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Abstract

This thesis presents an enhanced dynamic performance evaluation method for line-
concentrating solar thermal collectors. Due to its dispatchability and large storage ca-
pacity, concentrating solar power is considered of high relevance in the future renewable
energy mix for both, electricity generation and industrial process heat supply. To fully
exploit this potential and legitimize investments within this sector, a reliable and mean-
ingful performance testing is essential. Dynamic testing is especially useful for outdoor
testing, particularly on-site, lacking of laboratory facilities and therefore requiring in situ
measurements. Those complex test conditions prevail for systems of larger dimensions
such as line-concentrating collectors. A flexible, dynamic performance evaluation method
allows for a significant reduction of testing time, effort, and consequently costs. Steady-
state operating requirements do not have to be fulfilled as demanded in the currently
valid and widely accepted testing standard ISO 9806:2013.

For this reason, the present thesis comprehensively addresses diverse aspects of dy-
namic in situ performance testing. Among smaller features, the elaborated approach in-
cludes a quality assessment of the evaluation results in terms of confidence computations.
This is commonly not available for thermal collector testing so far. Besides, the thesis com-
prises an elaborate guideline for the proper selection of measurement instrumentation as
well as a detailed proposal of an appropriate testing strategy for line-concentrating col-
lectors. Applying both aspects as recommended, the quality of evaluation results may
be significantly increased. For the first time, the enhanced approach of this thesis ad-
ditionally enables the dynamic evaluation of collectors operating with steam as a heat
transfer fluid. Moreover, the newly advanced testing approach is thoroughly validated
with measurement data. The thesis includes a comprehensive application of the proposed
procedure to diverse test collectors, ranging from small-scale medium-temperature linear
Fresnel collectors to large-scale high-temperature parabolic troughs, including different
heat transfer fluids and receiver designs. The exemplary evaluations of this variety of test
collectors succeed well. They thereby demonstrate the general capabilities and practica-
bility, as well as a broad validity of the developed alternative testing method. It therefore
proves to be a powerful and beneficial extension of the current testing standard to more
complex test situations. Flexible and simultaneously reliable certification procedures are
considered crucial for the further establishment of solar thermal technologies and their
global acceptance.
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Kurzfassung

Die vorliegende Arbeit stellt eine erweiterte dynamische Auswertungsmethodik fiir die
Leistungsmessung von linienkonzentrierenden Solarthermiekollektoren vor. Die konzen-
trierende Solarthermie ist aufgrund ihrer grofRen Speicherfidhigkeit und Regelbarkeit von
grofer, weltweiter Bedeutung fiir eine zukiinftige, regenerative Energieversorgung, ins-
besondere in den Bereichen der Stromerzeugung sowie der industriellen Prozesswirme.
Um dieses Potential vollstdndig zu erschlief3en und Investitionen in diesem Bereich zu le-
gitimieren, ist ein verlassliches und aussagekraftiges Testen der Leistungsfahigkeit solcher
Systeme essenziell. Dynamische Testmethoden sind dabei speziell fiir Au8entests vor Ort
sehr hilfreich, da fiir diese Testbedingungen keine Laboranlagen zur Verfiigung stehen
und daher in-situ Messungen erforderlich sind. Besonders in grof3en Systemen, wie sie
bei linienkonzentrierenden Kollektoren {iblich sind, herrschen diese komplexen Testbe-
dingungen vor. Eine flexible, dynamische Auswertungsmethode erlaubt es, die Testzeiten
und entsprechend die Kosten der Tests deutlich zu reduzieren. Stationére Betriebsbedin-
gungen sind dabei nicht erforderlich, im Gegensatz zu den Anforderungen der momentan
giiltigen und weit akzeptierten Testmethode der Norm ISO 9806:2013.

Aus diesem Grund werden in vorliegender Arbeit verschiedene Aspekte einer dyna-
mischen in-situ Auswertungsmethode vorgestellt. Neben kleineren Bestandteilen beinhal-
tet das erweiterte Auswertungsverfahren eine Qualitdtsbewertung der Testergebnisse in
Form von Konfidenzintervallen. Diese Berechnungen sind fiir gewohnlich bei thermischen
Testmethoden bisher nicht verfiigbar. Dariiber hinaus beinhaltet die Arbeit einen ausfiihr-
lichen Leitfaden zur Auswahl geeigneter Messtechnik und eine detailliert ausgearbeitete
Versuchsplanung. Die Umsetzung der daraus resultierenden Empfehlungen kann die Qua-
litdit der Auswertungsergebnisse deutlich verbessern. Der Auswertungsansatz erlaubt es
zudem zum ersten Mal direkt-verdampfende Kollektoren unter dynamischen Bedingun-
gen zu testen. Die erweiterte Testmethode ist umfassend mit Messdaten validiert. Die Ar-
beit beinhaltet daher eine breite und umfangreiche Anwendung der erarbeiteten Auswer-
tungsmethode auf diverse Testkollektoren. Diese reichen von kleineren linearen Fresnel-
Kollektoren im Mitteltemperaturbereich bis zu grol3en Hochtemperatur-Parabolrinnen,
die unterschiedlichste Warmetrdgermedien und Receiverdesigns aufweisen. Die exem-
plarischen Auswertungen dieser Vielzahl an Testkollektoren gelingen erfolgreich. Damit
bestdtigen sie die allgemeingiiltige Funktionsweise und Anwendbarkeit der erarbeiteten
alternativen Testmethode. Das neue Testverfahren stellt somit eine leistungsstarke und du-
BRerst wertvolle Erweiterung der aktuellen Testnorm auf komplexe Testbedingungen dar.
Ein flexibles und gleichzeitig verlassliches Zertifizierungsverfahren wird als unabdingbar
erachtet fiir die zukiinftige Etablierung der Solarthermie-Technologie und deren globaler
Akzeptanz.
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Chapter 1 .

Introduction

B 1.1 Motivation

Scarcity of fossil resources, energy security, and climate change are forcing communities,
states, and companies worldwide to pursue alternatives to the conventional power gen-
eration. At the latest with the Paris Agreement of the UN Climate Conference (COP21)
in 2015, limiting global warming and mitigating climate change has become interna-
tionally aware and compulsory. To meet the current EU and national targets, renew-
able energy resources—mainly solar, wind, biomass, hydro, and geothermal energy—
will play an important role in the world’s future energy mix. However, technologies like
Photovoltaic (PV) or wind energy are subject to strong fluctuations due to weather and
daytime. As they additionally have a low energy storage potential, they are currently not
suited to provide base load power. One key benefit of Concentrating Solar Power (CSP)
represents its dispatchability due to large storage capacities of thermal energy in compar-
ison to electric energy. Thereby, CSP is able to provide energy at clouded time periods or
at night. [Teske and Leung, 2016]

The CSP technology is based on the principle of focusing incoming solar radiation
on a specific absorber. Figure 1.1 shows the different technologies currently available.
A distinction is made between point-focusing and line-focusing systems: solar towers as
well as parabolic dish systems concentrate the available solar radiation onto a focal point,
whereas Parabolic Trough Collectors (PTCs) or Linear Fresnel Collectors (LFCs) focus the
sun light onto a receiver tube in form of a focal line. Depending on the implementation
and type of construction, the systems may provide different levels of working tempera-
tures. According to the temperature level and other characteristics, different heat transfer
media are used: pressurized water, thermal oil, and currently molten salt are the com-
monly used fluids. Higher efficiencies may be reached with the direct evaporation of
water—so-called Direct Steam Generation (DSG)—in the receiver, because the produced
steam may directly be fed to the steam network or turbine and therefore no additional
heat exchanger is required. [Lovegrove and Stein, 2012, pp. 3-7,17]

Concentrating collectors can be designed in two different scales. Large-scale collec-
tors are implemented in larger solar fields for electricity generation, whereas small-scale
collectors are used for industrial process heat integration. Apart from their scalability, also
their modularity makes line-concentrating collectors particularly suited for the integration
into industrial processes. By a flexible connection of the collector modules in parallel or
series, the generated power or heat of the system may be easily adapted to the required
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Figure 1.1: Overview of different CSP systems. Upper left: linear Fresnel collector
(© DLR/Novatec), upper right: solar tower (© NARED/Abengoa), lower left: parabolic trough
(© Schott AG), lower right: parabolic dish (© DLR).

demand. Heat generation in general represents 56 % of the final energy consumption in
Germany. For industrial process heat, 21 % of the final energy consumption are required
[Lauterbach et al., 2012]. Worldwide even 24 % of the final energy consumption are used
for the heat generation in industrial processes [Horta et al., 2017]. For the reduction of
CO, emissions, the energy statistics show the important role worldwide of renewable heat
supply in general and small-scale CSP in particular, as these systems are able to provide
the required working temperatures between 100-400 °C.

One important requirement for all CSP systems is a high direct solar irradiation over a
long period of time within the year. Therefore, CSP facilities are only meaningful to be in-
stalled in sunny regions with semi-arid climate characterized by few clouds and clear sky.
Figure 1.2 depicts the yearly sum of available direct solar irradiation worldwide. Regions
marked in yellow show a high potential for CSP with a large offer of solar radiation—
such as southern Spain, California, the Sahara region, Chile, South Africa, and Australia.
Even though the CSP technology has expanded rapidly in the last ten years converting it
from a newly introduced to a reliable energy generation solution, the installed capacity
worldwide only amounts to around 4.9 GW (as of December 2015). Nevertheless, the
potential of CSP is estimated far greater. In a moderate development scenario, the solar
thermal power capacity is estimated to reach around 20 GW in 2020 [Teske and Leung,
2016].
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Figure 1.2: Worldwide available yearly sum of Direct Normal Irradiance. High po-
tential regions are marked in yellow with DNI values > 2200 kWh/ m? (© Meteonorm).

To fully exploit this potential, to establish and to increase the market penetration of
this emerging technology, as well as to legitimize investments within this sector, a reliable
and significant performance evaluation is essential. A dependable performance test sets
the basis for a further development of the collector technology, as design and material im-
provements directly translate to increased efficiency or lower production costs. Moreovet,
reliable performance evaluation provides indicators for meaningful comparisons between
collectors, which plays an important role for diverse aspects of standardization and certi-
fication. A quality label (such as the Solar Keymark [CEN and CENELEC, 2006]) creates
transparency and comparability of the involved technologies, increases trust, and raises
fair competition, resulting in a grown ambition to innovation.

Parabolic Trough Collectors (PTCs) as line-focusing systems currently represent the
most common of the CSP technologies, being commercially installed since the early
1980s. Nevertheless, they still present a less established technology compared to low-
temperature solar thermal collectors. Only since 2013, the currently valid and widely
accepted testing standard ISO 9806 [ISO 9806, 2013, 2017] ! also includes concentrat-
ing solar collectors within its scope of application. However, its content was not specifi-
cally adapted to concentrating technologies and therefore the testing standard is not fully
applicable to concentrating collectors in general.

Concentrating collectors exceed the dimensions of standard low-temperature collec-
tors by far. Accordingly, laboratory testing is hardly feasible for these types of collectors,
requiring outdoor testing instead. In outdoor test facilities, steady-state measurement
conditions as demanded in the indoor labs are very time consuming to fulfill, because
ambient conditions like ambient temperature and solar irradiance cannot be controlled.
Therefore, an alternative testing method based on a quasi-dynamic testing approach has
been included in the testing standard ISO 9806:2013. It allows for dynamically varying

!Note that during the preparation until the submission of the present thesis, the international testing
standard ISO 9806 in its version of 2013 was valid. Up to the final date of publication, a new version of
the international standard ISO 9806:2017 was published—with its European EN and German DIN versions
still pending. The work of the present thesis is therefore based on the testing standard ISO 9806:3013.
Major parts of this version correspond to the updated version ISO 9806:2017 with slight adaptations and
extensions, which do not significantly affect the general procedures referenced within the present thesis.
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Figure 1.3: Aim and potential of dynamic in situ performance evaluation. The il-
lustration focuses on development and standardization aspects of concentrating solar thermal
collectors.

ambient conditions, but requires the inlet temperature and mass flow rate to be in steady
state (yielding the naming of ‘quasi-dynamic’). Nonetheless, these outdoor measurements
are very cost-expensive, since they require large heating and cooling capacities to ful-
fill the steady-state operating requirements. Moreover, concentrating solar collectors are
preferably and more appropriately tested within larger systems (as they are installed for
their actual purpose), in modules, collector loops, or complete solar fields. These facilities
are mostly put up at the production site of the manufacturer or at the final installation
site of the end user. On-site performance testing requires an adapted recording and eval-
uation of in situ measurement data, which mostly demands a more flexible evaluation
of dynamic measurement data under unsteady ambient and operating conditions. Fig-
ure 1.3 summarizes the aim and potential of performance evaluations based on dynamic
in situ measurements.

Against this background the need for a fully dynamic performance evaluation proce-
dure for concentrating solar thermal collectors becomes evident. This thesis addresses this
particular aspect of enhanced dynamic in situ performance testing of line-concentrating
collectors. Among smaller features, the elaborated approach includes a quality assess-
ment of the evaluation results, which is commonly not available for thermal collector
testing so far. Besides, the thesis comprises a comprehensive guideline for the proper se-
lection of measurement instrumentation as well as a detailed proposal of an appropriate
testing strategy for line-concentrating collectors. Applying both aspects as recommended,
the quality of evaluation results may be significantly increased. For the first time, the en-
hanced approach of this thesis additionally enables the dynamic evaluation of collectors
operating with steam as a heat transfer fluid.

The basis of the methodology can be applied to point-focusing systems as well, but
the below introduced performance evaluation procedure focuses on line-concentrating
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systems in general. As the recent technology of linear Fresnel collectors (LFCs) is less
investigated than the one of parabolic troughs, several characteristics and particularities
of LFC testing are specifically discussed within certain chapters of this thesis.

B 1.2 General Structure of This Thesis

To introduce the new performance evaluation method (referred to as the Dynamic Test-
ing (DT) method within this thesis), the corresponding theoretical background is set in
Chapter 2. As a basis for the specific enhancements required for the dynamic perfor-
mance evaluation procedure, the state of the art and theory of dynamic collector testing
with focus on concentrating solar thermal collectors is presented. Moreover, the chapter
includes a summarized description of the used experimental facilities. The test facilities
operating with solar collectors of different type, heat transfer fluid, and size provide a
variety of measurement data for the validation of the proposed testing procedure. In this
way, particular and individual elements of the procedure are validated on the one hand.
On the other hand, the diversity of available measurement data ensures a comprehensive
validation of the complete developed testing and evaluation procedure as a whole.

