance are
available, the demo plant can be evaluated with both Power Check Formula 1 and 2.

Plants

‘SunPeek

(b)
Figure 43. Creation of a demo plant with “TRY THE DEMO” on the welcoming screen (left), access to demo plant on the
Plant Overview page or creation of additional demo plant with “ADD DEMO PLANT” (right).

Results

On the next pages, the results of the ISO 24194 Power Check applied to the demo plant are demon-
strated using SunPeek. The results are presented graphically and summarized numerically. The plots
are grouped by the following use cases:

e Power Check strictly following ISO 24194

e Extended Power Check with shorter averaging intervals

e Extended Power Check’s impact on selection of valid intervals

e Power Check with different settings (Formula 1 vs. 2, data averaging methods, interval length,
wind influence)

Power Check exactly following ISO 24194
The following results for the full year 2017 are presented:

e Figure 44 and Figure 45: Collector field shading, indicating unshaded periods where Power
Check could produce valid data records, and distribution of valid data records (1-hour intervals)
within the feasible area of the operational year.

e Power Check results for 2017 for the “Fernheizwerk” plant yield a total of 270 valid data rec-
ords. For the full year, the check is fulfilled as shown in the bar plot in Figure 46.

e Figure 47 displays the measured vs. estimated comparison for all valid data records.

e The measured-estimated power ratio is shown in a time-based plot in Figure 48, alongside a
histogram showing the distribution of data records over the year.

e Sometimes, it is interesting to know what exactly happened inside a Power Check data record.
Figure 49 has an example for a selected data record, showing time-series plots of various data
channels, on original timestamps.

e All plots in this section are generated with Formula 2, data averaging as in ISO 24194, consid-
ering the wind sensor in the data restrictions and safety factor f,;. = 90%.

15 https://demo.sunpeek.org/
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Figure 44. Collector field shading: Internal shading (calculated in SunPeek) and external shading (calculated with
external tool) for the full demo plant period. Orange: Unshaded periods. Bright orange: Periods with no external shading.
Color bar: fraction of row-to-row beam shading. Vertical grey lines: missing data. Source: [28].
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Figure 45. Distribution of the 270 valid data records (1-hour intervals) for the demo plant for 2017. White and red areas
are periods without shading. Shading in this plot is computed automatically by SunPeek (in contrast to Figure 44).
Details: Formula 2, data averaging as in ISO 24194, wind considered.
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Figure 46. Overall Power Check results for the demo plant for full-year 2017: Measured and estimated specific power, aver-
aged over all 270 valid data records. Average power ratio: 103.7% (Power Check fulfilled).
Details: Formula 2, data averaging as in I1ISO 24194, wind speed considered, f,,. = 90%.
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Figure 47. Measured vs. estimated power of all 270 valid data records in 2017.
Details: Formula 2, data averaging as in I1SO 24194, wind considered, fi... = 90%.
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Figure 48. Top: Measured-estimated power ratio, for all valid data records in 2017.
Black line: a running average of 20 data records. Bottom: Histogram of valid data records, bin width is one week.
Details: Formula 2, data averaging as in ISO 24194, wind considered, fi... = 90%.
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Figure 49. Time-series plot for an example valid data record: Subplot (a) shows collector field inlet / outlet and ambient tem-
peratures, (b) measured and estimated power output, (c) hemispherical, beam, and diffuse irradiance, and (d) specific vol-
ume flow. Details: Formula 2, data averaging as in ISO 24194, wind considered, fi,;. = 90%.

Extended Power Check with 45 min. interval length

Figure 50 shows the valid data records when shortening the interval length to 45 minutes and using
the Extended data averaging (see Section B.1). Figure 51 displays the measured-estimated power ratio
with shorter interval length. Compared to the regular 1-hour interval length (Figure 48), the variation
of the measured-estimated power ratio is not substantially increased. The Extended Power Check finds
379 valid data records (compared to 270 with full-hour intervals) with a total duration of 284 hours
(compared to 270 hours). As shown in Table 20, the average power ratio only changes by 0.2% com-
pared to the default setting.
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Figure 50. Same as Figure 45, but for 45-minute intervals: Distribution of the 379 valid intervals (data
records) in the year 2017. Details: Formula 2, Extended data averaging, wind considered.
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Figure 51. Same as Figure 48, but for 45-minute-long intervals and Extended data averaging. Thick line: a running average of
30 data records (~22 hours). Details: Formula 2, Extended data averaging, wind considered, f,;.. = 90%.

Interval selection with Extended Power Check

The ISO 24194 Power Check and the Extended Power Check (see Section B.1) have different data aver-
aging methods, which are discussed here by applying both methods on one month of measurement
data (May 2017). Numeric results of the two methods are shown in Table 18. As listed, both methods
yield nearly identical overall scores (power ratio 104.9% vs. 104.8%), but the Extended data averaging
identifies more intervals (64 vs. 47). The Extended method also covers a broader power range, with the
lowest interval starting at 340 W/m? (vs. 374 W/m?) and the highest value reaching 605 W/m? (vs.
580 W/m?). The number of days to find 20 intervals is substantially shorter (12 vs. 19). This is also high-
lighted by Table 19, where the intervals found for a specific day (2017-05-02) are shown.

The measured vs. estimated plot of the valid data records is shown in Figure 54 (next section). Figure
52 (a) and (b) depict the distribution of the valid data records. It shows that the Extended Power Check
finds additional intervals towards the start and end of the day, as well as on days where the default
method does not find any intervals. These results suggest that while producing a comparable overall
score, the Extended Power Check yields numerically broader results that represent a plant’s operating
conditions better and reduces the time required to achieve the mandated 20 intervals.

Table 18. Comparison of numerical results of default and Extended Power Check. Data from May 2017.
Details: Formula 2, wind considered, fi,.. = 90%.

Item 1SO 24194 Extended

Power Check Power Check
Average power ratio (averaged over all valid intervals) 104.9% 104.8 %
Valid intervals / data records found 47 64
Power range in valid intervals / data records 374 to 580 W/m? 340 to 605 W/m?
Number of days to find 20 valid intervals / data records 19 12

Table 19. Comparison of valid intervals (data records) found with default and Extended Power Check for one day (2017-05-
02). The Extended Power Check finds more intervals, as it is not limited to full hours. Details: Formula 2, wind considered.

Interval number 1SO 24194 Power Check Extended Power Check
1 2017-05-02 10:00 - 11:00 2017-05-02 08:41 - 09:41
2 2017-05-02 10:09 - 11:09
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Interval number 1SO 24194 Power Check Extended Power Check

2017-05-02 11:17 - 12:17
4 2017-05-02 13:47 - 14:47

A, |'|'J'i'
I

(a) ISO 24194 Power Check intervals (b) Extended Power Check intervals

Figure 52. Comparison of valid intervals (data records) found with (a) ISO 24194 Power Check and (b) Extended Power
Check. Data from May 2017. Details: Power Check Formula 2, wind considered, f,.=90%.

Power Check settings

Several computational options are compared regarding their effect on the measured vs. estimated
power for one month of data (May 2017):

e Figure 53: Comparison of Formula 1 and 2.

e Figure 54: Data averaging with full-hour intervals (as in I1SO 24194) compared to Extended
(moving-window) averaging, which delivers improved Power Check results.

e Figure 55: Effect of different interval lengths on Power Check data records.

Additionally, the effect of using wind speed as a data filtering criterion is investigated for a full year of
data (2017):

e Figure 56: Comparison with / without using wind speed measurement.

Table 20 provides the key numeric outcomes for the settings shown in these figures as well as additional
settings. The following conclusions can be drawn from these investigations (numbers refer to “Case”
column in Table 20):

e Overall, the average power ratio does not change significantly between various settings (choice
of formula, averaging method, data record duration), i.e. between 0 — 0.3% for the full year
analysis (Cases 1a—6a), and between 0 — 0.9% for the May 2017 analysis (Cases 1b-6b).

e The average power ratio is slightly, but not substantially higher for May 2017 (Cases 1b-6b)
than for the full year 2017 (Cases 1a-6a). Outcome variations for different evaluation periods
deserve further investigation, as they could be due to procedural uncertainties of Power Check,
or due to actual performance changes over time.

e The inclusion / exclusion of the wind speed filtering criteria has no influence on the demo plant
results (Cases 2a vs. 3a, 2b vs. 3b). However, as the plant is in a low-wind location, and the
employed flat-plate collectors are not very wind-sensitive, these results are hard to generalize.

e The Extended data averaging with the same 1-hour interval lengths tends to find more intervals
(Cases 3a and 4a, 3b and 4b). Results also cover a broader power range and reduce the time to
achieve the number of required intervals (see previous section). Given that the average power
ratio remains stable, this method seems to be an improvement to the overall procedure.

e Using shorter interval lengths of 30 or 45 minutes (Cases 5a, 6a, 5b, 6b) increases the number
of found intervals, but not the total duration of all valid data records combined. This is caused
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by SunPeek using a minimum-noise criterion for interval selection (see Figure 6), selecting the
best interval among the overlapping candidate intervals. This can lead to gaps between inter-
vals. The selection criterion may be changed to maximize the number of intervals, with a pos-
sible cost to increase the noise within an interval.

Applications to additional installations may be necessary to generalize these results.
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Figure 53. Effect of Power Check Formula: (a) Formula 1 (50 valid data records) and (b) Formula 2 (47 valid data records).
Data: May 2017. Details: Power Check Formula 1 and 2, data averaging as in ISO 24194, wind considered, fi.. = 90%.
Numeric results in Table 20: (a) Case 1a, (b) Case 1b.
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Details: Power Check Formula 2, wind considered, fi.. = 90%. Numeric results in Table 20: (a) Case 2b, (b) Case 2c.
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Table 20. Power Check results for the SunPeek Demo Plant, comparing the effect of various calculation settings.

