- dmu.ac.uk |
@m?.{g?ﬁ; = Fraunhofer

LEICESTER ISE

Low-Concentrating, Stationary
Solar Thermal Collectors for
Process Heat Generation

Ph.D. Thesis

Stefan Hess

2014



De Montfort University Leicester
Institute of Energy and Sustainable Development IESD

Fraunhofer Institute for Solar Energy Systems ISE
Division Solar Thermal and Optics

Low-Concentrating, Stationary
Solar Thermal Collectors for
Process Heat Generation

Stefan Hess

A thesis submitted in partial fulfillment of the
requirements of De Montfort University for the
degree Doctor of Philosophy (Ph.D.)

Freiburg, December 2014



Schriftenreihe der Reiner Lemoine-Stiftung

Stefan Hess

Low-Concentrating, Stationary Solar Thermal
Collectors for Process Heat Generation

Shaker Verlag
Aachen 2015



Bibliographic information published by the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists this publication in the Deutsche
Nationalbibliografie; detailed bibliographic data are available in the Internet at
http://dnb.d-nb.de.

Zugl.: De Montfort University Leicester, Diss., 2014

Copyright Shaker Verlag 2015

All rights reserved. No part of this publication may be reproduced, stored in a
retrieval system, ortransmitted, in any form or by any means, electronic,
mechanical, photocopying, recording or otherwise, without the prior permission
ofthe publishers.

Printed in Germany.

ISBN 978-3-8440-3402-8

ISSN 2193-7575

Shaker Verlag GmbH « P.O.BOX 101818 « D-52018 Aachen

Phone: 0049/2407/9596-0 « Telefax: 0049/2407/9596-9
Internet: www.shaker.de ¢ e-mail: info@shaker.de






Abstract

Abstract

The annual gain of stationary solar thermal collectors can be increased by non-focusing
reflectors. Such concentrators make use of diffuse irradiance. A collector’s incidence
angle modifier for diffuse (diffuse-IAM) accounts for this utilization. The diffuse irradi-
ance varies over the collector hemisphere, which dynamically influences the diffuse-
IAM. This is not considered by state-of-the-art collector models. They simply calculate
with one constant IAM value for isotropic diffuse irradiance from sky and ground.

This work is based on the development of a stationary, double-covered process heat
flat-plate collector with a one-sided, segmented booster reflector (RefleC). This reflec-
tor approximates one branch of a compound parabolic concentrator (CPC). Optical
measurement results of the collector components as well as raytracing results of differ-
ent variants are given. The thermal and optical characterization of test samples up to
190 °C in an outdoor laboratory as well as the validation of the raytracing are discussed.

A collector simulation model with varying diffuse-IAM is described. Therein, ground
reflected and sky diffuse irradiance are treated separately. Sky diffuse is weighted with
an anisotropic 1AM, which is re-calculated in every time step. This is realized by gener-
ating an anisotropic sky radiance distribution with the model of Brunger and Hooper,
and by weighting the irradiance from distinct sky elements with their raytraced beam-
IAM values. According to the simulations, the RefleC booster increases the annual out-
put of the double-covered flat-plate in Wirzburg, Germany, by 87 % at a constant inlet
temperature of 120 °C and by 20 % at 40 °C. Variations of the sky diffuse-IAM of up to
25 % during one day are found. A constant, isotropic diffuse-lAM would have under-
valued the gains from the booster by 40 % at 40 °C and by 20 % at 120 °C. The results
indicate that the gain of all non-focusing solar collectors is undervalued when constant,
isotropic diffuse-IAMs calculated from raytracing or steady-state test data are used.

Process heat generation with RefleC is demonstrated in a monitored pilot plant at work-
ing temperatures of up to 130 °C. The measured annual system utilization ratio is 35 %.
Comparing the gains at all inlet temperatures above 80 °C, the booster increases the
annual output of the double-covered flat-plates by 78 %. Taking all inlet temperatures,
the total annual gains of RefleC are 39 % above that of the flat-plates without reflectors.