With the background set, Chapter 3 to Chapter 7 address diverse aspects and ele-
ments of the newly developed performance evaluation procedure. Detailed adaptations
and enhancements of the dynamic testing method are derived, ranging from the general
implementation structure, over direct steam generation, to the statistical assessment of
the test results and including recommendations of appropriate measurement instrumen-
tation as well as testing strategies. Note that the main theory of the general concept for
dynamic performance testing is introduced in Chapter 2, whereas the specific methodol-
ogy of the different elaborated elements are outlined within the corresponding chapters.
This approach is pursued to assure a simple traceability of the structure, logic, and line
of reasoning of the developed dynamic performance evaluation procedure.

The core of the proposed evaluation procedure is based on fitting measurement data
of the test collector to simulation results, as schematically illustrated in Figure 1.4. There-
fore, all developed elements of the enhanced dynamic testing method are related to spe-
cific parts of this fitting procedure. In Figure 1.4, the structure and sequence of the devel-
oped elements are sketched referring to the different chapters of the present thesis where
the particular elements are discussed.

The general adaptation of the dynamic testing method concerning the specific evalua-
tion structure, optimization procedure, and simulation model is derived in Chapter 3. The
initial main premise for the further development of the dynamic testing method consisted
in comparing and thereby validating it to the current state of the art in form of the nor-
mative Quasi-Dynamic Testing (QDT) method. As this method is not directly applicable
for LFCs, an extension of it and its validation is introduced in Section 3.1.

One aspect of a comprehensive testing method lies in featuring a procedure applicable
to collectors operating with different Heat Transfer Fluids (HTFs) such as pressurized
water, thermal oil, and direct steam. Chapter 4 is dedicated to the adaptation of the
evaluation method to DSG.

Dependable and meaningful reporting of test results requires specifications concern-
ing confidence levels and uncertainty bands of the determined parameters. Therefore,
one important element represents the statistical assessment of the evaluation quality. Its
methodology and capabilities are described in Chapter 5.
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Figure 1.4: Investigated and developed elements of the dynamic performance eval-
uation method. Structure and sequence of the developed elements are sketched with respect
to their relation to the DT method.

Measurement data constitute one key element of the testing method. To record sig-
nificant and reliable measurement data, Chapter 6 comprises a guideline on the selection
of proper measurement instrumentation depending on its uncertainties.

Moreover, the information content of the measurement data influences the quality of
evaluation results and consequently determines the representativeness of the test results.
For this reason, Chapter 7 presents the derivation and conclusion of a detailed testing
strategy.

Finally, Chapter 8 includes the validation of the enhanced evaluation procedure to
measurement data. It provides a comprehensive and general application of the newly
advanced testing procedure to diverse test collectors ranging from small-scale medium-
temperature linear Fresnel collectors to large-scale high-temperature parabolic troughs,
including different heat transfer fluids and receiver designs. Thereby, the enhanced dy-
namic evaluation method is validated as a whole, proving its capabilities and practicability
in terms of meaningful and reliable performance testing.

In the closing Chapter 9, overall results are summarized and concluded, allowing for
the proposal of a comprehensive, consistent, and representative dynamic performance
evaluation procedure.
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General Concept and Experimental
Facilities

B 2.1 Literature Overview on Collector Testing Procedures

A detailed literature screening was compiled and already published in Hofer et al. [2016].
Wide parts of the following section correspond to this publication, with some paragraphs
summarized, modified, or extended. The literature overview showed a multiplicity of
different publications in the field of solar-thermal collector testing procedures. For this
reason, the screened publications with their respective testing procedures were divided
into two aspects: their testing methodology on the one hand and their application on
the other, allowing a more structured and traceable comparison of the different testing
methods. In Figure 2.1, the detailed literature review is summed up according to the
introduced categories. The methodologies are grouped into Steady-State Testing (SST),
Quasi-Dynamic Testing (QDT) and Dynamic Testing (DT), whereas the application of the
published testing procedures is classified into non-tracking (stationary) collectors, track-
ing concentrating collectors, and large solar fields of tracking concentrating collectors.
The upper part of Figure 2.1, highlighted in light blue, shows that the majority of
publications in the field of collector testing deals with non-tracking collectors. In this
area, numerous testing and evaluation procedures have been published. For clarity rea-
sons, publications of steady-state testing for non-tracking collectors have not been listed,
as they are plenty and of less interest concerning testing procedures for concentrating
collectors. Especially the quasi-dynamic testing procedure was investigated, adapted,
and applied in several publications for different technologies, mainly based on the work
done by the research group of Perers (e.g., see Perers [1993, 1997]). Moreover, the QDT
method represents one of the proposed testing methods within the current testing stan-
dard ISO 9806 [2013]. As a counterpart to the QDT procedure, the dynamic testing
method was firstly introduced by Muschaweck and Spirkl [1993], containing a more so-
phisticated collector simulation tool with the benefit of less restrictions in measurement
data. The QDT method is based on a linear collector equation and quite strict boundary
conditions, which allows the use of Multiple Linear Regression (MLR). In contrast, the
DT method is based on different kinds of specific (dynamic) collector simulation mod-
els, allowing the evaluation of less restricted measurement data in terms of varying inlet
temperatures, mass flow rates, and solar irradiance. Consequently, the use of dynamic
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Figure 2.1: Summary of published testing and evaluation procedures with focus on
concentrating solar collectors. Overview on state of the art of testing procedures in literature,
differentiating between the type of testing method (steady-state, quasi-dynamic and dynamic)
and its application (to non-tracking collectors, tracking concentrating collectors and solar fields).
[adapted from Hofer et al., 2016]

models requires a combination with more complex optimization algorithms, consisting,
for example, of a non-linear least-squares minimization approach or others. A comparison
of both mathematical approaches by Fischer et al. [2003] showed that they are equivalent
in their results, least-squares minimization only being more flexible in its application. An
approach in-between QDT and DT is presented by Kong et al. [2012b]. It uses the MLR
of the quasi-dynamic procedure with an enhanced linear collector equation, allowing for
more dynamic measurements data. However, this approach is still reliant on some degree
of steady-state data [see Kong et al., 2012a,b; Xu et al., 2012]. Additionally, numerous
(quasi-) dynamic testing methods have been presented, differing in their specific physi-
cal, mathematical, or data collecting approaches. A detailed overview and comparison of
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(quasi-) dynamic testing methods in the field of non-tracking collectors can be found in
Kong et al. [2012a] and Nayak and Amer [2000].

In the area of tracking concentrating collectors, the American testing standard ASTM
E 905 - 87 [2007] is based on steady-state testing. Even a guideline for the acceptance
testing of parabolic trough solar fields is based on steady-state measurements [Kearney,
2011]. Another approach of steady-state testing was applied for measuring the perfor-
mance of large parabolic trough collectors [Valenzuela et al., 2014]. It is currently con-
sidered as a first reference approach for the proposal of a national standard in the Spanish
National Committee AENOR' [see Sallaberry et al., 2016] and will be an input for dis-
cussion in the International Committee IEC TC? 117 (Solar thermal electric plants). Nev-
ertheless, these testing procedures are either very time consuming or (if not the latter)
mostly not comprehensively characterizing the collector or field performance, because
they are limited to particular conditions (high solar irradiance, normal incidence at solar
noon etc.).

In Figure 2.1, the testing standard ISO 9806:2013 is marked with dotted lines in the
area of tracking concentrating collectors, as it is not fully applicable to all concentrating
collectors without modifications. Publications in this field show that the QDT method is
successfully applied particularly for small-scale parabolic trough collectors (marked with
an S), because restrictions to measurement conditions can still be met [see Fischer et al.,
2006; Janotte et al., 2009]. On this account, for a global characterization of large-scale
collectors (marked with an L), either parabolic trough or linear Fresnel, mainly the dy-
namic testing method is applied, as with higher working temperatures, energy loads to
be cooled to meet steady inlet conditions cannot be fulfilled easily. In particular, for the
characterization of linear Fresnel collectors due to their special optical characteristics in
terms of a two-dimensional Incidence Angle Modifier (IAM), new approaches by dynamic
parameter identification [Platzer et al., 2009; Hofer et al., 2015a] or modifications to the
QDT methods are inevitable (compare with Hofer et al. [2015a] and Section 3.1). This
approach is pursued and developed within the present thesis. Xu et al. [2013, 2014]
enhanced the QDT method for parabolic trough collectors, based on the work of Kong
et al. [2012b], to be able to evaluate dynamic measurement data for these larger sys-
tems. However, the determined parameters of this new method do not correspond to any
physical meaning, precluding a specific characterization of optical and thermal collector
performance. This implies that the different identified parameters do not have a meaning
on their own. Consequently, this approach is rather useful to evaluate the general energy
output and system efficiency over a wider time span instead of balancing instantaneous
collector power outputs.

Apart from the steady-state guideline for the acceptance testing of solar fields, there
are few publications presenting a more sophisticated characterization and acceptance
testing of parabolic trough solar fields based on dynamic testing procedures [see Janotte,
2012; Janotte et al., 2012, 2014]. Quasi-dynamic testing is rarely applied to large collec-
tors or solar fields, which might be an indication that the QDT method with its restriction
in measurement data is not entirely suited for the performance evaluation of larger sys-
tems.

With the existence of testing standards for non-tracking collectors (in Figure 2.1 high-
lighted area in light blue) and for steady-state testing procedures (in Figure 2.1 high-

! Asociacién Espafiola de Normalizacién y Certificacién
2International Electrotechnical Commission Technical Committee
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Table 2.1: Survey results concerning different currently used evaluation procedures
and their specific application. The survey differentiates between testing method, collector
and system under test, and heat transfer fluid used. [adapted from Hofer et al., 2016]

Category Type Share
Testing method SST 8%
QDT 67 %
DT 25%
Evaluated collector type  parabolic trough 83%
linear Fresnel 25%
non-tracking collectors 33%
System under test solar collector 83%
solar field 33%
Heat transfer fluid used  thermal oil 67 %
pressurized water 50%
molten salt 8%
direct steam (SST) 16%
direct steam (DT) 0%

lighted area in light orange), standardization in the area of dynamic testing procedures
for tracking concentrating solar collector and fields is still lacking, while research and
its publication is existing but scarce. To get a more comprehensive overview on cur-
rent testing approaches, a survey on (not necessarily published) currently implemented
dynamic testing and evaluation procedures was conducted within the European project
STAGE-STE? (for more information see Hofer et al. [2016]). According to the list of par-
ticipants, the survey was particularly concentrated on research institutions and relevant
industries focused on tracking/concentrating solar thermal collectors and fields, as the
literature review showed a gap of publications in this area (see right bottom part of Fig-
ure 2.1). Within the ten participants, the characteristics of 12 different testing/evaluation
procedures were analyzed. Table 2.1 summarizes the general aspects of the different eval-
uation procedures.

The results show that around 67 % of the evaluation procedures are based on a quasi-
dynamic testing approach. 25% are based on dynamic testing procedures and 8 % are
only able to evaluate in steady-state measurement conditions. They furthermore show
that the majority (83 %) of the evaluation procedures are used for the characterization of
parabolic trough collectors, whereas only 25 % are used for linear Fresnel collectors and
33% for non-tracking medium temperature collectors*. 83 % of the evaluation meth-
ods are designed for solar collector evaluation, only 25 % can be applied to solar fields.
Concerning the used heat transfer fluid for the characterization of the systems, mainly
thermal oil (67 %) and pressurized water (50 %) are used, whereas only 8 % of the eval-
uation methods are performed with molten salt. A performance evaluation with direct
steam based on a dynamic measurement approach does currently not exist within the
partners of the survey. 16 % indicate that performance evaluation based on steady-state
measurements can be performed. The figures show that the most commonly used eval-
uation method is designed for parabolic trough collectors operating with thermal oil or
pressurized water. A reason why the evaluation methods can rarely be applied to other

3Scientific and Technological Alliance for Guaranteeing the European excellence in concentrating Solar
Themal Energy

“The percentages do not add up to 100% as there are several methods that can be used for several
collector types.



2.2. Basic Concept of Testing Procedures W 11

collector types and heat transfer fluids may have to do with their lower prevalence on
the one hand. The complexity and peculiarities linked to these systems under test may
be of significant influence on the other hand, requiring more elaborate and sophisticated
evaluation procedures.

All in all, both analyses—literature review and survey—showed the same tendency:
the quasi-dynamic evaluation procedure according to the testing standard ISO 9806:2013
is mainly used in the context of tracking concentrating collectors for the performance as-
sessment of parabolic trough collectors operating with thermal oil or pressurized water.
These common solar systems can be evaluated with minor adaptation to the testing stan-
dard. Nevertheless, evaluation procedures focusing on in situ measurements in solar fields
or collectors are scarce and complex. The same applies for an evaluation of linear Fresnel
collectors or other systems operating with non-common heat transfer media like molten
salt and direct steam. Since those are still presenting testing-wise challenging systems un-
der real test conditions, a more sophisticated evaluation procedure such as the dynamic
testing method is likely to be better suited. In terms of testing standardization, the DT
method may present a considerable alternative to overcome the limitations of the norma-
tive QDT procedure and assure a reliable and comparable in situ performance assessment
of large concentrating solar systems. The high relevance and potential of the DT method
for the performance evaluation of concentrating collector represents the foundation and
starting point of the present thesis. Its objective is the development of a comprehensive,
viable, and therefore representative testing procedure, especially with respect to linear
Fresnel systems, larger solar fields, and systems operating with direct steam.

B 2.2 Basic Concept of Testing Procedures

The main approach pursued in collector testing consists in balancing inputs and outputs of
the system under test, that is, the measuring of internal (process) and external (ambient)
properties and thereof derive the performance of the system. For the system under test,
the boundaries have to be clearly defined. They may consist of a single collector, module,
row, or entire solar field. The defined boundaries of the system determine the location
of the measurands of input and output quantities and eventually influence the derived
overall performance. Different models exist to deduce the system performance by means
of a thermal characterization. The primary methods used within the present thesis are
the QDT and the DT method.