Case Used data Power Check settings Power Check results Figure
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1a Year 2017 1 1ISO 60 Yes | 294 294 492 475 103.7
2a Year 2017 2 1IsO 60 Yes | 270 270 492 475  103.7 | Figure 56 (a)
3a Year 2017 2 ISO 60 No | 270 270 492 475 103.7 | Figure 56 (b)
4a Year 2017 2 Ext. 60 Yes | 293 293 486 468 103.8
5a Year 2017 2 Ext. 45  Yes | 379 284 487 469 103.9
6a Year 2017 2 Ext. 30 Yes | 548 274 490 471 104.0
1b May 2017 1 1SO 60 Yes| 50 50 511 489  104.3 | Figure 55 (a)
2b May 2017 2 1sO 60  Yes 47 47 512 488  104.9 | Figure 55 (b)
3b May 2017 2 150 60 No | 47 47 512 488  104.9
4b May 2017 2 Ext 60 Yes | 64 64 491 468  104.8 | Figure 54 (b)
5b May 2017 2 Ext. 45 Yes| 81 60 497 473 105.1 | Figure 55 (b)
6b May 2017 2 Ext. 30 Yes | 110 55 506 481  105.2 | Figure 55 (a)

111SO: full-hour averaging (as in 1ISO 24194), Ext.: Extended (moving-window) averaging, as in Section B.1.
[2 Estimated power output considers safety factor f,,. = 90%.
131 Average power ratio (averaged over all valid data records) and considering f,.. = 90%.

D.3. Performance degradation due to soiling

Background

One possible application of Power check is for ongoing monitoring, where the collector field perfor-
mance is monitored continuously during the operating phase to detect and quantify performance deg-
radations. In addition to the suggested graphs in the standard, SunPeek provides the user with a meas-
ured-estimated power comparison of the collector array performance over time. This allows easier
detecting of time-related performance degradations, e.g., due to ageing or soiling of the collectors. By
focusing on relative changes of the measured-estimated power ratio, modelling distortions might be
reduced, e.g., if heat losses or diffuse irradiance masking affect the performance similarly over time.

Use Case

To showcase the use of Power Check for ongoing monitoring, SunPeek was applied to one (undisclosed)
collector field of the “Fernheizwerk” plant of which one subarray was described in Section D.2. Due to
pollution from the adjacent gas heating plant, an adjacent recycling center, and leaves and needles
from trees directly behind the array, the collector array was subject to considerable soiling especially
in spring resulting in performance degradation. The aim of the analysis was to investigate the effects
of a cleaning event that took place in Mid-June during the investigation period and whether the per-
formance change could be identified using SunPeek.
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Results

The results obtained with SunPeek are shown in Figure 57, depicting the measured-estimated power
ratio of the collector performance over time. Before the cleaning event, the datapoints show a slight
downward trend, indicating the collector degradation due to the accumulating pollution. However, a
drastic pattern change can be seen after the cleaning event in Mid-June. After that, the measured-
estimated power ratio of the collectors is drastically increased and stable, indicating that the perfor-
mance of the collectors was restored. This example shows that the performance changes of the collec-
tor array could be well identified by Power Check, as the filtering criteria of the 1ISO 24194 enable a
stable comparison of measured and estimated performance, while boundary conditions such as
weather and operating temperatures are compensated, in the evaluation.
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Figure 57. SunPeek screenshot, showing the measured-estimated power ratio over time. A pattern shift happens
around Mid-June 2023, after collector cleaning. The figure shows real measurement data but has been
graphically enhanced to better highlight the collector cleaning and pattern change.

D.4. Multiple collector fields

Background

As described in Section B.2, ISO 24194 mainly targets plants with only one collector model and lacks
systematic treatment of plants with multiple fields. However, there exist a vast number of plants that
utilize more than one collector field, for example due to plant extensions, cost and risk optimization,
optimization of efficiency by combining low temperature and high temperature collectors, or due to
benchmarking different collectors in a similar environment. The current SunPeek version supports
some configurations of the proposed methodology to evaluate plants with multiple and heterogenous
fields (see Section B.2 and C.3).

Use Case

One example of a plant with multiple collector types is the Solar District Heating plant Mirzzuschlag in
Styria, Austria as depicted in Figure 59. It was designed and built by SOLID Solar Energy Systems. The
plant was put into operation in 2020 and has been extended in 2023 due to its successful operation. In
total, the plant spans a gross collector gross area of 6850 m?, consisting of three different collector
types (5290 m? KBB K5Giga+, 814 m? Gasokol PowerSol136, and 744 m? ENSOL DIS 150 collectors). For
quality assurance, heat meters are installed on the primary and secondary side which measure the
whole field, and for one collector row (measuring track) inside the Gasokol and ENSOL collector fields
to check collector guarantees (“guarantee row”). The measurement setup is shown in Figure 58.
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Figure 58. Measurement setup for Solar District Heating plant Mirzzuschlag. Heat meters are installed for the whole plant
(primary side and secondary side) and in one row (“guarantee row”) of the Gasokol and ENSOL collector fields.
The collector orientation (tilt, azimuth) is the same for all fields, therefore a single radiation sensor is sufficient.
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Figure 59. Picture of Solar District Heating plant in Mirzzuschlag showing the different
collector fields and the installed heat meters. Source: SOLID.

Results

Figure 60 shows how the situation can be modeled using SunPeek, by using five different collector
fields. The collector fields are arranged in parallel as in Figure 12 b:

e Collector field #1 (KBB): The first SunPeek Array comprises the KBB collector field (5290 m?)
which does not have a dedicated heat meter installed. However, inlet and outlet temperatures
exist for this field, allowing computation of the estimated power output of the field.

e Collector field #2 (Gasokol row): The second SunPeek Array models the Gasokol collector row
which is measured separately by a heat meter (81 m?). As such, both measured and estimated
power are available for this collector row.

e Collector field #3 (Gasokol rest): However, all other Gasokol collectors (734 m?) are not directly
measured via a heat meter and hence only estimated power can be calculated.
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e (Collector field #4 (ENSOL row): In a similar fashion, the fourth SunPeek Array models the ENSOL
collectors which are directly measured by a heat meter (93 m?).

e (Collector field #5 (ENSOL rest): The last field includes the remaining ENSOL collectors without
dedicated heat meter measurements (651 m?).

Using SunPeek, this enables three different evaluations:

1) First, it is possible to compare the measurements and estimations of only the Gasokol guaran-
tee row (81 m?).

2) Second, the same can be done for the ENSOL guarantee row (93 m?).

3) And finally, the total plant can be analyzed, by summing up the estimates from all individual
fields and comparing them with the measured power of the heat meter for the whole field.

In all cases, only 1-hour data records valid for all collector arrays at the same time were considered.
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Figure 60. Screenshot of SunPeek depicting Power Check results for Solar District Heating plant Mirzzuschlag (measured
results are anonymized). Using this setup, Power Check can be applied to the i) Gasokol guarantee row (measuring track), ii)
ENSOL guarantee row (measuring track) and iii) total plant (selected in the Web-Ul and graphically depicted).

D.5. Stagnation events

Background

As described in Section A.5 and B.3, the restrictions on operating conditions do not ensure that stag-
nation events are discarded from valid data records. The use case presented below aims to exemplify
the influence of stagnation events on Power Check results.

Use Case

A collector field with approximately 6000 m? of vacuum tube collectors supplies a district heating net-
work in Germany, with a solar fraction of about 15%. Various causes (e.g., low summer heat demand,
non-ideal load management in the grid) lead to significant stagnation days (almost 40 days in 2022).
Power Check has been applied to two months of summer 2022, the first year after commissioning.
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The measurement setup provides only hemispherical irradiance in collector plane, beam and diffuse
irradiance are not measured separately. Hence, Power Check is carried out using Formula 1. The influ-
ence of wind speed was not considered, because no such sensors are available, but wind influence is
negligible due to using vacuum tube collectors. The safety factor was set at 90%, using the SunPeek
default value, and mainly accommodates for heat losses and measurement uncertainties.

Results

The evaluation of the summer period shows that stagnation events have a significant influence on
Power Check outcomes, even after periods of downtime are discarded. Figure 61 illustrates the results,
whereby the valid intervals and their measured-estimated power ratio were classified in three catego-
ries: a) data with downtimes (grey), b) data without downtimes, influenced by stagnation (red), c) data
without stagnation periods, i.e. typical collector operation (blue). Table 21 shows numerical results for
the three different categories. Power Check is only fulfilled (average power ratio = 100%) if, in addition
to downtime, stagnation periods are removed from the measurement data.

Two criteria were used to distinguish normal plant operation from stagnation: a) a minimum specific
volume flow rate in the collector circuit (see Eq. (25)) and b) the maximum allowed outlet temperature
as defined for the plant control. Downtimes have been confirmed by the plant operator and usually
show a different temperature behavior. As expected, the results for the normal operation (no stagna-
tion) are around the 100% line (with small, acceptable deviations). The downtime periods do not have
a measured thermal power output. Stagnation events within 1-hour intervals generate results some-
where between 0% and 100%, depending on the duration of the stagnation: For example, the meas-
ured power output on August 14™ is about 39% of the estimated power output.

160 - e A Figure 61. Influence of downtimes and stagnation events
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Table 21. Influence of downtimes and stagnation events on Power Check results.
Power Check is only fulfilled if downtimes and stagnation are excluded.