A qualitative comparison of the new simulation model results to the laboratory results
and monitoring data shows good agreement. It is shown that the accuracy of existing
collector models can be increased with low effort by calculating separate isotropic
IAMs for diffuse sky and ground reflected irradiance. The highest relevance of this
work is seen for stationary collectors with very distinctive radiation acceptance.
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Nomenclature

Nomenclature

Latin Symbols

Symbol Unit Meaning
a — Aperture half-width of concentrator entrance
a’ — Aperture half-width of concentrator exit
ao — Coefficient of the Brunger distribution
a, — Coefficient of the Brunger distribution
a, - Coefficient of the Brunger distribution
as — Coefficient of the Brunger distribution
Ay m? Area normal to direction of irradiance
A, m? Area turned away by 6 from normal of irradiance
Aup m? Aperture area (index R = reflector, fp = flat plate,
u = upper reflector, | = lower reflector)
Agy m? Gross area
A, m? Receiver area
b, - Parameter of Souka/Safwat IAM function
1 W/(m?K) Heat loss coefficient of the first order
C, W/(m?K?) Heat loss coefficient of the second order
Copy /(m2K) 1I:—ZII‘JI"i(ch)tive heat capacity of the collector (material and
Cp, f1 ]/ (kg K) Specific heat capacity of the collector fluid
Cp.f1 J/ (kg K) Mean specific heat capacity of the collector fluid
Cgeo — Geometric concentration ratio
Crad — Concentration ratio for radiation
f m Focal length
fa 1/a Annuity factor
face,iso — Concentrator acceptance factor for isotropic irradiance
v - Fraction of beam irradiance
fa - Fraction of diffuse irradiance (1 — f})
F’ — Collector efficiency factor
G W/m? Global (hemispherical) irradiance on horizontal (GHI)
Go W/m? Extraterrestrial irradiance on horizontal
Gp W/m? Beam irradiance (horizontal)
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Nomenclature

Symbol Unit Meaning
Gpn W/m? Beam irradiance perpendicular to sun direction (DNI)
Gpe W/m? Beam irradiance (tilted plane)
Gg W/m? Diffuse irradiance on horizontal (DHI)
Gat W/m? Diffuse irradiance on tilted plane (G5, + G,¢)
Gyt W/m? Diffuse ground irradiance (tilted plane)
Gse W/m? Solar Constant (1367 23 W/m?)
Gyt W/m? Diffuse sky irradiance (tilted plane)
Gst pr W/m? Diffuse sky irradiance from Brunger distribution
G, W/m? Global (hemispherical) irradiance (tilted plane)
i — Day of the year
1(6, a3) - Function within Brunger model
Loy w Integral intensity at concentrator aperture area
I, w Integral intensity at concentrator receiver area
k — Fraction of diffuse irradiance on horizontal
k; — Atmospheric clearness Index
K — Extinction coefficient of solid, transparent material
K, — IAM for beam irradiance G,
K, _ IAM_ for isotropic diffuse irradiance from collector
hemisphere (Gs; + G,+)
K, — IAM for global hemispherical irrad. (G,; + Gs; + Gyt)
Kiny EUR/(m?)  Investment costs per unit area
Kinain EUR/(m?a) Maintenance costs per year and unit area
Kop EUR/(kWh) Operational costs per kWh useful solar gain
K, — IAM for diffuse irradiance from the ground G,
K, - IAM for diffuse irradiance from the sky G;
Ko EUR/(kWh) Solar heat generation costs
L(6y, dn) W/(m?sr)  Sky radiance in direction (6, ¢)
m kg/(m2h)  Specific mass flow rate per m? of aperture area
Meonr — Number of collectors (parallel)
M kg/h Absolute mass flow rate
n — Refractive index
n - Number of measured values for error calculation
N,n — Number of steps in direction ¢,
Ng n — Number of steps in direction 6,
Ngir — Refractive index air (optically thinner medium)