The basic concept of thermal characterization lies in the derivation of empirical, sum-
marized performance correlations from thermal-hydraulic measurement data. This means
that the derived (also called identified) performance parameters represent aggregated
values, including numerous (known, as well as several not specifically known) effects in
one parameter value. It therefore represents the contrary approach to physical model-
ing, where it is attempted to describe and reproduce detailed physical effects by means
of sophisticated or simplified physical relations. For this reason, many product properties
concerning geometry and material (such as, e.g., optical and thermal behavior) need to
be included. Because they are deduced from specific measurements, the included prop-
erties show some degree of uncertainty. In many cases, particular component data is
even not directly measurable and has to be estimated. The physical modeling approach is
particularly suited for the product development, allowing detailed studies on specific ef-
fects as well as providing essential and valuable information for plausibility checks. Apart
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from these plausibility checks, physical modeling, however, is not meaningful to apply for
testing purposes. In collector tests, the overall product characteristics (such as efficiency,
durability, expediency, and so forth) are examined. The products are therefore treated as
a black box, where specific details are not considered of particular interest but rather the
overall performance.

B 2.2.1 Quasi-Dynamic Testing QDT

The quasi-dynamic testing method represents one of the proposed testing procedures an-
chored in the current testing standard for solar thermal collectors ISO 9806 [2013]. It
uses a quasi-dynamic (i.e., a semi-steady, which is not fully dynamic nor fully steady-state)
approach by describing the thermal-hydraulic collector behavior by means of a one-node
collector equation with the following simplified form for concentrating collectors [ISO
9806, 2013, p. 62, adapted to the nomenclature of the present thesis]
) m-c, (Tou —T;
% =T o =Mo,p - Kp(V;") - Gpr + Moyp - Ky - Ga—

p AAp 2.1

—C1- (Tm - Tamb) —Ca- (Tm - Tamb)z —Cs - %:
where the collector power output Q—depending on the mass flow rate ri, specific heat
capacity ¢, and temperature difference (T, — T;,)—is defined as a function of optical
performance parameters (as 1o p, K;(V;") and K;) and aggregated thermal performance
parameters (as ¢, ¢, and c¢s). The specific meaning of all parameters are explained thor-
oughly in Appendix A. For an exemplary sketch of the balanced system and its measure-
ment points, refer to Figure B.1.

Equation (2.1) shows that the QDT method uses the steady-state equation Q =
mc, AT, including a dynamic capacity term cs to satisfy the potential dynamics of a vari-
ation in solar irradiance G, and hence mean fluid temperatures T,,. Nevertheless, this
approach is only valid if inlet mass flow rates and inlet temperatures of the collector re-
main constant (+1 K in temperature and £2% in mass flow rate). [ISO 9806, 2013, p. 56]

The one-node collector equation can be resolved via MLR, allowing a direct identifi-
cation of the performance parameters of the collector under test (see Figure 2.2(a)). The
QDT method originates from the work of Perers [1993], was put into practice in numer-
ous collector testing and investigations [e.g., Nayak and Amer, 2000; Fischer et al., 2004;
Rojas et al., 2008; Osoério and Carvalho, 2014] and has been adapted continuously [Per-
ers, 1997, 2011]. It therefore represents a widely accepted testing method, thoroughly
checked for practicability and reliable validity.

However, the MLR requires a linear relation between the collector performance pa-
rameters to be determined. These conditions cannot always be met, in particular in the
case of LFCs due to their special optical characteristics in terms of a two-dimensional in-
cidence angle modifier K;,°>. Moreover, in outdoor or in situ measurements—which are
particularly relevant for larger systems as line-concentrating solar collectors—constant in-
let temperatures and mass flow rates are very time-consuming or cost-intensive to fulfill,
if feasible at all. To overcome these restrictions in the evaluation procedure and measure-
ment data as well as to increase the applicability of a testing method for concentrating
collectors, the DT method presents a potentially valuable alternative.

SRemedy is found by an iterative procedure introduced in Section 3.1.
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Figure 2.2: Different approaches of parameter identification. The MLR (a) allows a
direct deduction of the best-fit parameters, whereas the optimization approach (b) requires an
iterative procedure.

B 2.2.2 Dynamic Testing DT

The main benefit of the DT method® represents its higher flexibility in measurement data,
because inlet conditions do not have to be kept constant. In contrast to the QDT, the
dynamic testing method does not use a semi-steady one-node equation but a dynamic
multi-node model instead. Accordingly, the rather simple mathematical MLR approach
is not applicable, which would allow a direct deduction of the best-fit parameters from
measurement data (see Figure 2.2(a)). Alternatively, an iterative parameter identification
method based on an optimization procedure as sketched in Figure 2.2(b) builds the core
of the DT method.

General Procedure

In the dynamic parameter identification method, measurement data is compared to simu-
lation data, which are obtained by means of a collector simulation model. This simulation
model reproduces the dynamics of the collector performance accurately, depending on
so-called model parameters (i.e., the performance parameter of the collector, which are
introduced in detail in Appendix A). The key element of this procedure represents the op-
timization algorithm. According to the deviations between measurement and simulation,
it generates new sets of model parameters until measurement and simulation coincide
best and convergence is reached. The model parameters leading to the convergence are
the actual performance parameters of the collector deduced from thermal measurement
test data. These parameters are also commonly referred to as ‘identified parameters’ or
‘identification results’.

This basic approach of the dynamic testing method for concentrating collectors was
introduced by Platzer et al. [2009]. As a first instance, it only addressed the evaluation
of optical parameters of an LFC, determining the heat loss parameters separately. Ray
tracing’ values were merely used as supporting points, but not required for the evaluation.

5Note that within the present thesis the wording of the dynamic testing method is considered equivalent
to the wording of a dynamic performance evaluation method.

’Physical modeling by tracing the path of sun beams, reproducing effects like reflection, absorption,
transmission, scattering, and so forth.
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However, the procedure was structured in a way that only single measurement days could
be evaluated. The combination of the individual results of the separate days made it
difficult to report consistent final results.

This work built the starting point for enabling a comprehensive testing and evalua-
tion procedure with the initial requirement of processing all available measurement days
collectively in order to determine both optical and thermal performance parameters si-
multaneously in one global evaluation approach. Thereby, a flexible and comprehensive
use of all measurement data and its coherent information is ensured. Furthermore, sev-
eral specific elements were enabled, which will be particularly discussed in the following
chapters.

Specific Implementation

Concerning the specific implementation of the dynamic parameter identification proce-
dure, three different software/programming packages are utilized. For the collector simu-
lation model, the in-house software of Fraunhofer ISE®, ColSim? is used [Wittwer, 1999].
It consists of a multi-node, plug-flow model, based on simplified Navier-Stokes equations,
capable of reproducing highly dynamic scenarios with little computational effort but still
acceptable accuracy [Wittwer et al., 2001]. The detailed physical model and numerical
approach is derived in Appendix C.1. By importing the collector input measurement data
(like inlet mass flow, temperature, irradiance, ambient temperature, etc.), ColSim cal-
culates the outlet temperature of the collector. The difference between simulated and
measured collector outlet temperature currently represents the objective function of the
optimization procedure. More details on the use and adaptation of this objective function
are given in Section 3.2.1 and Section 4.3.

For the optimization procedure, the software package Dakota'’ is implemented
[Adams et al., 2016]. The Dakota toolkit consists of a freeware developed by Sandia Na-
tional Laboratories featuring flexible implementation options with extensible interfaces
between simulation models and iterative analysis methods. Global and local, as well as
gradient-based and gradient-free optimization algorithms are available and easily acces-
sible (for more information see Section 3.2.2).

The linking of the simulation model with the optimization software is accomplished
by several self-developed data processing scripts, implemented in the programming lan-
guage Python and mainly using the packages and libraries of Pandas'', NumPy'? and
Matplotlib'®. Pre-processing is required to edit and transfer measurement data into a
standardized format with consistent units. Moreover, post-processing scripts are carried
out to assess the identification quality of the test results, create confidence intervals and
error bars, as well as plotting and summarizing final results. This structure was succes-
sively developed in parts within the work of Biichner [2014] and Nettelstroth [2015].
More information on the detailed implementation structure of the parameter identifica-
tion procedure are given in Biichner and Hofer [2015] and Nettelstroth and Hofer [2016].

8Fraunhofer Institute for Solar Energy Systems

System Simulation Program for Thermal Systems and Controllers

1°A Multilevel Parallel Object-Oriented Framework for Design Optimization, Parameter Estimation, Un-
certainty Quantification, and Sensitivity Analysis

"http://pandas.pydata.org

2http://www.numpy.org

Bhttp://matplotlib.org
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In this way, the dynamic testing method is capable of using measurement data with-
out specific restrictions in the inlet conditions with varying temperatures, mass flow rates,
and solar irradiance. This allows for an evaluation of dynamic start-up and cool-down
periods of the collector, providing valuable additional information of the collector perfor-
mance. Certainly, this flexibility comes at the cost of higher computational complexity of
the method. Nevertheless, this effort might be worth it with regard to the high potential
of decreasing testing time and effort for concentrating solar collectors. For this reason,
the dynamic testing method is enhanced in order to create a reliable, meaningful, and
viable performance evaluation method. The capabilities of the DT method with respect
to diverse aspects of collector testing and its applicability are proven within the present
thesis, enabling a valuable and comprehensive testing procedure for line-concentrating
collectors in particular as well as solar thermal collectors in general.

B 2.2.3 Collector Performance Parameters

The specific characteristics of the performance parameters to be identified within a ther-
mal collector testing procedure depend on the system under test. The procedure of this
thesis focuses on line-concentrating solar thermal collectors comprising Parabolic Trough
Collectors (PTCs) and Linear Fresnel Collectors (LFCs). Corresponding performance pa-
rameters are commonly divided into optical and thermal properties of the collector. Com-
prehensive explanations, detailed descriptions, and proper definitions concerning the ba-
sics of the systems under test and its specific parameters are elaborately given in Ap-
pendix A. In the context of line-concentrating collectors, the performance parameters
mainly consist of:

e the optical efficiency at normal incidence n,,, o, describing the collector efficiency
at a sun position normal to the aperture area,

e the Incidence Angle Modifier (IAM), characterizing the angular behavior of the col-
lector efficiency depending on the solar incidence,

e as well as the heat loss coefficients uy/u;, defining the thermal heat loss of the
receiver.

Be aware that in the area of CSP, standardized definitions of those parameters are not
yet existent, which are generally valid, widely accepted, and uniformly used. They are,
however, focus of ongoing standardization effort within this community. Especially con-
cerning an appropriate and universally valid definition of the IAM, diverse concepts exist.
Particular caution has to be applied on the specific incidence angles that are used for the
IAM calculation. Furthermore, it has to be checked if particular effects, such as cosine
loss or end loss, are in- or excluded in the IAM. For specific details refer to Section A.2.3.

Within the present thesis, the IAM for PTCs is defined depending on the incidence
angle with the variable K(6;). For LFCs, the two-dimensional IAM is split into a transversal
part K+(07) and longitudinal factor K;(6;5). The corresponding angle definitions are
elaborately explained in Section A.2.3 and schematically depicted in Figure A.3. The
definitions within this thesis are designed in order to adequately cope with the complexity
and diversity of the entire spectrum of solar thermal collectors and avoid inconsistencies.
In case of doubt concerning correct and universal definitions, detailed explanations and
exemplary illustrations are given in Appendix A.
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B 2.3 Evaluated Test Collectors and Their Facilities

Within the work on the further development of the dynamic testing procedure, access was
granted to different facilities of line-concentrating solar collectors. Measurement data of
these facilities were used to validate particular aspects and specific elements as well as the
complete elaborated performance evaluation procedure as a whole. The corresponding
test facilities are referred to by the below introduced nomenclature. The naming con-
siders the type of collector (LFC and PTC) and the heat transfer fluid used (water (w),
direct steam (s) and thermal oil (0)). Furthermore, the test facilities show additional
differences relating to categories like receiver design (evacuated vs. non-evacuated re-
ceiver), scale (small-scale process heat and large-scale solar field collectors), absorber
tube (single vs. multiple tube), operating conditions, and others. The main characteris-
tics of the test facilities are summarized in Table 2.2. Not all data of all test collectors are
fully available to public, because some information is sensitive and underlies confiden-
tiality restrictions. However, for the purpose of the measurement data within the present
thesis—as to a validation of the developed performance evaluation method—no absolute
values are of particular interest. The aim is rather to compare different evaluations (e.g.,
including and not including developed enhancements) in order to show the added value
and practicability of the developed aspects for the testing method. In the following, a
short characterization of the investigated collector test facilities is presented. Schematic
sketches of the evaluated test facilities can be found in Figure B.1 of Appendix B. Note that
hereafter the different facilities are standardly referred to as ‘test collectors’, even though
some facilities are more appropriately characterized as collector modules, field loops, or
solar fields. For the current purpose, a further differentiation is not considered relevant
and therefore neglected. The characterization of the particular systems is based on bal-
ancing the specific inlet and outlet properties of the test collectors distinctly excluding
potential losses of the piping before and after the system.

Test Collector LFC_wl

Measurement data of this LFC test collector operating with pressurized water were
recorded by an in situ measurement campaign at the site of an industry costumer, where
the gained solar heat is lead into an industrial process. High precision and accuracy mea-
surement equipment was selected and installed by Fraunhofer ISE, assuring a high quality
of the recorded test data. The collector was cleaned regularly. Restrictions in operating
conditions limited test data to a small range and low level of fluid temperatures smaller
than 165 °C. The test campaign at LFC_w1 therefore supplied valuable measurement data
for a general validation of the testing and evaluation procedure, especially for an optical
characterization due to a wide range of solar incidence situations. However, small tem-
perature levels coupled with the generally low absorber heat loss of an evacuated tube
inhibit a thermal heat loss determination. For an exemplary illustration of the test facility,
refer to Figure B.1(a).

Test Collector LFC_w2

Test data of this LFC represent the main measurement data basis of the present thesis.
It serves as a comprehensive reference test campaign. In this way, a large amount of
measurement data is available. Furthermore, it facilitates the most reliable data, as direct
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Table 2.2: Main characteristics of the investigated collector test facilities. Measure-
ment data of several test facilities with diverse differences in categories like collector type, receiver
design, geometries, heat transfer fluid, as well as operating conditions are used to validate the pro-
posed performance evaluation procedure.