Used data Valid data Average Average Average  Power Check
records measured estimated power  performance
power power Y ratio verification
[h] (W /m?*] W /m?*] [%]
All data, with downtimes 77 398 452 88.1 Not fulfilled
Data without downtimes 70 438 449 97.6  Not fulfilled
Data without downtimes 62 459 446 102.9 Fulfilled

and stagnation

W ncluding a safety factor f,, = 90%.
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D.6. Application to evacuated flat-plate collectors

Background

Power Check applies to several collector technologies thanks to the availability of different formulas
discussed in Section A.3. In general terms, Formulas 1 and 2 can be applied to vacuum technology,
based on the available data. This section covers the application to evacuated flat-plate collectors.

Use Case

One example of a plant equipped with evacuated flat-plate collectors is the pilot Solar District Heating
plant SolarCADII in Geneva, Switzerland, shown in Figure 62. The plant, owned and operated by the
local utility service company (Services Industriels de Geneve), was commissioned in 2021 and has been
in operation since. The collector field has a gross area of 784 m?, consisting of 50 rows connected in
parallel with each row having 8 TVP Solar collectors installed in series. For heat metering purposes, an
Aguametro heat meter is installed at the injection point on the district heating network side, while on
the solar side, flow rate and temperature measurements allow estimating the solar field yield. Sensor
locations are shown in the simplified diagram of Figure 63. A combined hemispherical / diffuse radia-
tion meter (i.e., SPN1 by Delta-T devices) allows the acquisition of hemispherical and diffuse irradiance
values on the POA (plane of array) of the collector field.
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Figure 63. Simplified hydraulic flow diagram of the SolarCADII Solar District Heating plant, indicating sensor locations.
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Results

Figure 64 shows the results of Power Check computed by SunPeek for the SolarCADII plant. Computa-
tions use data from July 2022 and are based on Formula 1, considering only the hemispherical irradi-
ance on the plane of array and without using wind speed measurements. Figure 65 shows the valid
data records used for the calculations, while in Figure 66, the measured and estimated power with and
without safety factors are shown. The analysis confirms that the efficiency of the collector field aligns
closely with the Solar Keymark efficiency standards, incorporating a safety factor of 90%.

Power Check according to ISO 24194:2022

Power Check fulfilled:

Ratio measured / estimated power = 100.3%
This takes a combined safety factor fp = 0.9 into account.
The minimum number of intervals (20, defined in I1SO 24194:2022) has been reached: n=99 intervals found, each 1 hour long.

Average measured power 567.3 W/m*
[Average estimated power, with fsa[e] 565.4 W/m*
0 100 200 400 500 600

Specific thermal power [W/m?]

Notes

Plant name: "TVP Geneva, Solar CAD V".
Included arrays: "main”.
Data from 2022-07-01 00:00 (UTC+1) to 2022-07-24 23:59 (UTC+1).

Power Check according to ISO 24194:2022
Algorithm details: Formula: 1. Wind: Not used. Averaging mode: Extended.

Figure 64. Power Check results for SolarCADII Solar District Heating plant. The average power ratio is 100.3%
(Power Check fulfilled), 99 valid data records found. Data: July 2022.
Details: Formula 1, Extended data averaging, wind speed not considered, f;.,.. = 90%.

Intervals used for Power Check

n=99 intervals, each 1 hour long. Total interval duration: 99 hours 0 minutes.
Algorithm details: Formula: 1. Wind: Not used. Averaging mode: Extended.

W Sun below horizon

B Performance Check intervals

Time of day (UTC+1)

05 09 13 17 21

2022-Jul
Figure 65. Valid data records (intervals) for Power Check of SolarCADII Solar District Heating plant. Data: July 2022.
Details: Formula 1, Extended data averaging, wind speed not considered.
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Figure 66. Power Check results for SolarCADII Solar District Heating plant (a) without safety factor,
(b) with safety factor f.;. = 90%. Omitting the safety factor shifts data records to the left. Data: July 2022.
Details: Formula 1, Extended data averaging, wind speed not considered.
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E Discussion

This chapter summarizes a list of key discussion points and ideas regarding the further development of
Power Check, which could serve as an input for revisions of 1ISO 24194, SunPeek developments and
future research activities. A concept for a major rework of the modeling framework (Harmonized Power
Check) is outlined in Chapter F.

E.1. Applicability and usage

Collector types

A)  Concentrating collectors: Although the standard is applicable to concentrating collectors with
or without tracking, there is lack of specifications for specific challenges, such as phase
changes in the heat transfer medium, structure deformation due to wind effect, or tracking
accuracy. Also, the treatment of circumsolar radiation for fair Power Check applications to
concentrating collectors is an open issue; see also [5].

B)  WISC: In revisions of the standard, WISC collectors should be included if both wind speed
data measured on the collector plane and longwave radiation data are available, although
such data may be rarely available in practical applications, see Section F.2.

C)  Exclusion of co-generating / PVT collectors: With the current 1ISO 9806:2017 [2] test proce-
dures, these collectors should also be excluded in revisions of ISO 24194. The reason is that
their thermal performance in real-world operation depends on the operation of the electrical
part: If the electrical part is switched off, limited, or curtailed for any reason, while the ther-
mal part remains active, this would lead to an overestimation of the thermal power output,
based on performance parameters determined under MPP conditions (maximum electrical
power generation), as specified in ISO 9806.

D) Exclusion of solar air heating collectors (SAHC): These collectors should remain excluded due
to the complexity of accurately assessing their performance.

Use cases

E)  Differentiation of use cases: Predecessor procedures of Power Check were mainly used for
performance guarantee purposes, but monitoring is another important use case, see Section
D.1. It is beneficial to distinguish use cases and be aware of how they influence the im-
portance of the safety factor. For ongoing monitoring, one may mostly look for relative per-
formance changes, whereas for power performance guarantees, the safety factor is often-
times directly linked to the fulfillment of the guarantee. In this case, it may come under the
scrutiny of contractual negotiations, although it is meant to be a purely technical parameter.

F)  Number of valid data records: The standard requires 20 valid data records for performance
verification. It should be examined how the reliability of the results corresponds to the num-
ber of found intervals.

G) Performance benchmarking: Power Check results can be used to benchmark the performance
across multiple plants, similar to the solarheatdata.eu platform [37]. Power Check factors out
location-dependent conditions such as irradiance levels, heat demand, and weather influ-
ences. Although power or yield output cannot be compared directly, comparisons could iden-
tify good system designs and choice of collectors which meet the expected output, compare
collector degradations and the effectiveness of maintenance measures.
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H)  Guarantee row: To reduce measurement, heat losses and modeling uncertainties, some re-
cent installations deploy “guarantee rows” to apply Power Check. A guarantee row is a dedi-
cated collector row with a heat meter that represents the whole plant, an example is shown
in Section D.4. This use case should be discussed within the community and potentially be
clarified in revisions of the standard.

) Iterative application: Power Check could be applied iteratively, e.g., once a month over a 1-
year evaluation period, or daily, with a moving average of the last 20 Power Check data rec-
ords (see Figure 57). Such iterative Power Check applications probably bear reasonable infor-
mation to assess the solar yield, extrapolating the measured-estimated power ratios to meas-
ured-estimated ratios for solar yield. The usefulness of this KPI needs to be explored further.
A figure with the development of the measured-estimated power ratio over time should be
added to the recommended reporting formats.

J)  Safety factor: Setting the combined safety factor for the measured vs. estimated power com-
parison is a key question for guarantee procedures based on Power Check. Revisions of ISO
24194 should give recommendations for indicative safety factor ranges for heat losses from
pipes, measurement uncertainty and other uncertainties for typical use cases. How accuracy
levels (I-IIl) translate to measurement uncertainty safety factor ranges should be elaborated.
Such ranges require more theoretical analysis and insights from practical experience. Also,
the interpretation of safety factors as a purely technical parameter must be clear, and risk and
practical considerations should be treated separately in contractual negotiations (see Section
F.9).

K) Incentives for less accurate measurement equipment: If the safety factor is linked to contrac-
tual negotiations, less accurate and poorly maintained measurement devices may give the
guarantor leverage to argue for a higher measurement uncertainty safety factor, which makes
it easier to fulfill guarantees. Fulfillment of guarantees can occur if the measured values are
biased positively, i.e. the uncertainty distribution is on its upper tail, although the collectors
may in fact underperform. Incentives should be given for more accurate devices, e.g., by set-
ting the measurement uncertainty safety factor a priori, before the sensors are chosen and
installed.

E.2. Data handling and measurement setup

Data handling

L)  Requirement of raw data usage: The standard prescribes a logging time <1 minute for raw
data but uses averaged values (data records) with recording time <1 hour to compute Power
Check. This practice leads to accuracy loss, obscures possible data pre-treatment (e.g., filling
gaps within a 1-hour interval, outlier detection), applies non-linear transformations (in For-
mulas 1-3, see Section C.7) to previously averaged values, impedes detecting stagnation
events, impedes advanced data filtering such as needed for the Extended Power Check, and
impedes selecting shorter averaging intervals. SunPeek requires raw data and sets minimum
thresholds for data availability within 1-hour intervals (see Section C.7). Typical minimum
sampling rates should be around 1 to 5 min., resulting in data volumes that modern data
analytics tools can handle without issues. Data averaging should be done by arithmetic mean.

M) Data quality assurance: Revision of ISO 24194 should include recommendations on necessary
data quality checks and allowance on data gaps and missing data. SunPeek offers some sim-
ple, yet effective checks such as lower-upper-bound replacements (see Section C.7).
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N) Extended Power Check: Section B.1 and D.2 propose and discuss an enhanced data averaging
method. This Extended Power Check improves data selection by employing a moving-window
averaging instead of fixed-hour resampling. This improvement should be included in revisions
of ISO 24194 due to the benefits of this method (more valid data records, covering broader
power range, reduced time to achieve number of required intervals) and no significant
change to the average power ratio.