VI



Nomenclature

Symbol Unit Meaning
Neop — Refractive index cover (optically denser medium)
Neoll - Number of collectors (serial)
Neoll, s — Projection of collector normal vector onto south axis
Neoll, w — Projection of collector normal vector onto west axis
Neoll, z — Projection of collector normal vector onto zenith axis
1o, coll — Normal unit vector of the collector plane
Niong — Number of longitudinal IAM values in external file
Nerans - Number of transversal IAM values in external file
p - Capital interest rate
dgain W/m? Collector gain per aperture area (stationary)
Q1oss W/m? Thermal losses heat flow
Grad W/m? Radiative solar gains heat flow
Qso1 kWh/(m?a) Usable solar heat per year and unit area
Guse W/m? Thermal collector output (dynamic, with capacity)
Quse w Thermal collector (field) output (with capacity)
r — Parameter of Ambrosetti IAM function
Tg m Sun radius (6.95 - 10°)
Tsg m Median orbital radius of earth around sun (1.50 - 10™)
S - Projection of solar unit vector onto south axis
Sw - Projection of solar unit vector onto west axis
Sz — Projection of solar unit vector onto zenith axis
So - Solar unit vector
50,1 — Projection of solar unit vector into longitudinal plane
So.¢ — Projection of solar unit vector into transversal plane
T a Technical service life of booster reflectors in years
u K Ambient temperature
T¢ K Mean collector (field) fluid temperature
Tin K Fluid inlet temperature
Tonrk °C Activation temperature of stagnation cooler
Tout K Fluid outlet temperature
T, K Mean absorber plate temperature
Tstag K Stagnation temperature
Tire °C Temperature threshold to switch storage charging
At S Width of timestep in TRNSYS



Nomenclature

Symbol Unit Meaning
AT/G (m?K)/W  Reduced temperature difference
Uioss W/(m?K)  Heat loss coefficient of the collector
1% 1/h Volume flow
Vei [Veil Calculated value for error calculation
Vi [Vinil Measured value for error calculation
Greek Symbols
Symbol Unit Meaning
a — Absorptance
ap rad Divergence of sunlight (0.54° or 0.0094 rad)
p rad Collector tilt or slope from horizontal
y rad Collector azimuth angle from south (west positive)
6 rad Concentrator shading angle for beam irradiance
€ — Emittance
n - Collector efficiency
Mo - Conversion factor at perpendicular beam irradiance
No,b — Conversion factor for pure beam irradiance
Mo,k — Conversion factor for hemispherical irradiance
) rad Incidence angle
0(6s, ps) rad Incidence angle of sun on aperture
06y, dn) rad Incidence angle of sky element on aperture
6, rad Acceptance half-angle of concentrator
Oayv rad Acceptance half-angle of V-trough
AByifs rad Angular step width of diffuse integration in Type 154
O rad Zenith angle of sky element
A6y, rad Angular width of sky element at 6,
0, rad Zenith angle of ground element
AB;, rad Angular width of ground elem. at 6,
o, rad Projection of 8 into longitudinal plane
Op.ns rad South projection angle
0, rad Angle of reflection
O rad Zenith angle of the sun
0; rad Projection of 8 into transversal plane
Otrunc rad Truncation angle of a CPC



Nomenclature

Symbol Unit Meaning
A m Wavelength
p — Reflectance (total, hemispherical)
Pdiff — Diffuse reflectance (share reflected diffuse)
Pri kg/m? Density of collector fluid
Pgrd — Reflectance of the ground
Pspec — Specular reflectance (share reflected specular)
(prar), _ Effective r'eflecta_nce-transmittance-absorptance prod-
uct (effective optical loss factor)

o rad Standard deviation (of scattered rays after reflection)
Oori rad Standard deviation from macroscopic (shape) errors
Orefl rad Standard deviation from microscopic surface errors
Osun rad Standard deviation from solar irradiation direction

T - Transmittance
(ta), - Effective transmittance-absorptance product

¢ rad Sun azimuth angle from collector (west positive)

Os rad Sun azimuth angle from south direction (west positive)

on rad Azimuth of sky element (west positive)
Ay, rad Angular width of sky element at ¢,

(03 rad Azimuth of ground element (west pos.)
Agy, rad Angular width of ground element at ¢,
Ps/2 rad Opening half angle of the sun (0.27°)