Test collector LFC_wl LFC_w2 LFC_w3 LFC_s1 PTC_sl PTC_ol
Collector type LFC LFC LFC LFC PTC PTC
Receiver evacuated evacuated non- non- evacuated evacuated
evacuated evacuated
Geometry
Length / m 25 12 20 54 400 600
Width* / m 7.5 8 14 19 5.76 5.76
Height® / m 4 4 8.1 8.1 1.7 1.7
Ayp [ m? 131 75 230 720 2212 3318
Fluid water water water DSG DSG thermal oil
Latitude 49° 48° -26° 43° 37° 39°
Orientation® 17°W 20° W 0° N-S 0.55° W 0° N-S 0° N-S
Cleaning regularly regularly measured measured measured measured
reflectance reflectance reflectance reflectance
Nr. test days 23 73 27 5 9 4
U.(Q)* / kW 0.70 0.53 2.98 11.12 22.37 29.21
Uera(Q)° 1.39% 1.65% 4.54% 4.10% 1.84% 3.94%
Ref. u(sensor)® Table B.2.1 Table B.2.2 Table B.2.3 Table B.2.4 Table B.2.5 Table B.2.6
Operating Conditions
Tin | °C 35-150 10-210 12-190 145-265 180-290 245-280
Toue / °C 45-165 10-225 12-195 150-270 140-310 255-370
titg, / kg s 0.9-1.0 0.5-0.9 2.5-3.1 1.3-2.0 1.0-1.7 3.4-4.2
p / bar 12 25-30 37-42 5-55 12-105 10-14
6r/6;5 wide wide wide little medium little
variation variation variation variation variation variation

* corresponds to collector width in case of LFC and aperture width in case of PTC

¢ corresponds to height of receiver above primary mirrors in case of LFC and focal lengths in case of PTC

© zero due south, clockwise positive, i.e., 17° W = 17° from South to West

< For details on the calculation of the overall, combined uncertainty of the collector power output U,(Q) and
details concerning sensor uncertainty u(sensor), additionally see Chapter 6 and Appendix E.

supervision of the tests was realized. On-site measurements were recorded and operated
by skilled and trained personal of Fraunhofer ISE. Fully traceable operating conditions
could be assured, since malfunctioning and anomalies of the system were dependably
reported. Maintenance of the sensors and collector was continuously ensured. Regular
cleaning as well as soiling measurements guarantee well-defined collector conditions,
reducing the potential of error sources. A large spectrum of solar incidence situations as
well as a wide range and high level of fluid temperatures could be realized. An exemplary
schematic of the test collector is given in Figure B.1(a).

Test Collector LFC_w3

This test collector consists of an LFC prototype installed at a test facility of a research de-
partment of a company. It features a special non-evacuated, multi-tube receiver. There-
fore, measurement data of this collector provided valuable information to demonstrate
the capability of the developed testing procedure with respect to different receiver types,
inducing different magnitudes of heat loss. Collector and facility were not in perfect con-
dition with several broken receiver glass enclosures and broken mirror segments. They
merely result in a higher heat loss and lower optical efficiencies. Because absolute per-
formance values are not of interest, these aspects are not considered relevant for the
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general validation and demonstration of practicability of the testing procedure. By this
test campaign, access to a wide range of temperature levels and solar incidence situa-
tions was provided. The collector was not cleaned, but soiling determined on the basis of
reflectance measurements. Figure B.1(a) exemplarily illustrates the evaluated test facility.

Test Collector LFC_s1

LFC_s1 represents a prototype test facility at a research department of a company. It con-
sists of a large-scale LFC equipped with a non-evacuated receiver operated with direct
steam in recirculation mode with steam drum. Only few measurement data were avail-
able of this collector. It features higher sensor uncertainty, as installed instrumentation
is not designed for testing but rather for control purposes. Due to the limited number
of measurement days, only small variation of solar incidence was provided, inhibiting a
determination of IAM characteristics. Steady-state data as well as dynamic time periods
were available allowing a comparison and validation of the dynamic data evaluation to
results obtained from steady data. As merely a small temperature range was realized, no
explicit determination of heat loss parameters under steady-state is feasible. However,
the evaluation of the optical efficiency is feasible for both and shows the functional capa-
bility of the adaptation of the evaluation procedure to DSG. In addition, heat loss can be
identified on the basis of dynamic data. As the system is well-characterized, measurement
data may adequately be used to validate the extended evaluation procedure to dynamic
compressible fluid flow. For a schematic of the test facility, see Figure B.1(c).

Test Collector PTC_s1

Access was granted within the SFERA-II project'* to the DISS'® facility of the Plataforma
Solar de Almeria in Spain (PSA). The DISS facility is part of a large test facility and
research center on concentrating solar power. It consists of a PTC loop with evacuated
absorber tubes operated with direct steam in different operating modes. The steam loop
has been in operation for more than 15 years and 10.000 operating hours with lots of dif-
ferent test and measurement campaigns perusing different objectives. For more details
on the test loop, see Zarza et al. [2004]; Valenzuela et al. [2005]; Lobdn et al. [2014a].
Numerous studies and investigations using measurement data of the facility were pub-
lished (see, e.g., Bonilla et al. [2012]; Biencinto et al. [2016]; Xu and Wiesner [2015];
Elsafi [2015]). The measurement data of the DISS loop used within the present thesis
consisted of archive measurement data in recirculation mode of the years 2000-2002.
For the validation, data of the evaporation part of the loop (consisting of a 400 m collec-
tor row) and the steam drum were taken. A large amount of different data is available,
with steady as well as specific dynamic process conditions, such as steps in mass flow rate,
Direct Normal Irradiance (DNI) dynamics, rise of inlet temperature, and so forth. There-
fore, measurement data provided a valuable basis for the validation of the extended DSG
simulation model and the adapted evaluation procedure to DSG collectors. A schematic
of the test loop is given in Figure B.1(d).

14Solar Facilities for the European Research Area, for more information see http://sfera2.sollab.eu.
I5Direct Solar Steam
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Test Collector PTC_ol

Measurement data of the PTC_o1 collector were recorded by in situ testing at a PTC solar
field loop operated with thermal oil in a commercial PTC power plant. As a consequence,
merely a small number of data were recorded with standard instrumentation for control
purposes. Nevertheless, the data provided a valuable basis to check the capability of
the evaluation procedure with respect to different kind of heat transfer fluids, system
boundaries, and scales. Figure B.1(b) schematically illustrates the evaluated solar field
loop.
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Chapter 3 .

Specific Aspects of the Dynamic
Testing Procedure

H 3.1 Comparison to the Current Testing Standard

In Section 2.2.2, the overall concept of the newly implemented alternative DT method
was already introduced. To make sure that its general approach is universally valid as
well as equally capable and reliable as the normative QDT method of the testing stan-
dard ISO 9806 [2013], both basic methods were compared to each other as a first step.
Thereby, is was initially ensured that it is reasonable and justified to use and particularly
to further develop the alternative DT method. This comparison is therefore considered a
first basic validation of the general dynamic evaluation procedure. Detailed results of this
first validation were already published in Hofer et al. [2015a]. The comparison verified
the general capability and suitability of the new procedure. The following section is based
on this publication in a summarized and slightly adapted way.

m 3.1.1 Extension of the QDT Method for LFC

In Section 2.2.1, the general form of the one-node collector Equation (2.1) for
concentrating-collectors of the QDT method was presented. For LFCs, optical and
thermal specifics, as comprehensibly explained in Appendix A, have to be included as
follows:

Incidence Angle Modifier
The two-dimensional IAM of linear Fresnel collectors coupled with the staggered
shape of the transversal IAM curve imply the determination of discrete values for
every angle step along both optical axes of the collector. Therefore, K,(V,*) =
Kr(67)-K;(6;5) needs to be included in the collector equation.

Conversion Factor
Since good heat conversion is assumed for concentrating collectors, the conversion
factor is set equal to the optical efficiency at normal incidence with 1y 5 = 1gp o-

Diffuse Irradiance
For concentrating collectors, diffuse irradiance is supposed to be of minor contribu-
tion. The influence of diffuse irradiance was analyzed within Hofer et al. [2015a],
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where the same data basis of collector LFC_wl was evaluated with and without
including diffuse irradiance. Results revealed a mean absolute difference of the op-
tical efficiency over the entire identified angle space of approximately 0.34 %-pts.
With regard to common uncertainty bounds of thermal collector tests (as elabo-
rately derived in Chapter 6), this difference is considered insignificant. For a graph-
ical illustration of the detailed deviations, see Hofer et al. [2015a, pp.90-91]. As a
consequence, the results support the presumption of neglecting diffuse irradiation
in performance evaluations for concentrating collectors with a concentration ratio’
larger than 80. For this reason, K; = 0 is considered in the following.

Including the mentioned specifics of LFCs, the one-node equation takes the form:

A& = Nopt,0 - Kr(07) - K, (015) - Gpn— €1 - AT —cy - AT? —c5 - ddi: 3.1
Ap t

For the stepwise identification of IAM values, an already presented extended MLR ap-
proach was applied as elaborated in Perers [1997]. Due to the two-dimensional fac-
torization of the IAM, however, the standard and extended MLR method cannot be used
directly. The non-iterative fast-matrix approach of the MLR can only be applied to a linear
parameter function with several summands. For a product of parameters to be identified,
such as the case for the optical efficiency of LFCs, the MLR is not suited. Consequently,
the MLR was expanded with an iterative procedure in order to be able to determine the
IAM values for a defined set of discrete angles along both optical axes. Figure 3.1 depicts
a sketch of the developed iteration process.

Starting points for the evaluation can be K;- and K -values obtained by ray tracing
simulations. They even can be calculated from simple geometric approximations (such
as the cosine function), since it could be proven that evaluation results do not depend
on the starting values. These values are then adapted in a stepwise identification pro-
cedure by an iterative approach. In each step, one IAM factor is kept constant (e.g.,
K;(6;s) marked in orange in Figure 3.1) while the corresponding K (61 )-factor (among
the thermal parameters according to Equation (3.1), which are marked in green) is ad-
justed in the identification procedure. After this step, the newly identified K (6 )-values
are held constant and K; (0;s)-values identified, which are fixed in the subsequent identi-
fication. Equally, the evaluation procedure could begin with identifying the K; (6;s) first
and keeping K (61)-values constant. The initial fixation does not influence the final eval-
uation results. Because each IAM factor tends towards unity for small angles, the optical
efficiency at normal incidence can be identified using the data points with such small an-
gles. It can thus be adapted in every iteration step. This iterative procedure is performed
until changes in all identified parameter values between subsequent iterations become
insignificant (i.e., < 0.05—0.1%).

H 3.1.2 Comparison of QDT and DT Results

For the comparison of both methods, measurement data of the test collector LFC_w1 were
evaluated. The temperature range of the underlying measurement data were not par-
ticularly wide and high (between 80-150 °C). For a relatively small temperature range,

laperture area to the projected absorber area
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Figure 3.1: Sketch of the iterative MLR procedure. Adapted approach of the QDT method
for the determination of transversal and longitudinal IAM of linear Fresnel collectors. [adapted
from Hofer et al., 2015a]

the heat loss of a collector can also be described by a linear dependency on the temper-
ature. Since the optical efficiency also represents a linear factor of the collector power
output, a strong correlation between optical and thermal parameters cannot be ruled out.
Further explanations and approaches to reduce correlation between optical and thermal
parameters are presented in Chapter 7. Moreover, heat loss proved to be only about
1% of the solar gains of the collector, leading to dominating optical parameters and a
low significance of the heat losses at small fluid temperatures. To make sure to be able
to compare both methods on the very same reproducible basis and to avoid a potential
error in the conclusions for the comparison of the two methods, heat loss coefficients
were not determined in the subsequent parameter identifications. They were set con-
stant to characteristic values of an evacuated glass envelope receiver (uy = 0.0399W/mk
and u; = 0.0011W/mk?), which were obtained by simplified heat loss simulations with a
Thermal Resistance Model (TRM) as roughly introduced in Section 3.3.

To be able to comprehensively compare the two different evaluation methods, three
parameter identifications were performed. The first was based on the QDT method as
previously introduced with a data set of about 20 days and an evaluation time step of
five minutes. The inlet temperature had to be maintained constant and only the outlet
temperature could vary due to varying irradiance. Thus, a relatively large measurement
data set of around 20 days was needed to collect enough data fitting these requirements.
The second evaluation was based on the DT procedure, but considers the same dataset as
the QDT evaluation. A third identification was purely based on a DT procedure with the
evaluation of four exemplary and representative dynamic days. Moreover, they included
high dynamics, even with an extreme temperature rise not representing typical operating
conditions of a common collector test. Nevertheless, the identification results for all three
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Table 3.1: Short summary of characteristics of the QDT and DT method. Differences
and similarities concerning different properties for both testing and evaluation procedures. [Hofer
et al., 2015a]

Variable QDT DT

Inlet temperature +1K variable

Mass flow +1% variable

Inlet and outlet pressure not relevant, only p-level for c,, considered
Direct normal irradiance variable variable
Consideration diffuse irradiance yes no

Time step measurement data 5s 5s
Simulation model one-node model multi-node model
Optimization procedure MLR least-squares/genetic
Time step evaluation 5 minutes 5-20 seconds
Figure of merit minimization error Q Tout
Capacity term ¢5 included included in plug-flow model
Heat loss calculation with reference to T Turr
Reference heat loss coefficients aperture area collector receiver length
End loss included in IAM yes both options available

cases show a Root Mean Square (RMS) difference for the optical efficiency at normal
incidence 7,y o of 0.9 %-pts. A comparison with results reached in a round-robin test
[Weilmiiller et al., 2012], in which approximately £2 %-pts. of difference were obtained,
indicates an essential equivalence between the testing methods.

Furthermore, the absolute mean deviation of the optical efficiency 7,,, over the en-
tire identified angle space between the QDT and the DT method of the very same data
base was about 0.89 %-pts. The mean absolute deviation between the QDT and the DT
method based on merely four measurement days resulted in a slightly higher value of
0.98 %-pts. Although the two compared evaluation approaches are using completely dif-
ferent measurement data on the one hand and different collector models on the other,
good agreement in the identified optical performance parameters could be reached. For
a graphical illustration and detailed results, see Hofer et al. [2015a, pp. 91-93]. A brief
summary of the basic characteristics and differences of both methods is given in Table 3.1.
All in all, the good conformance of results within this first verification built a crucial start-
ing point for the further development of an alternative dynamic testing and evaluation
method. The results particularly demonstrate the general capability and applicability of
the new method with higher flexibility than currently existing methods.