O) Duration of averaging intervals: Preliminary tests indicate that running Power Check with
shorter averaging intervals (e.g., 30 or 45 min. instead of 1 hour) appears to deliver compa-
rable outcomes, while requiring fewer data to obtain 20 data records. Shorter intervals would
also include more partial load conditions and conditions with lower incidence angles, see
Section D.2. The required interval duration could also be related to the traveling time and
sampling rate to control delay effects.

Restrictions on operating conditions

Power Check restrictions on operating conditions (see Section A.5) involve a tradeoff between narrow
boundaries (to reduce uncertainties) and wide boundaries (to cover a wider operational range). Other
boundary values should be investigated, such as:

P) Internal shading: Internal shading for uniformly arranged collector fields can be modeled with
minimal effort. Allowing an internal shading fraction of up to approx. 50% would enhance
Power Check by providing insights into partial load conditions, and by extending the method’s
coverage during winter months.

Q) External shading: Revisions of 1ISO 24194 should explicitly address how to treat external shad-
ing, e.g., by the procedure implemented in SunPeek, see Section A.6.

R) Irradiance: The standard sets high irradiance levels for data filtering: Gy, = 800 W/m? and
G, = 600 W/m?. Easing this restriction and considering lower irradiance thresholds would al-
low coverage of more partial load operation conditions. Cosine effects also play a role. As an
example, collector fields in high-latitude locations with north-south axis tracking can have
large cosine effects even at noon, especially in spring and autumn, making it challenging to
find valid intervals.

S)  Changes in collector mean temperature: The intention of the current restriction can be inter-
preted as: avoiding significant heat-up / cool-down phases; or significant deviations com-
pared to the mean temperature of the interval; or significant temperature peaks / dips within
an interval. All these interpretations have their pros and cons and need further investigation.

T)  Wind speed: Many solar plants, especially in low-wind locations, typically have no on-site
wind speed sensors. The authors recommended making wind speed an optional measure-
ment, required only if the result is expected to be wind dependent. If both wind-related col-
lector parameters (a3, ag) are zero, Power Check should also be applicable without wind
speed data, and the wind criterion may be omitted in Power Check data filtering.

U) Wind speed limits: 1SO 9806 sets the wind speed limit for test condition limit at 4 m/s on the
collector plane, while the 1ISO 24194 Power Check allows wind speeds up to 10 m/s, measured
1 to 3 meters above the highest collector point. The correlation between the two criteria
should be investigated further to make sure that collector parameters are not used outside
their validity range.

V)  Maximum angle of incidence: The standard does not specify a maximum angle of incidence
(AQI), whereas SunPeek uses a maximum AOI of 80° to reduce uncertainties. The required
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irradiance levels may filter out conditions with high AOI, but it is nevertheless recommended
to investigate and use sensible boundaries.

W) Plant in operation: The standard does not explicitly check that the collector field is opera-
tional. For example, tracking collectors can deliberately go out of tracking to avoid overheat-
ing. Revisions of ISO 24194 should include a criterion, such as a minimum average specific
power output, to ensure the collector field is operational.

X)  Stagnation: The standard does not explicitly mention stagnation. Filtering out stagnation
seems to align with the intention of the standard that the valid data records represent the
normal plant behavior. Revisions of ISO 24194 should include a criterion to filter out stagna-
tion, see Section B.3. To ensure that stagnation does not go unnoticed, a summary of stagna-
tion events should be documented in Power Check outputs.

Measurement setup specifications

Y)  Fluid properties: In some circumstances, it is necessary to measure thermal power in the pri-
mary loop, or based on measured volume or mass flow, which makes it necessary to use fluid
density and heat capacity; see Section A.7. For non-water fluids it is highly recommended to
determine fluid properties by measurement, at least once at the start of recording measure-
ments, as fluid properties can be unreliable. The standard should provide guidelines on how
to treat such cases and include them in the accuracy level definitions.

Z)  DNI measurement for concentrating collectors: Typical modern pyrheliometers have a Field
of View (FOV) of 5° following the recommendation of the World Meteorological Organization
(WMO) [38]. The acceptance angle for concentrating collectors depends on the collector
technology, tracking accuracy, distribution of the circumsolar radiation, etc., but is typically
much smaller. For concentrating collectors, this introduces a systematic bias in Power Check
analysis. However, as this bias is hard to model and quantify, it is recommended to use meas-
ured, uncorrected values of pyrheliometers with a 5° FOV, until further research may lead to
improved procedures.

AA) Accuracy levels: Recommendations on sensors and required data quality are important parts
of the standard. However, the defined accuracy levels (I-11l) should be refined. For most in-
stallations meeting all requirements is unlikely, making their practical relevance questionable.
Also, accuracy levels should be linked to safety factors (see above).

BB) Documentation of measurement setup: Revisions of 1ISO 24194 should recommend a report-
ing format for the sensors used, their associated uncertainties, details about the measure-
ment chain, including those components that mainly drive the uncertainty of logged data,
and a logbook of significant plant events. The documentation should also include any infor-
mation needed for data interpretation, such as sensor mounting or orientation.

E.3. Advances in methodology

Nomenclature

CC) Consistent and clear terminology: The standard lacks a clear definition and consistent use of
terminology for data handling expressions such as “valid data”, “data records”, “valid data

records”, “data points”, “valid points”. Also, the main KPIs should have defined names, such
as Performance Verification Criterion (PVC). See Section G.1 for suggestions.
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Collector field modeling

DD) Collector field model: The standard uses three formulas to calculate the collector field output.
Revisions of 1ISO 24194 should better align the modeling to ISO 9806, using only one formula
as outlined see Section F.2.

EE) Multiple and heterogenous fields: In Section B.2 a procedure is outlined how to apply Power
Check to plants with multiple and heterogenous collector fields, Section D.4 contains a prac-
tical application. This methodologically sound approach allows treating more complex hy-
draulic and geometric plant layouts, thus extending practical applicability of Power Check.
Revisions of ISO 24194 should include this extension.

FF) Missing sensors: Revisions of ISO 24194 should specify how to treat cases with missing sen-
sors, see Section B.2 and F.7. This is relevant for thermal power calculations, collector field
temperatures (e.g., how to compute inter-field temperatures for serially connected arrays)
and radiation data. The concept of “Virtual Sensors” used in SunPeek allows a straightforward
representation of different measurement setups.

Radiation data and modeling

Irradiance measurements are typically the largest contributions to uncertainty of Power Check out-
comes, and the standard should specify radiation data and modeling in more detail.

GG) Use of satellite data / weather station data: The standard allows using satellite-based irradi-
ance data. The implied additional uncertainty should be analyzed for typical cases. Satellite
data could be used to cross-check local measurements.

HH) Radiation conversion: For plants where the collector orientation differs from the irradiance
sensor (e.g., if global horizontal irradiance is measured or Gy, for only one array orienta-
tion), radiation conversion is necessary to apply Power Check. The standard should clarify the
situation regarding radiation conversion procedures, see Section F.7.

Il)  Radiation decomposition: Radiation decomposition models could be used to split hemispher-
ical irradiance into beam and diffuse parts [43]. This allows using the more accurate Formula
2 instead of Formula 1 for non- or low-concentrating collectors. The used radiation models
and their uncertainties should be documented.

1)) Diffuse irradiance masking: Within collector field arrangements, diffuse sky radiation is re-
duced along the collector height, due to view obstructions of the front collector row. Meas-
urements on top of collectors introduce a systematic bias (exaggerating the estimated power
output). Revisions of 1ISO 24194 should make note of this issue.

Power Check and Yield Check

KK) Power Check coverage: Power Check “coverage” can be defined as the share of the solar en-
ergy vield covered by Power Check data records, compared to the total energy yield in the
same period. This “coverage” gives an indication on the generalizability of the results; the
usefulness of this KPI should be explored further. A higher “coverage” translates to increased
usefulness of Power Check results in the realm of solar energy yield assessment.

LL) Power Check vs. Daily Yield Check: 1SO 24194 also includes a Daily Yield Check (see Section
A.9). A systematic comparison of the outcomes of Power and Daily Yield checks for different
use cases would allow new insights and highlight the strengths and weaknesses of each
method.
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E.4. Community based development and SunPeek open-source software

Revisions of the ISO 24194 Power Check should be broadly discussed with relevant stakeholders and
developed within a community-based approach. How to contribute:

1) Use Cases: Contribute real-world use cases and example applications for Power Check applica-
tion; for inspiration, see examples in Chapter D.

2) Open data: Developing open-source software like SunPeek is only possible with publicly avail-
able datasets of plant operation. Such datasets are used for testing, validation and demonstra-
tion purposes. However, publicly available datasets are scarce; for an overview, see [40]. Open
data repositories such as Zenodo make data sharing with the community very straightforward.

3) Modeling: Advances in modeling and further investigations require expert contributions, par-
ticularly from academia.

4) Software: SunPeek as the reference implementation for the 1ISO 24194 Power Check is actively
seeking contributions; see below.

5) Standard Committee and Tasks: Conditional on approval, experts from industry and academia
may directly participate in the technical committee ISO/TC 180, Solar energy, Subcommittee
(SC) 4. Follow-up activities of IEA SHC Task 68 should continue to collaborate with the standard
development. SolarPACES Task IV have regular expert exchanges on standard developments.