Y rad Opening half angle of a V-trough

Y rad Angular distance from sun to sky element

Q sr Angular width of sky element

Abbreviations

a
a.m.
AM
AR
ASA
ASTM
approx.
App.
BMWi
BSW

annum (year)
ante meridiem

Air mass

Anti-reflective, i.e. with reduced reflectivity
Advanced security appliance (hardware-firewall)
American Society for Testing and Materials

approximately

Appendix

German Federal Ministry for Economic Affairs and Energy
German Solar Industry Association
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Nomenclature

CPC
CSR

d
DGS
DNI
EU
Eq.
ETC
ETFE
FEP
Fortran
GHI

h

IAM
IEA
IR

ISE
LED
L/H
MBE
min
MID
MTTS
NREL
p.m.
prim.
PE
PFA
PHC
PTFE
RMSE
S

Sec.
SHC
SPH
ST
TMY
TRNSYS
us
UuTC
uv
Vis

Xl

Compound Parabolic Concentrator
Circumsolar ratio

day

German Solar Energy Society

Direct normal irradiance

European Union

Equation

Evacuated tube collector

Ethylene tetrafluoroethylene

Fluorinated ethylene propylene

Formula translation (programming language)
Global hemispherical irradiance on horizontal plane
hour

Incidence angle modifier

International Energy Agency

Infrared wavelengths of solar spectrum
Fraunhofer Institute for Solar Energy Systems
Light emitting diode

Ratio of booster reflector length to receiver flat-plate height
Mean bias error

minute

Magneto-inductive flow meter

Medium temperature collector test stand
National Renewable Energy Laboratory
post meridiem

Data plotted to the primary (left) axis
Polyethylene

Perfluoroalkoxy alkanes

Process heat collector
Polytetrafluoroethylene

Root mean square error

second

Data plotted to the secondary (right) axis
Solar Heating and Cooling (Program)
Solar thermal process heat(ing)

Solar thermal

Typical meteorological year

Transient system simulation software
United States of America

Coordinated Universal Time

Ultraviolet wavelengths of solar spectrum
Visible wavelengths of solar spectrum



Chapter 1: Introduction

1 Introduction

The field of solar thermal heat generation is briefly introduced. The con-
text of this work, its approach, structure and intended contribution to
knowledge are described. An overview on solar thermal process heating
is given and the state of the art in the development of low-concentrating,
stationary solar thermal process heat collectors is discussed.

The transition towards a sustainable energy supply is a global challenge. Not only
against the background of scarce fossil and nuclear resources, but also due to the rapidly
progressing climate change it is imperative to develop and improve technologies for
renewable energy utilization. Apart from gravity forces, the sun’s photons are the only
external energy source available to our planet, so direct use of solar energy is obvious.
Solar thermal (ST) systems are often applied in combination with other heating technol-
ogies, which compensate for the fluctuating solar resource. They generate heat on-site
and can significantly reduce the dependence on conventional energy carriers.

Solar Heat Worldwide: Weiss and Mauthner (2014) annually provide an overview on
the worldwide ST market. According to them, by the end of 2012 a ST collector area of
384.7 million m?* was in operation, corresponding to 269.3 GWy, total power (conver-
sion factor 0.7 kWy,/m?). Compared to 2011, the newly installed capacity grew by 9.4 %
in 2012. China (44.7 GWy,) and Europe
(3.7 GW4,) were the main markets; they
together account for 92 % of all newly
installed collector area. For 2013, Weiss
and Mauthner estimate that ST systems
of overall 471 million m? collector area
produced a total energy of 281 TWhy,. So
in 2013 ST systems produced about 80 %
more energy than photovoltaic systems
(about 160 TWhe). ST electric power
generation accounted for 5 TWh.

Only a very small share of the installed
area (about 1% or 4 million m?) provid-

Figure 1.1: The most widespread ST tech-
o _ nology is thermo-siphon systems
ed heat for district heating, thermally  with evacuated tubes for domestic hot wa-

driven solar cooling or process heat. ter preparation. Picture: SUNNY (2014)



Chapter 1: Introduction

1.1 This Work

1.1.1 RefleC Project

The company Wagner & Co. Solartechnik GmbH developed together with the Fraunho-
fer Institute for Solar Energy Systems ISE a stationary, double-covered ST flat-plate
collector with external reflectors for process heat generation. From August 2007 to De-
cember 2010, this project was funded by the German Federal Ministry for the Environ-
ment, Nature Conservation and Nuclear Safety (funding reference FK 0329 280 C).
Figure 1.2 shows the initial collector concept.