B 3.2 Optimization Procedure

The optimization procedure of the DT method is designed to minimize the deviation be-
tween simulation and measurement data of the tested collector to be able to derive the
desired performance parameters. In this way, the objective function of the optimization
algorithm is defined by the RMS of the deviation in terms of

1 n
RMS = ; Z(ymeas,i - ysim,i)z' (3.2)
i=1

Accordingly, y; represents the variable of the objective function of time step or data point
i to be compared, which may differ between different evaluation approaches.
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Figure 3.2: Exemplary simplified energy balance over absorber tube. Incoming and
outgoing fluid flow as well as incoming solar gains are influencing the state of the absorber tube.

B 3.2.1 Variable of the Objective Function

As already introduced in the previous chapter, for the QDT evaluation the objective vari-
able of the thermal power Q is used, whereas in the DT method the temperature variable
T, is taken. Perers [2011] recommends an optimization to the variable Q, but does not
explain nor derive this recommendation. To understand the differences and similarities
of both approaches, a simple energy balance is drawn to the absorber tube of a collector
(as sketched in Figure 3.2) operating with incompressible media, which is defined by

) t41 _ pt
anins =nm- Cp- (Tout - Tin) + T *Mgys - Cpsyss (3-3)
where the incoming solar gains Q gains (consisting of the solar power reaching the absorber
Qqps and the fluid heat loss Qy; ) are transferred to the fluid flowing through the absorber.
According to Patankar [1980], the fluid state is defined (in a simplified version) by a
‘convective’ part represented by the spacial discretization dQ/dx. The second term refers to
the ‘unsteady’ part of the energy balance which is defined as the temporal discretization
dQ/dt. It represents the intrinsic energy change, that is, the power transferred to the
capacity of the system. It thereby consists of the power linked to the inertia of the system.
Usually, for incompressible media, the relation Q = mc, AT is applied, assuming steady-
state conditions and the unsteady part to equal zero. To avoid misunderstanding of the
different power definitions, the convective part is referred to in the following with the
single variable Q. It represents the usable mass flow bound power output of the collector.
In short, it will be referred to the collector power output. The unsteady term of the energy
balance will be defined by the variable Q;,,,,..

Applying this concept to the one-node equation of the QDT procedure yields for in-
compressible HTFs:

Qsim
Q anins Qinert
. meas - st > /—/m (3.4)
Q= m-cp- (Tout_Tin) = Nopt * Gpr 'AAp_Cl "AT —cy - AT —c5 - ? .
Y ~
Qabs QHL

In the QDT approach, the measured and simulated collector power output are compared,
including a simplified term for the inertia of Q;,,,;. If no dynamics in inlet temperature
and mass flow rate occur, this simplification is justified. However, with dynamics in these
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Table 3.2: Differences in identification results for the objective variable Q vs. T.
Relative deviation of identified 7,,, , and mean relative deviation of longitudinal and transversal
IAM for the QDT and DT evaluations of Section 3.1.

Data base  A(nope0) Mean A(Ky) Mean A(K;)

QDT 0.41% 0.39% 0.13%
DT 0.05% 0.08 % 0.05%

variables the simple term may not reproduce the dynamic behavior accurately enough.
For this reason, the dynamic part is simulated by ColSim within the DT method, consid-
ering not only a one-node equation but a discretization of the absorber tube. Thereby,
the collector outlet temperature T,,, is simulated and compared to the measured one.
Certainly, the optimization approach could also be applied to the collector power output
Q with

Qmeas =nm- Cp(Tout,meas - Tin,meas):

. (3.5)
Qsim =m - Cp(Tout,sim - Tin,meas)-

Because the term considering the inlet temperature and mass flow rate is the same for
measurement and simulation, this part is canceled out in the calculation of the objective
function (since Q.4 is subtracted from Qg;,,). The only difference in both approaches
is the mean fluid capacity depending on the measured or simulated fluid temperature.
Consequently, equal results arise when considering the temperature or the power output
of the collector as an objective variable. However, this approach makes use of a steady
balance of the collector power output by defining Q = mc, AT, even though dynamic
conditions prevail in the DT method. For changes in inlet temperature and mass flow
rate, Equation (3.5) does not represent the actual collector power output but merely the
steady part. To avoid misinterpretations, the collector outlet temperature is chosen as an
objective variable for incompressible fluids.

As an example, the QDT and DT evaluation of Section 3.1 are performed with both
objective variables. The relative deviations of the identified parameters based on T and
Q as an objective variable are given in Table 3.2. For the IAM, the mean relative devi-
ation over all identified angle bins is listed. The QDT shows slightly higher differences
of the identified performance parameters. Nevertheless, the largest deviation of 0.41 %
in M,y 0 still indicates a marginal influence of the objective variable. For the evalua-
tion based on dynamic data, the difference is even smaller with the largest value being
0.08 % of identified transversal IAM. Altogether, the results justify the use of the outlet
temperature as a objective variable for the dynamic optimization procedure.

Note that this derivation is considering incompressible fluid flow with constant mass
flow rate between inlet and outlet. For other systems, particularly DSG collectors, these
assumptions are not valid. An adoption of the objective variable is therefore required.
A detailed derivation, explanation, and adaptation of the procedure to this context is
addressed in Chapter 4.
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B 3.2.2 Optimization Algorithm
Available Optimization Algorithms

The previously introduced objective variable of the function to be minimized can be eval-
uated by means of different optimization algorithms. In general, local versus global op-
timization procedures are differentiated. For a detailed overview and introduction to
different optimization approaches, refer to Rao [2009]. Local optimization algorithms
are better suited for unimodal optimization problems, that is, when the objective func-
tion contains only one determined minimum. Global approaches are particularly efficient
for multimodal optimization problems. In those cases, the objective function is more com-
plex containing several local minima, which might be leading to erroneous results with a
local optimization approach.

Local methods are mostly gradient-based. Thereby, the search direction depends on
the (local) gradient direction of the objective function. Commonly, the gradient is approx-
imated by a Taylor polynomial of first or second order. First order approaches—as, for
example, the Cauchy algorithm [see Rao, 2009, pp.339-341]—show fast convergence
if the optimum is far away from the current value. To the contrary, second order ap-
proaches provide fast convergence if the current value is near to its optimum (such as the
Newton procedure [Rao, 2009, pp.345-347]). Trust regions methods [Ulbrich, 2012,
pp. 77-80] combine both first and second order procedures (such as, e.g., the Marquardt
algorithm [Rao, 2009, pp. 348-349]). They are particularly suited for least-square opti-
mization problems such as the present optimization case of the dynamic evaluation pro-
cedure. For this reason, this represents the standardly used optimization algorithm also
referred to as the least-squares algorithm. Furthermore, the Newton algorithm as a first
order approach is implemented for the use within the parameter identification procedure.
Besides, the global optimization algorithm of a genetic algorithm is enabled to warrant a
proper identification of more complex multimodal optimization problems [see Rao, 2009,
pp. 694-702].

Selection of Proper Optimization Approach

The suitability of an algorithm strongly depends on the particular optimization problem.
Therefore, no universally valid recommendation concerning an appropriate optimization
procedure is feasible. Experience with the optimization procedure of the dynamic pa-
rameter identification has shown that in general the implemented local approaches of
Newton and least-squares algorithm succeed well. In addition, they reveal to be more
efficient in terms of the number of required iterations until convergence. A gradient step
size of larger than 0.02 performed well within the present collector evaluations. A smaller
gradient step size may provide identification results very near to the initial starting values
and should therefore be avoided or its suitability specifically checked.

However, local procedures as the Newton or least-squares method do not properly
work for global optimization problems with several local minima and one global opti-
mum. This may be the case in more complex test situations such as the evaluation of
DSG collectors. Mostly, those optimization problems entail a higher RMS value of the
objective function coupled with an identification of more than one parameter. An indi-
cation for a failure of local methods represents the dependency of the identified results
on the starting values, even for large gradient step sizes. That being the case, the use of
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a global procedure, such as the implemented genetic algorithm, is advised. Similarly, no
generally valid settings of this algorithm can be recommended. They mostly represent a
compromise between convergence (i.e., small number of iterations) and exploration of
the parameter space (i.e., capability of finding the global optimum). For the evaluations
within the present thesis, mostly a population size of 15-30 was applied. Mutation rates
ranged between 0.005-0.05 with crossover rates of 0.8-0.95. Nevertheless, the use of
a genetic algorithm requires caution and double-checking of identified results for plau-
sibility. Note that the use of a genetic algorithm generally requires a higher number of
iterations. For this reason, it is not advised to be used for simple optimization problems
where the local procedures succeed reliably.

B 3.3 Heat Loss Equation

B 3.3.1 Ambient Parameters

To make sure to properly describe and eventually characterize the heat loss in perfor-
mance tests, a broad heat loss study for linear Fresnel collectors was performed. The
analysis was based on a simulation model developed at Fraunhofer ISE—the so-called
Thermal Resistance Model (TRM)—addressing heat transfer characteristics of LFCs. The
energy balance of an LFC receiver is influenced by the existence of an additional secondary
reflector in contrast to standardly investigated parabolic troughs. The TRM is considered
an extension of the heat transfer model proposed by Forristall [2003], which is designed
for PTC. The model solves a net of energy balances and heat transfer equations under
steady-state condition. Details of the specific implementation approach of the TRM can
be found in Heimsath et al. [2014b].

In Zahw [2014], the TRM was applied to a global heat loss sensitivity analysis, re-
vealing influencing and particularly non-influencing factors concerning material proper-
ties, ambient parameters, and operating conditions for three LFC receiver configurations.
The studied receiver cases represent configurations installed in reality: an evacuated ab-
sorber tube with secondary mirror, an absorber tube with non-evacuated glass envelope
and secondary mirror, as well as an absorber tube with glass plate cover. An exemplary
illustration of the three cases is given in Figure A.2 of Appendix A. The global sensitiv-
ity analysis revealed an influence of the ambient temperature and wind velocity on the
overall heat loss, while other studied parameters showed to be negligible. Both factors
are generally considered in the testing standard ISO 9806 [2013]. Moreover, it revealed
a noticeable effect of the amount of absorbed radiation of the secondary reflector, which
in turn is characterized by the incoming DNI. For this reason, a parameter study was
elaborated for these three ambient conditions on the heat loss for the three introduced
receiver designs. The results were published within Hofer et al. [2015b]. Because the
incoming DNI to the secondary reflector depends on the aperture area of the collector,
the study differentiated between small-scale and large-scale collectors. Details on the
set characteristics of both cases are given in Table 3.3. For the detailed results, refer to
this publication. The available test collectors within the present thesis either feature a
receiver with evacuated absorber tube or an absorber tube receiver with glass plate cover.
Accordingly, only those two configurations are particularly analyzed in the following. All
in all, the results in Hofer et al. [2015b] revealed a small influence of DNI, wind, and am-
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Table 3.3: Implemented characteristics of LFC reference cases. Exemplary small- and

large-scale LFC reference collector for the performed heat loss study. [extracted from Hofer et al.,
2015b]

Variable Unit Small-scale Large-scale
Aperture width m 6.4 12.8
Absorber temperature °C 100-250 250-550
Fluid - pressurized water  molten salt

bient temperature on the heat loss of an evacuated envelope receiver. For the glass plate
receiver configuration, a more significant effect of all three parameters is discernible.
However, the study was performed for one fixed absorber temperature, which is ex-
pected to have a prevailing impact on the overall heat loss. Besides, in collector per-
formance tests, the heat loss is not measured directly, but derived from measurements
of the overall collector power output. In this way, a good and meaningful identification
of heat loss depends on its share to the measured collector power output. Thus, an ad-
ditional analysis was performed studying the influence of the previous effects on both,
heat loss and collector power output. It consisted of a multi-parameter study by means
of Latin-hypercube sampling with a variation of absorber temperature, ambient temper-
ature, solar irradiance, and wind velocity. Thereby, a representative sampling of arising
heat loss and power output is generated. For this sample, Table 3.4 lists the mean share
of heat loss related to the power output for the two reference cases/scales with different
receiver configurations. To exemplary evaluate the effect of ambient conditions, a change
from 1 to 4 m/s in wind speed was chosen, respectively a change from 800 to 500 W/m? in
DNI, and from 15 to 35 °C for the ambient temperature. All three cases represent realistic
but rather large variations of ambient parameters. In Table 3.5, the mean shares of the
resulting change in heat loss related to the power output are given. They reveal that even
with a large variation of ambient parameters under steady-state, the share to the power
output is smaller than 0.6 % in the largest case for the non-evacuated receiver configura-
tion with glass plate. All other cases comprise even smaller ratios. As the accuracy and
precision of measuring the collector power output is limited—for details concerning the
influence and derivation of the measurement uncertainty see Chapter 6—differences of
smaller than 0.6 % are not considered to be reliably identified as a separate factor. The
ambient temperature may be included in the heat loss equation without introducing an
individual term by fitting the heat loss to the temperature difference (Tyrr — Toamp)- It is
therefore included in the heat loss equation, even though its contribution is of subordi-
nate importance. Based on these findings, wind speed and irradiance, however, are not
recommended to be included in the heat loss equation for the studied collector and re-
ceiver cases. Concerning the heat loss of a PTC receiver without secondary mirror, analog

Table 3.4: Mean share of the heat loss related to the collector power output. Results
are based on the multi-parameter heat loss study for an exemplary small- and large-scale LFC with
evacuated absorber tube envelope or non-evacuated receiver with glass plate cover.

Reference case  Evacuated envelope = Non-evacuated glass plate

Small-scale 0.8% 3.4%
Large-scale 4.3% 10.3%
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Table 3.5: Mean share of the heat loss difference to the collector power output due to
changes in ambient conditions. Arising difference in heat loss relative to the mean collector
power output AQu./g are listed according to significant changes in irradiance, wind speed, and
ambient temperature.

Change in Evacuated envelope Non-evacuated glass plate
Small-scale  Large-scale  Small-scale  Large-scale

DNI 0.02% 0.07 % 0.41% 0.05 %
Wind speed 0.05 % 0.18% 0.33% 0.60 %
Ambient temperature 0.05% 0.05% 0.42% 0.23%

results are expected. The mentioned characteristics of a secondary mirror only slightly
influence the change in heat loss due to ambient conditions and its share to the collec-
tor power output. This is particularly valid for the case of an evacuated tube, which is
mainly installed for parabolic troughs. As a result, no adaptation of the empirical heat
loss equation for LFCs nor PTCs is required.