SunPeek strives to enhance its methods, the user experience and code quality. Also, SunPeek aims to
align with further developments of the ISO 24194 standard and integrate topics not yet covered. Table
22 summarizes features planned to be implemented in later versions of SunPeek. The longer-term Sun-
Peek development goals are summarized in a Roadmap?¢, as is common for open-source projects.

SunPeek Contributing

To contribute, interested users and software developers are encouraged to contact the development
team at sunpeek@sunpeek.org.

SunPeek follows an open-innovation approach; new features and methodological details are dis-
cussed using git issues. Contributions are welcome in the form of feature requests, discussion inputs
in issues, code, and reports of real-world applications of the software.

To contribute, please check out the SunPeek Contributing Guidelines:
https://docs.sunpeek.org/contributing/index.html

Table 22. SunPeek Roadmap relevant for ISO 24194, at publication time of the present document.

Topic Implementation
Power Check e Update to the newest ISO 24194 [41], under committee review (stage 40.20) at the
ISO 24194 time of writing of this document.
e Shadows on one-axis or two-axis tracking collectors in a row
Yield Check e Annual Yield Check procedure (as soon as part of ISO 24194 revision)
ISO 24194 e Daily Yield Check procedure
Power Check e Full coverage of “Multiple Fields” case (Section B.2)
enhancement e Full coverage of “Stagnation events” case (Section B.3)
Automation e Enable automated use of SunPeek, including automated data upload and auto-

scheduling of Power Check evaluations

Cloud solution e Enable a cloud version of SunPeek with public demo cases

16 https://sunpeek.org/resources/roadmap
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F  Towards a Harmonized Power Check framework

This chapter streamlines the insights presented in the previous chapters regarding Power Check mod-
eling and results, proposing a new unified “Harmonized Power Check” framework which could serve as
an input for revisions of 1ISO 24194, for SunPeek developments, and for future research activities.

F.1. Introduction

The Harmonized Power Check framework is considered a major rework of Power Check procedure,
aiming at improved consistency between I1SO 24194 and ISO 9806. It suggests a modular approach,
starting with a baseline setup, followed by “what-to-do-if” instructions on how to adapt the procedure
to hydraulic and measurement setups with increasing complexity and lack of measurement data.

Figure 67 gives an overview of the main processing steps of the Harmonized Power Check framework.
For comparison with the existing Power Check see Figure 1. The following sections elaborate the new
modeling approach (Sections F.2 to F.8), as well as usage and interpretation of results (Section F.9).
Section F.10 compares the ISO 24194 Power Check and the Harmonized Power Check framework.

F.2. Collector output model

The modeling approach is based on the ISO 9806 collector model (Eq. 13 in ISO 9806:2017 [2]) as the
single model for collector power output. It is recommended to use collector parameters obtained
through the ISO 9806 test or equivalent procedures.

QQDT = AG ' [no,b Kb(eT' QL)Gb + No,b Kde - aq (19m - 19(1) —a; (ﬁm - I9a)2 - a3u(19m - 19(1)

26
¥ ay (B, — 0T,*) — o (A0 /dL) —agu(Ky(0r, 0)Gy + KoGa) — ag(O —0)*] 20

Mandatory parameters: As outlined in ISO 9806, certain parameters are mandatory, depending on col-
lector concentration ratio and testing options. It should not be permitted to drop mandatory parame-
ters from the above equation.

Zero collector parameters: Certain collector parameters in the above model may be zero, effectively
neglecting specific effects. This is permissible if the guidelines of ISO 9806 are followed. Under ISO
9806, a parameter value of zero means that the parameter was either identified to be statistically in-
significant or deliberately set to zero under specific conditions. ISO 9806 also specifies in detail when
parameter values can be set to zero prior or during data analysis.

Missing model parameters: If collector parameters to apply 1ISO 9806 are missing, e.g., because only
SST (steady-state) test data are given, the model parameters should be derived following recommen-
dations of ISO 9806 and the Guide to Standard ISO 9806 [6], as outlined in Chapter A.3.

Validity of collector parameters: 1ISO 9806 allows using collector parameters only for temperature dif-
ferences between mean fluid and ambient temperatures up to a maximum of 30 K exceeding the tem-
peratures during testing. When applying Power Check, attention should be paid to not significantly
exceed this threshold. Additional validity limitations, usually detailed in the respective test documen-
tation, may apply to specific collectors and should be regarded.

Limitations regarding collector types: Given the above approach, WISC collectors can be included if
both wind speed data measured on the collector plane and measured longwave radiation data are
available. Nevertheless, collectors co-generating thermal and electrical power and solar air heating col-
lectors (SAHC) should be explicitly excluded for the reasons stated in Section A.1.
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Allowed collector types: Like ISO 9806, but hybrid (PVT) and

Collector types R . .
YP solar air heating collectors are excluded. Limitations for WISC.

Solar Keymark parameters or similar.
Collector parameters Required parameters depending on collector type:
\ Mo, Kb, Ka, a1, az, as, as

Requirements

Required measurements:
Sensors & measurements Thermal power, solar irradiance, inlet, outlet and ambient air temperatures.
Document sensors, uncertainties, measurement chain. Keep a logbook.

1SO 9806 collector model. Depending on collector type, some parameters
Coll r model * are mandatory or may be zero (see ISO 9806). Check parameter validity.

Determination of measurement uncertainty effect:

Measurement Uncertainty Choose simplified (lumped) or detailed approach.

Modeling of pipe losses:

Pipe loss models Choose lumped, simple or detailed modeling.

Modeling

Inference of modeling inputs which are not directly measured, such as:

Auxiliary inputs models Thermal power output, diffuse irradiance, temperatures between fields.

Overall model to calculate the estimated power output of the collector
Collector field model % : :
* field for the given collector field and measurement setup.

. . User chooses evaluation time period, depending on specific use case.
Choose time period 5 : Y 3 3
* Minimum measuring period for guarantee comparison typically 2-4 weeks.

User choice

Build data records, 1-hour-averages of valid raw data.

Averaged Data Adjusting the averagering period if possible for specific use cases.

Restrictions on operating conditions to ensure that collector field model

Data Filtering is applied in a valid data range.

Data processing

Valid intervals are 1-hour intervals with valid data records,

Valid Intervals where data filtering restrictions are fulfilled.

O o

Time series calculated using collector field model and measured

Estimated Power values from plant operation (weather, sytem temperatures).

Taken directly from measurements, or calculated using volume or mass

Measured Power
flow, and fluid properties (density, heat capacity).

Power estimate

Compare measured and estimated power. If ratio is above acceptance
Performance verification threshold, the performance is verified. Typically at least 20 valid intervals
requried for a guarantee comparison.

Observe the power ratio, the ratio of measured to estimated power

On-going monitoring outpiit over time:

Usage

Other Other use of power check results, e.g.,

Figure 67. Step-by-step procedure of Harmonized Power Check framework.

F.3. Collector field output model

The Harmonized Power Check model is designed to compute an estimated power output for a collector
field. It is based on the collector output model (see previous Section) and includes adjustments to ac-
count for effects on collector field level, and for common practical constraints such as missing input
data. The estimated power output for a collector field is modeled as follows:
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Qestimated = (1- funcertainty) (1= fmodel) (Acr - QQDT/AG - Qpipe ) (27)

where Qqstimated i the collector field’s estimated power output, Agr is the gross collector field area,
funcertainty 1S @ factor accounting for measurement uncertainty, fi,.qe is @ factor accounting for model
uncertainty, Qqpr the power output based on Eqg. (13) in ISO 9806 (see Section F.2), and Qpipe is the
power loss in piping per square meter collector area.

Model interpretation: The collector field output model (27) uses the collector parameters from the 1ISO
9806 test of equivalent procedures and is hence based on performance parameters of new, “off the
shelf” collectors. By design, the model does not include effects which accrue to the collectors as a
component, like soiling, aging or degradation, even if they might be relevant. Such effects are ac-
counted for by the acceptance threshold, see Section F.9. On the other hand, measurement uncer-
tainty, model uncertainty, and pipe losses, which accrue to the collector field, are accounted for. The
model aims to describe the expected extracted power output of the collector field from a technical
perspective, excluding risk assessment and other practical considerations which might be relevant for
performance verification or for guarantee procedures.

Documentation: Generally, plant-specific assumptions and chosen modeling options should be docu-
mented in all Power Check outputs (e.g., reports).

F.4. Measurement uncertainty

The factor f,ncertainty iN EQ. (27) represents the impact of measurement uncertainty (as opposed to mod-
eling uncertainty and systematic effects) on the estimated power output. Its purpose is to ensure that
Qestimate Fepresents the lower bound of a confidence interval around the unknown true value
of Qestimate, assuming no measurement errors. The factor fycerrinty represents the uncertainty of whole
measurement chains and data recording procedures, including uncertainty of single sensors, cables,
and data logging. Measurement uncertainty can be incorporated in the following ways:

(i) Detailed modeling: The effect of measurement uncertainty could, in principle, be modeled in detail,
by applying e.g. GUM [42] or other uncertainty quantification methods, using documented uncertainty
information for sensors and measurement chains. In such case, fincerainy €an and should be applied
individually to each logged data measurement value, as measurement uncertainty in general depends
on the absolute measured values.

(ii) Lumped factor: The detailed uncertainty modeling described above seems too cumbersome for
widespread practical application. As an alternative, a single lumped factor f,certainty Can be used. Re-
vised versions of 1SO 24194 should give clear guidelines and indicate ranges for choosing fincertainty»
based on measurement accuracy levels (see Section A.8). Such ranges require more theoretical analysis
and insights from practical experience. As an example, a way to present such ranges is presented in
Table 23; see also new values in the updated ISO/CD 24194 [41]:

Table 23. Indicative ranges for funce,-tamty.

Accuracy level funcertainty indicative range
| 0.02 — 0.07
Il 0.05 — 0.10
] 0.10 — 0.15
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F.5. Model uncertainty

The factor f;,,4e accounts for model imperfections and unmodeled effects, such as delay effects or de-
tailed dynamic responses (see Section F.8 for further discussions). As such, f,,.,4e accounts for uncer-
tainties of the collector output model (Section F.2), pipe model (Section F.6), and auxiliary models to
calculate model inputs (Section F.7), where each auxiliary model comes with additional model uncer-
tainty. Typically, fi,04e is very small, with a recommended range of f,,04e1 € [0, 0.02]. The choice of larger
values should be explained.

F.6. Pipe losses

Pipe losses refer to power losses from connection pipes, covering the distance between the location of
the inlet and outlet temperature measurements and the collector field. Pipe losses (or in general non
collector component-related losses) are an integral part of the plant design. They should therefore not
be lumped in “safety factors” in the sense of ISO 24194 but rather be treated by an adaptation of the
collector field output model. Pipe losses may be connected more intuitively to the plant temperatures
than to power output. Pipe losses within fields are typically negligible.

Pipe losses Qpipe can be estimated using one of the following approaches:
(i) Lumped pipe model: Use a lumped reduction factor fpi,e on the modeled collector power output:
Qpipe = fpipe ! QQDT (28)

Values of f, differ from plant to plant, depending mainly on pipe lengths and diameters, operating
temperatures, and local climate. Typical values are f;,e € [0,0.05]. The lumped pipe model is equiva-
lent to using the safety factor for heat losses from pipes fp in 1ISO 24194 (see Section A.4).

(i) Simple pipe model: Use the following simple pipe loss model:
Qpipe = Qpipe * Lpipe ' (ﬁop — Uloss) (29)

This model is based on Eq. 22 of ISO 24194:2022, slightly modified to allow setting 9,,s to the respective
heat loss temperature (ambient air, ground). The heat loss coefficient g,;,. can be computed using Eq.
23 of ISO 24194:2022:

Vo 0.22
— 032 (lpwe 30
doie = 032 (Lpipe) (30

If pipe losses to both ground and air are relevant, or if inlet and outlet pipe lengths differ significantly,
the pipe loss formula can be applied analogously to each part.

Example: Table 24 shows an example for the simple pipe model, based on the example in ISO 24194,
Section 6.7:

Table 24. Example to calculate pipe models.

Item Value

Volume of piping Vpipe = 150001
Length of piping Lyipe =700 m
Specific heat loss Qpipe = 0.628 %
Mean operating temperature Jop = 80 °C
Ambient / ground temperature joss = 10 °C

Pipe losses (calculated) Qpipe =308W
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(i) Detailed pipe model: If a more detailed model for pipe heat losses is used, modeling details should
be documented in Power Check outputs.

F.7. Auxiliary input models and treatment of irradiance

Power Check can only be applied if data for all explanatory model variables are available. This includes
all terms in the model with non-zero collector parameters, and thermal power output. However, due
to practical limitations, required measurements are often not available. The following recommenda-
tions for specific cases should be used.

Thermal power output
Queasured €an be inferred in three ways:

(i) Direct measurement, e.g. via heat meter.

(i) Computation using measured mass flow: Queasured = M * € (9m) * (Oin — Your)

(iii) Computation using measured volume flow: Q,easured = V* p(9) - cp(Om) - Oin — o),
where p(9) must be evaluated at the temperature where V is measured.

Fluid properties (heat capacity and/or density) must be known for approaches 2) and 3). This is un-
problematic if water is used as a heat transfer fluid. For other fluids, this can be problematic, and it is
highly recommended to determine fluid properties by measurement, at least once at the start of re-
cording, even if this can be costly (see Section A.7). It is important that the fluid properties are evalu-
ated at the correct temperatures. For mixed fluids, also fluid concentration must be known.

Collector field temperatures

Measured inlet and outlet temperature of a collector field must be available to run Power Check. How-
ever, these temperatures may be missing if the procedure is applied to heterogenous or multiple col-
lector fields. For such cases, the Harmonized Power Check framework recommends following the
guidelines of Section B.2 of this Guide to calculate the missing temperatures.

Irradiance inputs

The irradiance term in the ISO 9806 model equation, K, (081, 0.) - Gy, + K4 - G4, is one of the principal
inputs for the Power Check model. The irradiances G, and G4 represent the POA (plane of array) beam
and diffuse irradiances for the collector field. The following scenarios outline how to handle specific
cases. Each of these cases comes with additional model uncertainty, which should be accounted for in
the model uncertainty factor, fioqel-

(i) Only Gy, available: Due to practical difficulties of measuring G, and Gy, such as technical complexity
or high cost, a common practical case is to have only Gy, (POA hemispherical irradiance) available. In
this case, either of the following approaches can be used; modeling assumptions must be documented
in Power Check outputs.

e “Blue sky” assumption: The “blue sky” assumption of ISO 9806 is: G, = 0.85 Gy, aNd Gy =
0.15 * Gpep- This is equivalent to using Formula 1 of ISO 24194 and the 1SO 9806 methodology
to compute K., from K, and Ky, if measured irradiance data is unavailable (see Section A.7).

e Irradiance model: Using a more realistic radiation model for “reverse transposition” and de-
composition. For an overview of the topic, see PVPS Handbook 2024 [39]. Models are available
in pvlib [34], based on Driesse et al. [43] and Marion [44].
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(ii) Only Gy, available: If only global horizontal irradiance is available, use a radiation decomposition and
transposition model to estimate G, and G4. A recommended state-of-the-art transposition model is the
Perez 1990 model [45].

(iii) Only Gy, available, but on a plane with different orientation: The approach outlined above (“Only
Gpem available — Irradiance model”) can be used to calculate G, and G4, which are then used to model
G, and G4 on a plane with different orientation. This works well when the orientation difference is small,
but there are limits to how large an orientation difference is acceptable while maintaining an accurate
method. Further research into this question is needed, and the authors cannot currently give a specific
recommendation.

POA corrections

If the measured or modeled G;, and G4 values refer to the top of the collector, the POA G, and G4 values
used as model inputs may be adjusted to account for ground-reflected irradiance and diffuse irradiance
reduction due to masking (part of the sky diffuse irradiance blocked by adjacent collector rows, for
fixed mounted fields). Not applying such POA corrections overestimates POA irradiance, hence the
Power Check model would systematically overestimate a collector field’s power output.

POA correction model choices and assumptions should be documented. State-of-the-art implementa-
tions for such adjustments exist, see e.g. pvlib [34]. For the discussion on the magnitude of the effects
for typical configurations, see [14].

F.8. Modeling limits and unmodeled effects

Validity limits

Generally, the I1SO 24194 Power Check model is subject to the validity limits of collector parameters,
derived from the 1SO 9806 model, see Section F.2. Additional limitations are usually documented in
collector data sheets. Consequently, Power Check data filtering must ensure it stays within the validity
range of the collectors used. Inaccuracies can arise if the operating conditions in the collector field (e.g.,
absolute volume flow rate) significantly differ from the test conditions under which the collector effi-
ciency parameters were obtained. ISO 24194 takes the collector parameters as point values (determin-
istic assumption) and does not account for uncertainty information of collector parameters (standard
deviations, covariance, see also ISO 9806 Annex B).

Soiling

Soiling reduces the collector’s optical efficiency and is an operationally important effect for the power
output of solar thermal plants. The Power Check model refers to the power output of new collectors,
as tested, and soiling is deliberately not included in the Power Check model. However, comparing meas-
ured and estimated power output may provide insight into the degree of soiling on plant performance.

Delay effects

The ISO 9806 model does not account for delay effects caused by the transit time of the heat transfer
fluid through the collector field and potentially through pipes. This transit time can range from approx-
imately 5 to 30 minutes, and its effects are clearly observable in collector field data [7]. For Power
Check, the impact of not modeling delay effects is somewhat mitigated by the averaging process used
in building data records. However, it cannot be excluded that delay effects may lead to increased model
error in certain intervals, see discussion in Section A.5. Generally, model validity decreases when the
instantaneous collector inlet and outlet temperatures are not representative of the internal tempera-
ture state of the collector field.
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Natural extensions of the ISO 9806 model to collector fields exist, which explicitly take fluid transport
effects through the collector field into account, while still being based on the original collector param-
eters (see, e.g., the D-CAT model [7]). However, this step considerably increases model and analysis
complexity because it turns the model into a partial differential equation.

Uneven flow distribution

Uneven flow distribution is known to impact the power output of a collector field to a very small de-
gree, except in extreme cases that indicate very poor system design. For practical purposes, the effect
of uneven flow distribution can be considered negligible (see e.g. [29]).

Tracking accuracy

This applies only to tracking collectors. The Power Check model assumes optimal tracking, which is
considered to be desirable collector field behavior. Deviations due to suboptimal tracking accuracy are
not considered in the model.

DNI correction

This applies only to collectors with a high concentration ratio Cy > 20. There might be a mismatch be-
tween the acceptance angles of measured DNI (typically 5° field of view) and those of the used con-
centrating collector technology (typically smaller field of view). This is a constructive effect and does
not represent suboptimal operation of a collector field; therefore, beam irradiance may be corrected
for the different fields of view, and the reduced G, can be used as model input. This DNI correction is
optional, as it is not yet standard practice. If applied, it must be documented in Power Check outputs.
For more details, see also .