Em 3.3.2 Polynomial Order

With regard to the polynomial order of the heat loss equation in thermal testing, com-
monly the potency of two of the fluid temperature is taken [ISO 9806, 2013]. For concen-
trating collectors in particular, the potency of four is currently under discussion®. Thus,
the heat loss sample of the previous multi-parameter study is fit to an equation with lin-
ear and quadratic temperature factor (i.e., ug - AT +u; - AT2) as well as to an equation
with linear and quartic temperature (i.e., ug - AT +u; - AT#. With both fits based on
the same data basis and the original fluid temperature, the heat loss is subsequently cal-
culated. The mean difference of both calculated heat losses is evaluated and its share
to the collector power output summarized in Table 3.6. With the highest mean devia-
tion approximately being 0.34 % of the collector power output, the difference between
both fits is not identifiable in a collector test by measuring the collector power output.
The results therefore indicate that a fourth polynomial order of the heat loss equation is
not substantially improving the heat loss performance characterization of concentrating
solar collectors. Based on these results, the commonly used potency of two is selected
for the further description and identification of heat loss parameters within the following
chapters.

Table 3.6: Mean share of heat loss difference to the collector power output due to
the polynomial order of the heat loss equation. The mean difference of second to forth
order polynomial fit in heat loss relative to the collector power output 2Qu./q is given.

Collector Evacuated envelope  Non-evacuated glass plate
Small-scale 0.04 % 0.20%
Large-scale 0.22% 0.34%

2The discussion originates from the common reporting of heat loss equations for concentrating collector
receiver tubes deduced from separate component testing of the absorber tube. Note that these equations
imply the use of the potency of four of the outer surface temperature instead of fluid temperatures.
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Expansion to Direct Steam
Generating Collectors

In the case of collectors operating with DSG, water is used as a HTF which is directly
evaporated in the collector. In this way, evaporation of the heat transfer fluid takes place
inside the absorber tube. In most cases, the produced steam is then fed into a steam drum
or separator in order to obtain totally saturated steam. Subsequently, the steam is led into
a process steam network of a production line in industry or to a steam turbine generat-
ing electricity. This concept provides the advantage that no additional heat exchanger is
required, since the conventional two-circuit system is reduced to a single-circuit system
working with the same heat transfer fluid. This provokes lower investments and higher
efficiencies of the system [Eck et al., 2003], because on the one hand the power block
efficiency increases due to higher pressure and temperature of the steam (as no exergy
is lost within the heat exchanger). On the other hand, pumping power can be reduced,
leading to an overall increased cost-effectiveness of this concept [Hirsch et al., 2014].
Moreover, with the use of demineralized water, the environmental risk of this option can
be significantly reduced, as leakage of the thermal oil can be ruled out [ Fernandez-Garcia
et al., 2010]. Nevertheless, the concept of DSG is technologically more challenging due
to higher operating pressures and the presence of a two-phase flow inside the absorber
tube. The differences in the thermodynamic properties of water and steam, as well as
higher temperature gradients result in a more complex simulation and control of the sys-
tem [Fernandez-Garcia et al., 2010]. Stability of the complete facility as well as start-up
and cool-down periods are significantly more sophisticated than in the conventional con-
cept of using one-phase flow as a heat transfer fluid [Hirsch et al., 2014].

Direct steam generation can be operated in different modes. In recirculation mode,
the two-phase outlet flow of the solar collector is separated in a subsequent steam drum.
The remaining liquid part of the steam drum is usually recirculated to the inlet of the
solar system. According to Eck et al. [2003], the recirculation mode is at present the best
suited option to run direct steam generating systems, because it enables a robust, stable,
and therefore more efficient operation [Hirsch et al., 2014]. By now, the recirculation
mode is the only commercially installed and viable option for direct steam generation in
concentrating solar systems (see Kriiger et al. [2012] and Feldhoff et al. [2014]). Due to
its simple operation, it is additionally more suited for the integration into industrial pro-
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cesses. Thus, for the development of a testing and evaluation method for DSG collectors
within this thesis, the focus is put on this operation mode.

One objective of the present thesis is the characterization and testing of direct steam
generating collectors. Therefore, the currently proposed testing and evaluation proce-
dure has to be adapted. Due to the presence of a two-phase flow, a compressible fluid is
used as a heat transfer medium, which may result in differences between the inlet and
outlet mass flow rate. For incompressible media, density changes and therefore changes
in the outlet mass flow rate are not relevant to consider. Hence, it is sufficient to only
measure the mass flow once in the fluid circuit, which is not the case for DSG. Addi-
tionally, as the outlet temperature of the collector remains constant during evaporation,
this variable is not characteristic for the DSG collector performance. Instead of outlet
temperatures, the steam quality or enthalpy of the collector outlet should be evaluated.
Until now, the steam quality of a stream cannot be measured directly. All these aspects
require an adaptation of the measurement concept for direct steam generating systems.
A change in the measurement concept consequently requires a modification of the evalu-
ation procedure as well. Apart from different inlet and outlet measurands, the objective
function of the parameter identification procedure has to be adjusted. These aspects of
the general evaluation procedure will be addressed in Section 4.3. To correctly evaluate
the performance of DSG collectors, the currently used simulation model in ColSim needs
to be extended to accuratly reproduce the dynamics of a system operating with compress-
ible fluids. Within Section 4.1, the numerical approach currently implemented in ColSim,
the approaches used in relevant literature, and the proposed extension of the simulation
model are presented. In Section 4.2, the results of the different simulation approaches
are compared, summarized, and validated to DSG measurement data.

B 4.1 Adaptation of the Simulation Model

The unsteady water and steam flow along a heated absorber tube can be described by the
three conservation equations of energy, mass, and momentum, which are the natural laws
governing fluid flow and energy transport. The non-simplified three-dimensional conser-
vation equations (also called Navier-Stokes equations) are capable of describing fluid flow
with high precision, hence being able to reliably model and simulate real flow phenom-
ena. Nevertheless, analytical solutions are only available for a limited number of simplest
applications and geometries. In most cases, the solutions have to be computed numeri-
cally [Lecheler, 2011, p. 1]. However, numerical computations of such solutions are very
time-consuming for many technical applications [Lecheler, 2011, p. 29]. Consequently,
the conservation equations have to be simplified to achieve a good compromise between
physical accuracy and computational speed. The entire derivation of the non-simplified
three-dimensional conservation equations can be found in Lecheler [2011, pp. 8-21].
[Hernandez, 2015a]

B 4.1.1 Currently Used Plug-Flow Model PFM

The mathematical model and numerical approach currently implemented in ColSim—the
so-called Plug-Flow Model (PFM)—uses a simplified version of the energy conservation
equation in order to calculate the specific enthalpy of the fluid from one state (plug) to
another in spatial and temporal direction. For the derivation of the differential equations,
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three basic conceptual simplifications can be assumed within the context of DSG simula-
tions for line-concentrating collectors [see Lippke, 1994, p. 21]. First, the fluid flow along
the absorber tube can be considered one-dimensional, because the length of the absorber
tube exceeds by far all other relevant dimensions. Second, the fluid flow is in thermody-
namic equilibrium, meaning that liquid water and steam have the same temperature. And
third, the slip ratio between water and steam is neglected, resulting in the consideration
of a homogeneous two-phase flow.

The introduced assumptions lead to the following general, one-dimensional, homo-
geneous energy equation

d o) d

d—(E) = —(E)+ -—(VE)
t at dx 4.1)

oT ’

ax

= prgsin(3) — 5= (vp) ~ ~=(1) =4~ -(A50),

with the variables
E = Ej; + Eyip + Epo = the total energy with v being the velocity of the fluid,

pvgsin(d) = gravitational force with collector tilt &,
aa—x(vp) = work due to pressure change,

aa—x(rv) = work by friction force,

q = local radiative heat exchange,

aa—x(lg—z = heat conduction.

It represents the starting equation for the derivation of the PFM equation. Several other
assumptions and simplification are furthermore included concerning negligible and sum-
marized effects, leading to the final non-discretized plug-flow equation

Ap=— +1il— =—A-q, (4.2)
X

For the specific and detailed derivation of the PFM equation, see Section C.1. All included
assumptions and simplifications are additionally summarized in Table 4.1.

In ColSim, the solution of Equation (4.2) is discretized with equidistant temporal (At)
and spacial (Ax) mesh size. Backward differencing in time and upwind differencing in
spatial direction is applied. The source term —A- ¢ corresponds to the solar gains, that is,
—A - q = Qainsn/Ax-At, With Qggins n = Qabs,n — Qur,n Of €ach absorber node n. This leads
to the final discretization equation used in ColSim’s PFM [analog to Wittwer, 1999]

mnode(hrtl - h,tl_l) = _mt(h,tl - h;_l)At + anins,n- (4-3)

This concept and numerical approach implies that the mass balance is fulfilled so that the
mass inside the absorber is kept constant (as m,,,4, in Equation (4.3)), and the mass flow
rate across the absorber is set equal to the mass flow rate at entrance and exit (i in Equa-
tion (4.3)). This equals to an unsteady mass balance. The pressure field calculation along
the absorber is kept simple by estimating it with a linear interpolation between inlet and
outlet pressure of the absorber tube [Herndndez, 2015a]. In this way, a stable—because
implicit—discretization approach is available, allowing large simulation time steps and
therefore small computation time, since only a simplified energy balance has to be solved.

The numerical approach of the PFM with its assumptions and simplifications is very
suitable to reproduce incompressible fluid flow correctly. For an accurate simulation of
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Table 4.1: Overview of assumptions included in the PFM. Summarized simplifications
implemented in the current PFM concept. For detailed explanations, refer to Section C.1.

Number  Assumption Included in

1 one-dimensional energy balance general energy equation

2 thermodynamic equilibrium between water and steam  general energy equation

3 no slip between water and steam general energy equation

4 no heat conduction along absorber specific PFM implementation
5 friction work is lead to the fluid in terms of heat specific PFM implementation
6 gravitational work is neglected specific PFM implementation
7 kinematic and potential energy are neglected specific PFM implementation
8 no volume change work specific PFM implementation
9 steady mass balance general PFM concept

10 linear interpolation of pressure general PFM concept

two-phase flow as in direct steam generating systems, this approach is not entirely suited.
The steady mass balance is valid for direct steam generation under steady-state condi-
tions, but fails to correctly reproduce dynamics of the system (which is the focus of the
present thesis). With an increasing evaporation of water (i.e., increasing steam quality),
the density of the fluid, therefore velocities and hence outlet mass flow rates are subject
to significant changes. Against this background, the need emerges of an extension of
the current PFM to DSG collectors under dynamic operating conditions. The mathemat-
ical and numerical assumptions of the future model have to be chosen wisely to be able
to correctly reproduce the dynamics of compressible fluids under the condition of man-
ageable computational effort. Current literature on DSG simulation approaches gives an
orientation on required, acceptable, and viable simplifications while simulating DSG.

B 4.1.2 Existing DSG Models in Literature

In current literature on DSG, various mathematical/physical models and their numeri-
cal solutions are presented. They can be distinguished predominantly by the way the
two-phase flow is considered in the conservation equations [Feldhoff et al., 2015]. Very
complex models—mainly adapted from the nuclear industry—resolve six conservation
equation: mass, energy, and momentum for the two phases of water and steam. This al-
lows a detailed study of local heat transfer, flow phenomena, and flow patterns (see Moya
et al. [2011]; Serrano-Aguilera and Valenzuela [2016]). Similarly, three-dimensional
Computational Fluid Dynamics (CFD) simulations (as presented in Lobon et al. [2014a]
and Lobén et al. [2014b]) allow a detailed local study of the thermal-mechanical behav-
ior of the absorber tube with direct steam. Nevertheless, these simulations allocate a lot
of memory space and have large simulation times. This is why they are better suited for
local studies in shorter time periods, for example, to identify critical process conditions
[Biencinto et al., 2016].

The conservation equations can be significantly simplified if homogeneous fluid flow
is assumed [Feldhoff et al., 2015]. In this way, steam and water are considered in ther-
modynamic equilibrium (i.e., water and steam have the same temperature level), with
the same velocities (i.e., slip is neglected) and equally distributed within the cross sec-
tion [Lippke, 1994, p. 21]. Fluid flow through a long absorber tube—like in the case
of DSG in line-concentrating collectors—can be treated as one-dimensional, because the
length is significantly larger than the diameter of the tube [Lippke, 1994; Hirsch et al.,
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2005]. These basic assumptions and simplifications have been considered in various pub-
lications (see Walter [2001]; Hirsch et al. [2005]; Hirsch [2005]; Lippke [1994]).

Biencinto et al. [2016] use a quasi-dynamic simulation approach implemented in TRN-
SYS, taking into account the effect of thermal inertia to realistically model transients of
the system. Differences in the outlet mass flow rate due to condensation and evaporation
are considered. Pressure loss to account for the momentum equation is calculated sep-
arately by a hydraulic model. Similarly, Hirsch et al. [2005] solves a steady momentum
equation separately to a transient mass and energy balance. The reason for this is that
the propagation of changes in mass and energy are much slower than the propagation of
changes in pressure, justifying a separate, quasi-steady consideration of the momentum
equation. This approach—the separation of the pressure calculation (i.e., momentum
conservation equation) from the mass and energy balance—is the basic concept of the
first extension of the simulation model to DSG within the present thesis, in the following
referred to as Extended Plug-Flow Model (EPFM).

Bonilla et al. [2012] use a finite volume method with a staggered grid for the dis-
cretization of all three unsteady mass, energy, as well as momentum conservation equa-
tions. Likewise, Walter [2001] presents a detailed derivation and explanation of the math-
ematical model and numerical approach used within his publication. Although, within
this publication, evaporation takes place in an ordinary pipe not particularly designed
for solar collectors, it is considered as a very good and well documented reference basis.
The numerical approach consists of an implicit, iterative discretization procedure called
SIMPLER!, originally introduced and developed by Patankar [1980]. As an alternative
to the developed EPFM, this SIMPLER algorithm was additionally implemented into the
new DSG simulation environment [see Hernandez, 2015a]. Thereby, the rather simple
extension of the simulation model in terms of the EPFM can be validated not only to real
measurement data but also to a more elaborate, complex, and therefore accurate simula-
tion model. Comparisons of both models will show the benefits and drawbacks of a more
sophisticated approach including transients of the momentum conservation equation (see
Section 4.2).