F.9. Usage and acceptance threshold

The Harmonized Power Check aims to clearly differentiate between the outputs of Power Check and
its usage. For a chosen evaluation period [t,, t,] Power Check produces a time series of valid data rec-
ords with measured and estimated power outputs and their power ratios:

Qmeasured([tl» tz]) = Qmeasured,l ) Qmeasured,z ) Qmeasured,S 7 e
Qestimate([tl' tz]) = Qestimate,l ) Qestimate,z Qestimate,3 7 e

. . . (32)
. Qmeasured,l Qmeasured,Z Qmeasured,B
Qratio([tli tz]) =

) s

n , ,
Qestimate,l Qestimate,z Qestimate,3

For Power Check according to I1SO 24194, at least 20 consecutive valid data records are required, and
an estimate is verified if the following criterion holds (see Section A.2).

Average(Qmeasured) = Average(Qestimated) (32)

The collector field output model aims to describe the power output assuming new, “off the shelf” col-
lectors. While the model is set up once (except for changes in the plant configuration), the measured-
and estimated power output can be continuously updated with new data. Section D.1 outlines different
usages of Power Check results. The Harmonized Power Check framework addresses these uses cases
as follows:

Power performance verification / Power performance guarantee: For these use cases, Power Check
should introduce an acceptance threshold or minimum performance target, considering risk assess-
ment and practical safety considerations. The acceptance criterion can be expressed as:
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Average(Qmeasured)

Average(Qestimated)

= acceptance_threshold (33)

The acceptance threshold may vary over time due to factors such as soiling or collector aging that vary
with time, and the acceptance threshold is in general a subject of negotiations. Introducing an ac-
ceptance threshold cuts the direct link of the safety factor with the Performance Verification Criterion
(PVC), allowing a clear interpretation of the safety factor as a purely technical parameter and avoiding
contractual discussions.

Ongoing performance monitoring: Applying Power Check regularly, e.g., with daily updates, enables
early detection of performance deviations, such as those caused by soiling or degradation. One possi-
ble option is a visual approach by plotting the measured-estimated power ratio over time or to contin-
uously update a KPI such as the power output ratio averaged over 20 data records. Such KPIs could be
used to monitor plant performance and to anticipate maintenance needs. Absolute values and relative
changes, making systematic modeling biases less problematic, are both of interest.

F.10. Comparison of ISO 24194 Power Check and Harmonized Power Check framework

In the previous sections, the modeling approach of Harmonized Power Check framework has been out-
lined. Additional adaptations and improvements to Power Check as summarized in Chapter E should
also be included in the framework, notably:

e Data averaging of Extended Power Check (Section B.1)
e Methodology for the treatment of multiple and heterogeneous collector fields (Section B.2)
e Exclusion of stagnation events (Section B.3)

These changes are not linked to the modeling approach of the Harmonized Power Check framework
per se and are compatible both with the existing and new Power Check framework. Table 25 provides
a comparison between the two procedures.

Table 25. Comparison of ISO 24194 Power Check and Harmonized Power Check framework.

Item

ISO 24194 Power Check

Harmonized Power Check

Applicable
collector types

Glazed flat-plate, evacuated tube,
concentrating / tracking collectors
(air heating collectors not explic-
itly excluded)

Most collector types of ISO 9806; exclusion
of co-generating / PVT collectors, solar air
heating collectors; WISC allowed under
some circumstances

Collector field
model

Formula 1-3 depending on collec-
tor type and available measure-
ments; parameter conversion be-
tween SST and QDT procedure
may be necessary

Collector model of ISO 9806. Parameters
may be set to zero or dropped following the
guidelines of ISO 9806; consideration of va-
lidity limits of collector parameters

Interpretation of
collector field
model

Presumably the same as for Har-
monized Power Check framework,
but not explicitly stated

Performance of new, “off the shelf” collec-
tors, not accounting for effects that accrue
to the collectors as a component, but for ef-
fects relating to the whole field

Safety factor

Overall safety factor fi,q, compro-
mised of fp for heat losses from
pipes, fy for measurement uncer-
tainty and f, for other uncertain-
ties

Safety factor fincertainty fOr measurement un-
certainty, fiode for model uncertainty; no
overall safety factor

Determination of
safety factors

Constant values

Fixed value for fi,04e1, lumped or detailed
mOde”ng fOf funcertainty
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Item ISO 24194 Power Check Harmonized Power Check

Pipe losses Covered by safety factor fp (con- Various modeling options (lumped, simple
stant values) and detailed pipe model), some models de-
pending on operating conditions

Missing sensors Choice of Formula 1 or 2 depend-  Systematic treatment and modeling options
ing on irradiance input, no system-  for missing sensors (thermal power output,
atic treatment of missing sensors collector field temperatures, irradiance in-

puts)
Acceptance No acceptance threshold for Explicit threshold for power performance
threshold power performance verification verification considering collector degrada-

tion, risk assessment, practical safety con-
siderations, etc.

Open-source SunPeek [30] None yet
implementations
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G Appendix

G.1. Terms and Definitions

Table 26 contains terms and definitions used in this document. The column “Basis” indicates where the
term was originally introduced or is prominently used (“Guide” refers to this document). Wherever
possible, the definitions and explanations follow ISO 24194. But as ISO 24194 does not contain a com-
prehensive terms and definitions section, some of these terms remain undefined or are used ambigu-
ously. Revisions of 1ISO 24194 should extend the terms and definitions section and strictly adhere to it.

Table 26. Terms and Definitions used in this guide. The column “Basis” indicates

the origin of the term (“Guide” refers to this document).

Term Definition, explanation Basis

AOI Angle of Incidence, i.e. the angle between the beam radiation on a sur- Guide
face (typically the collector plane) and the normal to that surface.

Average Average of estimated power output for all valid intervals of Power Check. Guide

estimated power

output

Average Average of measured power output for all valid intervals of Power Check. Guide

measured power

output

Average power Average of estimated power output divided by average of measured Guide

ratio power output (for all valid intervals of Power Check).

Collector array Defined in ISO 9488:2022 [16] as a group of solar collectors that are SO 9488
closely connected in series, in parallel or in combination of both modes,
with one hydraulic input and one hydraulic output.

Collector field This term is not explicitly defined in ISO 24194 but presumably used syn- 1SO 24194
onymously to collector array. For the ISO 24194 Power Check, a collector
field is the technical object for which Power Check is performed. This re-
quires a common power measurement either on the primary or second-
ary side. This document distinguishes between uniform collector fields,
where the application of Power Check is straightforward, and hetero-
genous collector fields, which are not covered in ISO 24194. SunPeek uses
the term (collector) array instead of collector field.

Collector model A collector with distinct name and dimensions, and one set of collector Guide
performance parameters listed in the data sheet (if tested according to a
standard or quality assurance scheme like Solar Keymark).

Collector type As collector types, 1ISO 9488:2022 [16] lists, among other, flat-plate, evac-  1SO 9488/
uated tubular, concentrating and WISC (wind and infrared sensitive col- 1SO 24194
lector) collectors. ISO 24194 mentions single- and double-glazed flat-
plate collector types.

Cosine effect Reduction of the receiving area for beam / direction radiation caused by Guide
the cosine angle 6 formed between the beam solar radiation and the nor-
mal of the collector plane: G, = DNI - cos(6)

Data channel Collection of measured or calculated values associated with a specific Guide

quantity / measurand. For Power Check, all data channels are given as
time series data where each measured value has an associated
timestamp. In CSV (Comma-separated Values) files, the name of a data
channel is usually the column head (e.g., Hemispherical Irradiance, Col-
lector Field Inlet Temperature, Angle of Incidence).
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Term Definition, explanation Basis
Data record Hourly-mean values of a specific 1-hour interval, containing all data chan- 1SO 24194
nels relevant for the measured-estimated comparison (e.g., Ghem, 9a, 95,
9e,...). To make Power Check traceable, the authors of this guide recom-
mend including measured variables, e.g., Gy, and calculated variables,
e.g., 0,01, and explanatory variables, e.g., Kyem (01, 61), when reporting
the (valid) data records, see Figure 37.
Evaluation period  Period from which the valid intervals of Power Check are selected, equal Guide
or a subinterval of the measurement period.
Heterogenous A heterogenous collector field is more complex than a uniform collector SunPeek
collector field field, e.g., due to using multiple collector types, having multiple sub-
groups of collectors connected in parallel or serial, irregular row spacing,
irregular mounting angles, etc. Such cases are not covered in the ISO
24194 Power Check.
Hourly-mean data  Arithmetic averages of (valid) raw data over 1-hour intervals. The ISO 1SO 24194
24194 Power Check requires intervals to start and end at full hours (e.g.,
11:00, 12:00, 13:00, etc.) and assigns the last timestamp of the averaging
interval to the hourly-mean data (e.g., the timestamp 12:00 represents
measurements from 11:00 to 12:00 on that day).
IAM Incidence Angle Modifier I1SO 9806
Measured- Estimated power output divided by measured power output of a Power Guide
estimated Check interval.
power ratio
Measured value  Quantity value representing a measurement (GUM [42]). GUM
(MV)
Measurement (Raw) data obtained by a measurement device. Guide
data
Measurement Data channel originating from a measurement, containing measured val- Guide
data channel ues.
Measurement Period for which data of an installation is logged. Guide
period
PVC Performance Verification Criterion, comparing average estimated power Guide
output to average measured power output as defined in Eq. (2) for all
valid data records.
Plant System using solar energy for the delivery of thermal energy (ISO 1SO 9488
9488:2022 [16]). System and installation are used as synonyms for plant.
A plant can have one or multiple collector fields, which can be uniform or
heterogenous.
POA Plane of Array, as in POA irradiance: Solar irradiance measured or mod- Guide
eled in the plant of the collector field.
QDT Quasi-dynamic test (QDT) procedure according to ISO 9806. ISO 9806
Raw data Data at original sampling rate as recorded from measurement device Guide
(e.g., hemispherical irradiance measured by a pyranometer) or calculated
(e.g., angle of incidence, temperature difference mean collector temper-
ature and ambient air). Some data loggers include basic data quality
checks.
Sampling rate Length of time interval for which the data is acquired and stored (logging 1SO 24194
time).
Sensor Element of a measuring system that is directly affected by a phenome- GUM
non, body, or substance carrying a quantity to be measured (GUM [42]).
A sensor is typically associated with a data channel but may require addi-
tional sensor properties to make use of the measured value.
Sensor mapping Linking measurement data channels with input slots for computations as  SunPeek

part of the SunPeek plant configuration.
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Term

Definition, explanation

Basis

Sensor properties

Specifications of a Sensor, e.g., tilt and azimuth of an irradiance sensor, to
interpret / process its measured values.