Table 4.2 summarizes the different concepts of the three simulation models studied
and elaborated within the present thesis—PFM, EPFM and SIMPLER—relating to the
solved transient conservation equations. Whereas in the PFM, only the enthalpy of the
fluid flow is calculated based on the energy conservation equation, in the EPFM the en-
thalpy plus the mass of the fluid is calculated. SIMPLER additionally calculates the pres-
sure field along the absorber by solving all three conservation equations. Regardless of
the basic concept, all three simulation models basically start from the same simplified
energy conservation equation, based on predominant assumptions found in literature.
Table 4.3 summarizes these simplifications of the mathematical/physical model, partic-
ularly referencing publications of DSG models that are based on the same assumptions.
The difference of the models in terms of the energy conservation equations is the way
they are numerically approximated. As already derived and explained in Section 4.1.1,
for the PFM only the energy conservation equation is numerically solved in a way that a
steady mass conservation equation is fulfilled. The numerical solution of the EPFM and
the SIMPLER algorithm will be explained in the following sections. Both approaches were
implemented within the work of Herndndez [2015a].

! Semi-Implicit Method for Pressure-Linked Equations—Revised
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Table 4.2: Differences in the physical equations of the three used simulation models.
Considered conservation equations and calculated variables of the plug-flow model, extended
plug-flow model and the SIMPLER algorithm.

PFM EPFM SIMPLER
Considered conservation equations  energy energy energy
mass mass
momentum
Calculated variables enthalpy  enthalpy enthalpy
mass flow rate  mass flow rate
pressure

Table 4.3: Assumptions included in the physical and numerical approach of the
three used simulation models. For every assumption, corresponding literature publications
are listed using similar assumptions.

Number  Assumption Model Literature reference

1 one-dimensional energy balance all three [Walter, 2001; Hirsch et al., 2005;
Lippke, 1994; Bonilla et al., 2012]

2 thermodynamic equilibrium all three [Walter, 2001; Hirsch et al., 2005;
Lippke, 1994; Bonilla et al., 2012]

3 no slip all three [Walter, 2001; Hirsch et al., 2005;
Lippke, 1994; Bonilla et al., 2012]

4 no heat conduction along absorber all three [Walter, 2001; Hirsch et al., 2005;
Lippke, 1994]

5 friction work is led to fluid in terms of heat all three [Walter, 2001; Hirsch et al., 2005]

6 gravitational work is neglected all three [Walter, 2001; Hirsch et al., 2005]

7 kinematic and potential energy are neglected all three [Walter, 2001; Hirsch et al., 2005;
Lippke, 1994; Bonilla et al., 2012]

8 no pressure-volume work all three [Walter, 2001; Hirsch et al., 2005]

9 steady mass balance PFM none

10 separate pressure calculation PFM, EPFM  [Hirsch et al., 2005; Biencinto
et al., 2016]

11 resolution of all three conservation equations SIMPLER [Walter, 2001]

B 4.1.3 Extended Plug-Flow Model EPFM

The derivation of the EPFM is based on the same physical model for the energy equation
as in the PFM of Equation (C.5) or used in Hirsch [2005]. Additionally, the mass conser-
vation equation is considered. The difference of the respective simulation models merely
results from differences in the discretization approach.

The mass conservation equation is defined as

dp dpv
—+—=0, 4.4
Jt  Ox (4.4
with the energy conservation equation being
3 0 Q
—(ph)+ —(pvh) = —. .5
G PR+ o (pvh) = (4.5)

The detailed numerical solution of both equations based on a finite volume method are
given in Section C.2. Since this derivation is more advanced than the one for the simple
PFM, the indexing is adapted according to the following definitions (see Figure 4.1): P
is a control volume, with neighbor volumes E and W. The interface between E and P is
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Figure 4.1: Grid structure for the numerical discretization. With the control volume,
that is, node P and its neighbor volumes E and W. [Walter, 2007]

e. The interface between P and W is w. The entire absorber has a constant cross section

area A. The control volume P has the length Ax = e —w and volume V = A- Ax. The
final discretized form of the conservation equations therefore leads to

(pp = pp)

v.—p 7Pl

T mit —mitt =0 (4.6)

w

for the mass and analogously for the energy balance to

(ph)st —(ph), .
V- P N E il RET — iR = Qg gins - 4.7)

The implicit Equation (4.6) and (4.7) can be converted to be solved without iteration?,
which reduces computational time and allows for flexible (i.e., also larger) time steps.
The concept is based on an approach proposed by Seubert [2015]. From Equation (4.6)
follows

pt+1 pt
V- —Ap — mit=v. —Ai +mltl (4.8)
Equation (4.7) is transformed to
tpt V s t+17t+1
B+l — Qgainsn + Pphp &z + 11, hyy
P V.pttl . (49)
K gt

The denominator of Equation (4.9) is unknown, but can be replaced by Equation (4.8),
leading to

tpt Vo S t+1t+1
Qgains,n + Pphp Az + 111, hyy

V-pp, .
TP t+1
At + mw

hoH = (4.10)

Thereby, Equation (4.10) allows a direct calculation of h;“ as a function of hy,, p}, (ob-

tained from the previous time step already calculated) and of rhsjl, hf/; 1 (obtained from

2This is only the case when heat conduction is neglected and only convection considered with an upwind
scheme. In this way, all boundary conditions are given at the ‘left’ (i.e., flow entrance) side from the control
volumes and a direct calculation from ‘left’ to ‘right’ can be performed.
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the previous node already calculated as well). From the enthalpy of the node B the ther-
modynamic properties can be derived by

T = f(h™, p), (4.11)
pptt = f (5, p), (4.12)

which allows solving the mass conservation Equation (4.8) as follows:
t+1 _ ot
n‘,lt+1 —-V- pP pP .

S t+1
e — w At

m (4.13)
In order to simplify the indexing and nomenclature of these equations and therefore fa-
cilitate a faster comprehension, in the following the temporal indexing is adapted. The
upper index of t + 1 is subsequently omitted, whereas properties of one time step before

are indicated by substituting t by 0. In this way, p5"! = pp and p}, = pJ, and hence:

Pr—Pp

At 4.14)

m,=m,—V-
By the direct calculation of the outlet mass flow rate rh(frl = m, (without any iteration),
the change in mass flow rate as well as the change in the node mass can be derived. This
allows to appropriately reproduce the dynamics of the evaporation/condensation along
an absorber tube with a limited computational effort. It thereby represents the main ben-
efit of the introduced EPFM. Nevertheless, it still uses a steady pressure calculation by
applying linear interpolation between inlet and outlet pressures. That this computation-
ally less complex approach is valid to use for the evaluation of direct steam generating
collectors is proven by comparing it to measurement data on the one hand, but also to
the more complex and accurate SIMPLER algorithm on the other hand (see Section 4.2).
The numerical approach of SIMPLER is presented in the following section.

Em 4.1.4 SIMPLER Algorithm

The algorithm Semi-Implicit Method for Pressure-Linked Equations—Revised (SIMPLER)
is based on an approach solving the momentum conservation equation (i.e., the pressure
calculation) linked to the mass conservation (i.e., the velocity calculation). It represents a
very sophisticated and capable method to accurately reproduce compressible fluid flow by
resolving all three conservation equations of mass, energy, and momentum. Within the
present thesis, the basic principle is outlined in the following. For detailed derivations
and theoretical background knowledge, refer to Herndndez [2015a], Walter [2001], and
Patankar [1980].

The general conservation of the one-dimensional mass, momentum, and energy is
represented by the partial differential equation

3 3
E(M’)__E (vpd)+Sy, (4.15)

where ¢ may be the velocity v (for the momentum equation), the specific enthalpy h (for
the energy equation) or 1 (i.e., unity, for the mass balance). S represents the source
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term of the corresponding conservation equation, consisting, for instance, of incoming
heat sources (e.g., by solar radiation), gravitational forces, friction losses, and so forth.

By means of a finite volume method according to the grid points and their indices de-
fined in Figure 4.1, Equation (4.15) can be transformed to an algebraic equation, which
allows to calculate ¢ by integrating the partial differential equation for the control vol-
ume P. To facilitate the discretization for ¢ # 0—this is, for the energy and momen-
tum equation—the discretized ¢ -conservation equation is subtracted from the discretized
mass balance times ¢, obtaining a general discretization equation as

api®; = ay;Pi—1 +agiPisy1 + by, (4.16)
with o
@ =P Ax
Pi At >

ay; = Max [(Vp)i_% ;0] 5

ag; = Max [(—VP)H% ;0] ,

ap; = ay; +ag; + agi — S piAX,
bi = Sqf),ci - Ax + agl(b?

4.17)

A detailed derivation of Equation (4.16) is found in Walter [2001, pp. 11-14] and Hernan-
dez [2015a, pp. 12-14]. Equation (4.16) is based on the concept that all terms are sorted
and summarized according to their lower indices (i, i + 1, i — 1) of ¢. This equation
has to be applied to all nodes (i.e., cells or control volumes) of the discretized absorber
tube and thus allows a simple, recursive solution by means of the Tri-Diagonal Matrix
Algorithm (TDMA) procedure. For details on this algorithm, refer to Patankar [1980,
pp. 52-54]. For the first and final control volume of the absorber, the algebraic equations
are modified according to their specific boundary values. For a general derivation of the
boundary conditions, refer to Herndndez [2015a] and Walter [2001]. Using the SIMPLER
approach, the following two issues have to be specified.

Source term:
The source term of the transport equations mayorly influences the stability of the
numerical scheme. According to Patankar [1980], it should be linearized into an
always positive constant term Sy, .; and an always negative proportional term Sy ;.
More details on the impact and the specific handling of the source term can be found
in Hernandez [2015a, p. 16], Walter [2001, p. 16] and Patankar [ 1980, p. 48].

Staggered grid:

A staggered grid should be used for the calculation of pressure in comparison to
the calculation of velocities and enthalpy. Not applying a staggered grid can lead
to solutions that depend on the time step or relaxation factors of the numerical
scheme. Moreover, physically unrealistic solutions are possible. Therefore, pressure
is calculated on a staggered grid having the interfaces of a node/cell as a center
point as depicted in Figure 4.2. More detailed information is available in Hernandez
[2015a, p. 15], Walter [2001, p. 15] and Patankar [1980, p.115].

Being a pressure correction procedure, SIMPLER is based on the main principle of search-
ing for a velocity field that is fulfilling momentum and mass balance simultaneously. The
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Figure 4.2: Staggered grid of the SIMPLER algorithm. Grid structure for mass and energy
balance (a) and momentum balance (b). [Walter, 2007]

discretized mass conservation equation is represented by

(i — PYA AX;
%+(va)i+% —(pvA),_1 =0. (4.18)

2

According to the structure of Equation (4.16), the momentum equation is
eiVipd = Vi1 +bei + (P —Pig)s (4.19)

with the coefficients analog to the ones of Equation (4.16). In this case, no negative
velocities are assumed, omitting a term of v, 3 because a,,; = 0. Specific coefficients and
boundary conditions are listed in Appendix C.4.1.

The complete iterative procedure of SIMPLER is summarized in Section C.3. It mainly
consists of initially guessing a velocity field. Thereby, a guessed pressure field can be cal-
culated. If both, pressure and velocity, fulfill the mass balance, convergence is reached
and the procedure stopped. If the balance is not fulfilled, the approach allows to calcu-
late a correction value for pressure and velocity. With the newly corrected velocity and
pressure values, the energy balance can be resolved in order to update the corresponding
fluid properties. The specific energy conservation equation is given by:

anpih; = apwihi—y + by;. (4.20)

Its particular coefficients and boundary conditions are given in Section C.4.4. Subse-
quently, the corrected velocity and pressure values are again considered as guessed val-
ues and the iterative procedure started from the beginning, until both variables fulfill the
mass balance.

The SIMPLER algorithm returns a state of the fluid fulfilling mass, momentum, and
energy conservation. Boundary conditions are given by the inlet mass flow rate, inlet
enthalpy, and outlet pressure of the absorber. SIMPLER was designed to promote physi-
cally realistic solutions. Though, it is considered a complex discretization scheme, where
convergence of the algorithm is not guaranteed. Different techniques facilitate achieving
convergence, such as relaxation factors or adapting spatial and time discretization to the
specific simulation [Patankar, 1980, pp. 139-143]. In the following, it is checked if the
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EPFM provides sufficient accuracy in comparison to the SIMPLER algorithm. To validate
both simulation approaches to measurement data, pre-processing of the data is required.
This is realized by the use of a steam drum model. Its concept will be explained in the
subsequent section.

B 4.1.5 Steam Drum Model

The PFM, EPFM, and SIMPLER represent different numerical approaches to simulate the
fluid state along the absorber tube and specifically at the outlet of the collector. In this
way, they compute outlet temperatures T,,,, steam qualities x,,,, specific enthalpies h,,,,
and mass flow rates m,,,. Direct steam generating collectors operating in recirculation
mode do not produce directly 100 % saturated or superheated steam but rather a two-
phase flow of water and steam with steam qualities around 0.4-0.8. This vapor-liquid
mixture is fed to and separated in a subsequent steam drum. For the validation of the
newly implemented numerical approaches, computed outlet fluid states should be com-
pared to measurement data of installed collectors operating with DSG. Nevertheless, the
typical variable studied—and measurable for two-phase flow—in terms of the collector
outlet temperature is not characteristic, because it remains constant along the evapora-
tion process. Distinct properties, which would allow meaningful comparisons, represent
the collector outlet steam quality, enthalpy, and mass flow rate. All three variables are
not measurable up to date for two-phase flow. Figure 4.3 sketches the measurands typi-
cally available for a DSG collector with steam drum. Variables in green can be measured,
whereas properties in orange cannot. However, it is possible to determine these values by
drawing a mass and energy balance over the steam drum, given a measurable pressure
and level of the steam drum (variables marked in blue in Figure 4.3).