SunPeek

Sensor type

Sensor category associated with a measurement data channel in Sun-
Peek, determines allowed physical units and data replacement scheme.

SunPeek

Uniform collector
field

Collector field consisting of one collector model with a geometrically uni-
form arrangement, i.e. same mounting (tracked or fixed with constant tilt
and azimuth) and row spacing with a rectangular shape on a plane. If no
external shading occurs, collectors within rows can be assumed to receive
similar irradiance levels. For the ISO 24194 Power Check, uniform collec-
tor fields have one set of efficiency parameters to be used in Formulas 1—
3. The application of ISO 24194 is straightforward in this case. This term
“uniform collector field” can be used as a modeling abstraction. For ex-
ample, a heterogenous collector field where the collectors have different
mounting angles could be split into two uniform collector fields.

SunPeek

Valid interval /
Valid data record

Data record fulfilling the data filtering criteria of Power Check.

ISO 24194

Valid data point

In ISO 29194, this term is presumably used synonymous with “valid data
record”. The authors of this guide suggest depreciating this term.

ISO 24194

Valid raw data

Raw data after applying data quality checks. SunPeek excludes physically
impossible values and replaces measurement values sightly outside phys-
ically possible limits that might occur due to measurement uncertainties.

Guide

Virtual Sensor

Similar to a Sensor but not related to a measuring system. Its values are
calculated based on other (virtual) sensors and optionally on parameters.
Used in SunPeek to replace missing sensors or calculate required inputs
for subsequent analysis like solar position, or internal (row-to-row) shad-
ing of collector rows.

SunPeek

SST

Steady-state test (SST) procedure according to I1SO 9806.

ISO 9806

WISC

Wind and infrared sensitive collector. WISC refers to a collector type that
is particularly sensitive to wind and/or infrared radiation like uncovered
co-generating / PVT and solar air heating collectors (as opposed to flat-
plate, evacuated tubular, concentrating collectors).

ISO 9488 /
ISO 9806
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G.2. List of symbols

Where available, the symbols follow the conventions in ISO 24194:2022 [1], ISO 9806:2017 [2] and ISO
9488:2022 [16]. The amendment ISO 24194/Amd 1:2024 [46] corrects incorrect symbols from ISO
24194:2022; the corrected symbols are used here. Explanations and deviations in the description are
marked in square brackets to improve readability. The column “Basis” in Figure 27 indicates where the
term was originally introduced or where it is prominently used (“Guide” refers to this document).

Table 27. List of Symbols used in this guide.

Symbol Description Basis Unit
App Aperture area of collector as defined in ISO 9488 ISO 9844/  m?
ISO 9806

Ag Gross area of collector ISO 24194 m?

Agr Gross area of collector field ISO 24194 m?

a, Heat loss coefficient at (9,,, — 9,) =0 ISO 24194 w
[Denoted a, g in 1SO 24194] m?-K

a, Temperature dependence of the heat loss coefficient ISO 24194 w
[Denoted T, in 1SO 24194] m?K?

as Wind speed dependence of the heat loss coefficient ISO 24194 J
[Denoted v, in 1SO 24194] m?K

Qay Sky temperature dependence of the heat loss coefficient ISO 24194 -
[Denoted Tg in ISO 24194]

as Effective thermal capacity. In some literature and data sheets  1SO 24194 J
denoted as C.¢ with unit kj/(m? - K). m?-K

ag Wind speed dependence of the zero-loss efficiency ISO 24194 s/m
[Denoted v in ISO 24194]

a; Wind speed dependence of IR radiation exchange ISO 24194 w
[Denoted vyR in ISO 24194] m?-K*

ag Radiation losses dependence ISO 24194 w

m?2-K*4
(o Specific heat capacity of heat transfer fluid ISO 24194 J
kg-K

Cr Geometric concentration ratio ISO 24194 —

DNI Direct Normal Irradiance ISO 24194 W/m’*
[denoted Iy in ISO 24194]

E;. Longwave irradiance (1 > 3 pum) ISO 9806 W/m’*

fmodel Factor accounting for model uncertainty in Harmonized Guide -
Power Check Model

fo Safety factor for other uncertainties, e.g., non-ideal condi- ISO 24194 -
tions such as non-ideal flow distribution and unforeseen heat
losses — and uncertainties in the model / procedure itself.

fr Safety factor for heat losses from pipes etc. in the collector ISO 24194 -
loop

feate Mathematical product based on the individual safety factors ISO 24194 -
fe: fus fo

fu Safety factor for measurement uncertainty ISO 24194 -

funcertamty Factor accounting for measurement uncertainty in Harmo- Guide —
nized Power Check Model

Gy Direct solar irradiance (beam irradiance) on the plane of col- ISO 24194 w/m’
lector

Gy Diffuse solar irradiance on the plane of collector ISO 24194 W/m’
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Symbol Description Basis Unit

Gy Hemispherical solar irradiance on a horizontal plane ISO 9488 W/m’*
Ghem Hemispherical solar irradiance on the plane of collector ISO 24194 w/m’
K, (61, 61) Incidence angle modifier for direct solar irradiance ISO 24194 -
Ky Incidence angle modifier for diffuse solar radiation ISO 24194 -
Kpem (61, 01)  Incidence angle modifier for hemispherical solar radiation ISO 24194 -
L Length of a collector [from bottom to top as stated in ISO ISO 9488 / m
9488, in contrast to Figure 1 in I1SO 24194] ISO 24194
Lyipe Overall Length of the pipe system without collectors ISO 29194 m
pipe Empirical specific heat losses per m pipe ISO 24194 W/m
0 Power output (of a collector field) Guide w
Qestimated Estimated power output (of a collector field) ISO 24194 W
Qmeasured Measured power output (of a collector field) ISO 24194 W
Qpipe Power losses in piping in Harmonized Power Check model Guide w
Qqor Power output of collector of single collector Guide w
Qsp.min Minimum measured specific power output (assuming normal  Guide W/m’
operational behavior) relative to gross area of collector field
Agr
Oror Total measured power output for plants with multiple collec-  Guide W/m*
tor fields, i.e. Qior = Q1 + Q,
S Collector row spacing: Distance between bottom of collectors  1SO 24194 m

of adjacent rows [ISO 24194: Spacing center to center in be-
tween adjacent rows]

t Time ISO 24194 S
tend Start of interval (first timestamp with measurement data) ISO 24194 s
Estart End of interval (last timestamp with measurement data) ISO 24194 s
T, Absolute ambient temperature ISO 9806 K
u Surrounding air speed (wind speed). Measured 1 to 3 meters ISO 24194/ m/s

above highest point of collector field in ISO 24194, measured SO 9806
in collector plane in ISO 9806

14 Volumetric flow rate ISO 24194 m’/s

Viipe Volume of piping Guide m?
Weight to calculate unknown temperature within heteroge- Guide -
neous collector fields

B Collector (field) tilt angle: Angle between the horizontal plane  1SO 24194 °

and the collector plane [ISO 24194: Slope (or tilt), the angle
between the plane of the collector and the horizontal]

y Collector (field) azimuth angle [ISO 24194: Surface azimuth ISO 24194 °
angle, the deviation of the projection on horizontal plane of
the normal to the surface from the local meridian, with zero
due south, east negative and west positive]

£ Volumetric concentration of anti-freeze heat transfer fluid Guide %vol

Nob Peak collector efficiency (1, at 9,,— 9, = 0 K) based on beam ISO 24194 —
irradiance Gy,

70,hem Peak collector efficiency (1o pem at U= 9Y,= 0 K) based on ISO 24194 —
hemispherical irradiance Gy

6 Angle of incidence ISO 24194 -

0, Longitudinal angle of incidence: angle between the normalto  1SO 24194 °

the plane of the collector and incident sunbeam projected
into the longitudinal plane
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Symbol Description Basis Unit

O min Threshold for sun elevation where external shading occurs Guide °
Osun Sun elevation (sun altitude angle) Guide °
O Transversal angle of incidence: angle between the normal to ISO 24194 °

the plane of the collector and incident sunbeam projected
into the transversal plane

) Temperature Guide °C
Y, Ambient air temperature ISO 24194 °C
Y Collector [field] inlet temperature ISO 24194 °C
R Collector [field] outlet temperature ISO 24194 °C
Floss Reference temperature for pipe losses (ambient air, ground).  Guide °C
Y Mean temperature of heat transfer fluid in collector loop ISO 24194 °C
Yop Mean operating temperature relevant for pipe losses Guide °C
Yy Collector field temperature at position x within array or inter-  Guide °C
field multiple arrays
p Density of heat transfer fluid [at measurement position] Guide m3/s
o Stefan-Boltzmann constant ISO 9806 w
m*K*4
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