The model of the steam drum is derived according to Walter [2001, pp. 106-108], its
implementation performed and documented within the work of Hernandez and Zirkel-
Hofer [2016]. The simplified mass conservation equation included in the steam drum
approach is represented by

0 _ (. .
Mgp — Mgp = (min,SD - mout,sum,SD) - At, (4.21)

where mg, is the entire mass of the fluid in the steam drum. ng indicates the mass
of the steam drum one time step before. m;, p is considered as the inlet to the steam
drum coming from the absorber tube of the collector. 11, ym sp is defined by the sum
of the mass flow rates at all other exits (or even potential additional inlets) of the steam
drum. In this way, the change of mass inside the system is equal to the mass entering the
system minus the mass exiting the system. mgp, and ng can be calculated according to
the measurement data by

Mgp = My,qter + Mgieam (4 22)

= Pwater * Ywater T Psteam * Vsteams

where the densities p,,qer aNd Psreqm €an be calculated using the steam drum pressure
Psp and assuming saturation temperature. The volume V.., is a function of the steam
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Figure 4.3: Inlet and outlet properties of a DSG collector in recirculation mode.
Variables marked in green are measurable, properties in orange color are not directly measurable.
Variables in blue can be determined by balancing the steam drum.

drum level.® The total volume Vg is known. Thus, the volume of steam V,,,,,, can be
calculated since V;;oqm = Vsp — Viparer- Thereby, from Equation (4.21) the inlet mass flow
rate of the steam drum can be derived from

0
Mgp _ms[)

At + Moyt sum- (4.23)

Minsp =
Similarly, for the simplified energy conservation the algebraic equation is used

AQsp = (Hin,SD _Hout,sum,SD) - At, 4.24)

meaning the change of enthalpy and mass inside the system is equal to the enthalpy and
mass entering the system (referred to as inlet flow enthalpy H;,,) minus the enthalpy and
mass exiting it. H,,; ¢,m,sp can be calculated from measurement data by

Hout,sum = Moyt rec” hout,rec + Moyt steam hout,steam — Mgy - hFW: (4.25)

with the first term on the left being the recirculation flow, the second one the steam
flow, and the third a potential feed water flow entering the steam drum. AQgp is calcu-
lated considering the change of enthalpy and mass of the liquid water or steam, and the
pressure-volume change of the steam drum:

— 0 0 0
AQSD _VD (pSD _pSD) + (hwater “Myqter — hwatermwater)

(4.26)
+ (theammSteam - h?teammgteam) :
Therefore, from Equation (4.24) follows
. . . AQgp
Hin,SD =Mgp,in* hSD,in = Hout,sum,SD + . (4.27)

At

2
3If the steam drum is considered a horizontal cylinder, V., = (dSTD) 1 -1. For a horizontal steam drum,

Viater = dSTD (I,o)* (. — (sina + a)) with a = 2 - sin™" (1 - %) Here, dgp, represents the diameter of the
steam drum, [ the level of the steam drum, and [,,, the length of the cylinder/steam drum, neglecting the
header geometry.
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Hin,S p is considered equal to Hout’meas = Moyt meas “Nout,meas> the measured collector outlet
flow enthalpy, which actually is not a direct measurand but rather a determined variable
from measurement data. This concept is based on the assumption that the losses between
outlet of the collector and inlet of the steam drum are negligible. The same concept
applies for the inlet steam drum mass flow i1;,, s, which is assumed equal to the measured
collector outlet mass flow 11, 1meqs- In the following, if nothing is specifically indicated,
M,y is considered equal to 1,y meqs and analog for H,, = Hout’meas. By this approach,
a more appropriate comparison of the different models to measurement data is available,
not only comparing outlet pressures and temperatures but also the objective variable of
the collector performance evaluation in terms of the collector outlet flow enthalpy.

B 4.2 Validation of the Simulation Models

To validate the implemented simulation approaches, measurement data of collector
PTC_s1 were analyzed, because they are based on a frequently and extensively studied
system used for diverse validation aspects in the broad context of DSG simulations. Three
exemplary dynamic test situations at three different pressure levels were chosen as a ref-
erence:

e Large DNI jump at a pressure level of 30 bar (day A)

e Stepwise mass flow jumps at a pressure level of 60 bar (day B)

e Continuous pressure rise and moderate DNI dynamics at pressure level of 100 bar
(day O

In Figure 4.4 to Figure 4.6, the measurands in terms of DNI, mass flow rates, pressure, and
temperatures of these exemplary days are depicted. Furthermore, the simulated versus
the measured collector outlet flow enthalpy H,,,, are sketched for the different simulation
models of PFM, EPFM, and SIMPLER, including measurement uncertainty bands marked
in light grey.

B 4.2.1 Comparison of EPFM to SIMPLER

For the validation of the EPFM, simulation results are compared to data simulated with
the SIMPLER algorithm. Outlet flow enthalpy values of the EPFM approach Hout’EpFM
are illustrated in comparison to calculated ones by SIMPLER Hout,SIMp LER- Deviations
between both variables for the three days in terms of the root mean square deviation
as well as absolute and relative mean deviations are listed in Table 4.4. Deviations of
EPFM to SIMPLER range from approximately 5-12 kW, corresponding to relative error
values of around 0.2-0.3% of the measured outlet flow enthalpy. The higher RMS of

Table 4.4: Difference between simulation results of EPFM and SIMPLER. Root mean
square, absolute, and relative mean deviation for the outlet flow enthalpy H,,, are given for the
three exemplary measurement days.

Deviation Unit DayA DayB DayC

RMS kw 16.2 7.7 9.6
Absolute mean kW 7.4 4.7 5.8
Relative mean % 0.33 0.18 0.24




44 m Chapter 4. Expansion to DSG Collectors

1000 2.24

1.68
1.4
: : : \ + 1,12
— Mg g T 1 0.84
0 ' - - - - ' L1 0.56
280
260
240
220
200
180
160

600

400

Gpp In W/m?

min kg/s

200 |- ---iea-- r o

Tin°C
pin bar

Hoyt in MW

1 8 — Hout,meas

— HoutsimpLer| : : :
6 g SESEREEE SRR ERREE

—  Hout,ePFm

W Hoprw [T

1.2 I I | | | | | |
O N
A A €
\‘\‘?’ \‘\'b \'L'?’ NA

Figure 4.4: DSG measurement day A. Measurement and simulation data of exemplary test

day A for collector PTC_s1. The measurement uncertainty band in terms of U, (Hout’meas) =2.2%
is additionally marked in light grey.

day A is resulting from the extreme DNI drop within this test day. Abrupt and large
dynamics are causing higher changes in the simulated variable. Even slight temporal
shifts of both simulations therefore cause larger deviation of the curves, resulting in a
more pronounced RMS value. However, overall deviations of both simulation approaches
are not significant. They are hardly noticeable® in the graphical illustration of Figure 4.4
to Figure 4.6, especially in comparison to the PFM simulated outlet flow enthalpy H out,PFM
or even the measured flow enthalpy Hout’meas.

The EPFM is able to provide equal results to the more sophisticated SIMPLER ap-
proach, even though the pressure field of the EPFM is not explicitly calculated, but lin-
early interpolated from measurement data. The difference in the pressure calculation

“Only for the high dynamics at 2:21 p.m. (14:21:00 in Figure 4.4) of day A, a difference between the lila
and orange line is perceivable.
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Figure 4.5: DSG measurement day B. Measurement and simulation data of exemplary test
day B for collector PTC_s1. The measurement uncertainty band in terms of U, (Hout’meas) =2.2%
is additionally marked in light grey.

is perceivable while comparing the measured inlet pressure p;, with the calculated in-
let pressure of SIMPLER p;, s;mprer (depicted in orange and light green colored line in
Figure 4.4 to Figure 4.6). The calculated inlet pressure is always smaller (approximately
0.1 bar) than the measured inlet pressure. The reason for this difference is that not every
single pressure-drop effect—such as a slight inclination of the collector loop, every ball
joint, interconnections between collector modules, and bendings of the tubes—is con-
sidered in the pressure-drop calculation within the SIMPLER procedure. However, the
difference in inlet pressure do not substantially influence the overall simulation results in
terms of the simulated outlet flow enthalpy H. Moreover, a very distinct and detailed in-
clusion of every pressure-drop effect is not desired in the context of performance testing.
Apart from the issue that detailed constructive and material data is usually not available
(and in most cases a sharing and disclosure of the collector manufacturer not desired),
representative testing aims at an overall balancing of the system performance rather than
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Figure 4.6: DSG measurement day C. Measurement and simulation data of exemplary test
day C for collector PTC_s1. The measurement uncertainty band in terms of UC(Hout’meas) =2.2%
is additionally marked in light grey.

describing single physical effects. The collector is desired to be treated as a black box, in-
cluding empirical relations with aggregated performance parameters and little details as
possible. Certainly, in the case of DSG testing, the model needs to be elaborate enough to
accurately reproduce the dynamics of the systems. Nevertheless, a simpler model equally
reproducing the dynamics of a system is always to be favored. Furthermore, in the case
of using the simulation model for testing purposes, inlet and outlet pressures are avail-
able measurands. They may reliably be included as boundary conditions for the EPFM,
leading to equally accurate results as obtained from the SIMPLER procedure. Note that
the suitability of the EPFM for annual yield simulations and control purposes—without
measurement data as boundary conditions—needs to be further checked into more detail.
For an adequate performance testing procedure, this aspect is not considered relevant.
An additional drawback of the SIMPLER approach represents its high computational
expense coupled with its numerical instability. The simulation time for the SIMPLER
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Table 4.5: Benefits and drawbacks of the implemented DSG simulation approaches.
Comparison of capabilities and deficits of the EPFM and SIMPLER algorithm. In the context of
performance testing, the disadvantage of the EPFM can be eliminated.

Benefits Drawbacks
EPFM o faster computation o simplification in pressure calculation
e stable numerical scheme o realistic boundary condition for p;, required

o less physical details required
e comparable results to SIMPLER
SIMPLER e solving of all three conservation equations ® high computational expense
 no simplification of pressure calculation e numerical stability issues
¢ good reference bases for validation purposes e high level of required details for accurate
pressure calculation

is significantly larger (approximately 15 times the simulation time of PFM and eight
times of the EPFM simulation time), even if parallelization of the numerical scheme is
enabled. Simulations performed with EPFM are only two times slower than PFM sim-
ulations. Moreover, the complex numerical scheme of SIMPLER is still significantly less
robust than both other simulation approaches. Convergence of the iterative procedure is
not always reached and sensitive to the simulation time step, number of simulated nodes,
boundary conditions, and high dynamics of the system. Certainly, this drawback does not
represent a general limitation and may successfully be addressed with further work and
time investigated in the improvement of the numerical solver. In the context of enabling
a dynamic testing and evaluation of DSG collectors, and with a valuable and equally suit-
able alternative—the EPFM—at hand, a further elaboration of the SIMPLER algorithm is
therefore not considered crucial. With regard to the purpose within the present thesis,
the SIMPLER algorithm provides a valuable reference basis. A proper validation of the
simplified EPFM approach is feasible, even if the numerical scheme of the SIMPLER does
not stably converge for every (sometime unrealistic) boundary conditions. Instability of
the algorithm solely leads to a crash of the calculation—which can be fixed by manually
changing unfavorable boundary conditions such as initialization values, evaluation and
simulation time step, and so forth—but does not influence the correctness of the simu-
lation results. Consequently, the obtained reasonable results of the EPFM in comparison
to the SIMPLER justify the use of the EPFM for dynamic evaluations of DSG collectors.
Table 4.5 summarizes the benefits and drawbacks of both implemented procedures. Due
to the advantages of the EPFM and disadvantages of the SIMPLER, coupled with the fact
that the drawbacks of the EPFM do not play any role in collector testings—as measured
pressure values are available—the EPFM approach is chosen for the following dynamic
steam simulations.

B 4.2.2 Comparison of PFM to EPFM/SIMPLER

When comparing the newly implemented dynamic DSG simulation approach EPFM—and
equally SIMPLER—with the already existing model of the PFM, more pronounced differ-
ences are discernible. In Figure 4.4 to Figure 4.6, the specific dynamics of the variables
and their effect on the simulated outlet flow enthalpy are illustrated. For day A, the
reduction in incoming irradiance leads to a significant decrease of Hout’meas, which is re-
produced rather accurate by both dynamic models. The PFM, however, shows a temporal
delay and reduced peaks of the dynamics. It therefore reacts with large inertia to the
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Table 4.6: Difference between measurement and simulation results of PFM, EPFM
and SIMPLER. Root mean square, absolute and relative mean deviation of the collector outlet
flow enthalpy H are given for the three exemplary measurement days.

Deviation Model Unit DayA DayB DayC
RMS PFM kw  151.0 99.4 161.8
EPFM kw 127.4 46.3 104.0
SIMPLER kw 121.6 50.1 103.3
Absolute mean  PFM kw 105.4 70.3 108.8
EPFM kw 100.3 38.4 74.5
SIMPLER kw 99.7 41.3 74.5
Relative mean PFM % 4.35 2.69 4.76
EPFM % 4.23 1.49 3.15

SIMPLER % 4.18 1.60 3.15

dynamics of the system. The reason for this behavior is comprehensible: with a decreas-
ing irradiance, the vapor quality produced in the absorber nodes is reduced. In this way,
the density of the fluid within the node increases. Due to the condensation, less mass
flow exits the absorber nodes, leading to a significant reduction of the collector outlet
flow enthalpy. Yet, the PFM does not consider varying outlet mass flow and assumes it
constant to the collector inlet mass flow rate. Thereby, the collector outlet flow enthalpy
H = - h in the case of the PFM is only reduced by the reduction of the specific enthalpy,
whereas the outlet mass flow remains constant. This causes the buffering (i.e, less peak)
of the PFM flow enthalpy curve in Figure 4.4. Notice that all three simulation models
show a noticeable, nearly constant difference to the measured flow enthalpy Hout’meas.
All models following the same tendency for this particular day may indicate that other
effects for this difference, which are not considered in the current simulation boundaries,
have to be adapted. Particularly, the included, measured soiling rate—determined with
high uncertainties, especially in the case of larger collector rows—may cause this absolute
shift. Theses factors will be specifically evaluated within a global parameter identification
procedure. For the comparison of the different models, this systematic deviation is not
considered pertinent.

The PFM versus the EPFM simulation results of day B, including the inlet mass flow
jumps, demonstrate the clear superiority of the dynamic models. With a decrease in the
inlet mass flow rate, the steam quality in the absorber nodes increases with constant irra-
diance. Consequently, the density of the absorber nodes decreases with more evaporation,
causing a rise in the outlet mass flow rate. Again, the PFM considers the outlet mass flow
rate as constant to the inlet mass flow rate. Accordingly, the collector outlet flow enthalpy
does not decrease as abrupt for the dynamic models as for the PFM.

For the third measurement day C, the pressure rise during the start-up of the collector
around noon is equally simulated for all three models. Nonetheless, the DNI change
in the afternoon coupled with abrupt pressure drops