Figure 1.2: Computer graphic of the initial RefleC collector concept. Sloped collector
rows with CPC-reflectors are installed on the flat roof of an industrial building.
The RefleC collector finally developed is shown in Figure 1.3. As desired, it has signifi-
cantly higher annual energy gains than double covered flat-plates, especially at working
temperatures above 80 °C. The design offers a very good utilization of roof area. It can
be optimized for certain locations, temperature levels and heat demand profiles.

iy

Figure 1.3: RefleC prototype at pilot plant laundry Laguna in Marburg an der Lahn



Chapter 1.1 This Work

The work in hand addresses questions that arose from development and optimization of
the RefleC collector. Research from within and after the funded project duration is re-
ported and general conclusions for assessment and optimization of stationary solar
thermal process heat collectors with reflectors are drawn.

1.1.2 Structure, Approach and Contribution to Knowledge

Structure: The scheme in Figure 1.4 illustrates the different fields of research which
were interrelated to conduct the research presented in this thesis.

Raytracing Beam-1AM Energy gain
Materials and con- _— simulations
centrator optics Anisotropic model

(Chapter 2) (Chapter 4)
Collector Testing / \ Monitoring

Validation Determination of Comparison Process heat
thermal and optical pilot plant
losses (Chapter 3) <> (Chapter 5)

Figure 1.4: Approach and structure of the work with interaction between the different re-
search fields and tools.
The work is structured in six chapters. Four of these chapters are complemented by fur-
ther related information presented in an appendix. Each chapter starts with a short para-
graph summarizing its content and role within the thesis.

Approach: This work is inspired by the question to which extent diffuse irradiance con-
tributes to the instantaneous and annual output of low-concentrating, stationary solar
thermal collectors. This is investigated by raytracing, collector tests, energy gain simu-
lations and monitoring of a pilot plant. The results are compared to the state of the art,
discussed, and recommendations are given on how collector tests and simulations could
account for the contribution of diffuse irradiance more accurately.

The results of this work were found to be especially relevant for highly incidence-angle-
selective collectors with higher working temperatures, as in process heat applications.
Thus, as an introduction, solar thermal process heating as well as the mentioned collec-
tor types are shortly introduced. After this, as a basis for the research, measurement re-
sults of optical parameters of collector components are given. A raytracing model is
described, and the correct representation of the material properties by raytracing is
shown. Simplifications are mentioned and discussed. Outdoor collector test results are
used to validate the raytracing simulations. This ensures that beam-1AM curves generat-
ed by raytracing can be applied in annual energy gain simulations. The outdoor tests of
different collector samples are further used to determine their thermal efficiency curve,

3



Chapter 1: Introduction

to assess certain theoretically expected effects of the booster reflectors, and to optimize
the RefleC collector. A collector simulation model for the calculation of annual and
instantaneous collector gains in TRNSYS is developed. This model has three optical
modes: Diffuse irradiance can be treated as isotropic, separately isotropic for sky and
ground, or separately with an anisotropic sky. The model is applied to both the final
RefleC collector and its double-covered receiver flat-plate without reflectors. The dif-
ferences resulting from the three optical modes are analyzed. Finally, RefleC and its
flat-plate receiver are monitored in a solar process heat pilot plant. The results from the
collector tests, the TRNSYS simulations, and the pilot plant are compared in order to
draw general conclusions with respect to the research gquestions stated above.

Contribution to knowledge: In practice, the research presented in this work contribut-
ed to the development of the new RefleC collector. This collector has significant ad-
vantages compared to the state of the art.

A significant theoretical contribution to solar thermal research is the assessment of the
impact of anisotropic sky irradiance on instantaneous diffuse-IAM values and on simu-
lated collector output. Two extremes, the RefleC collector with very selective radiation
acceptance, and the double covered flat plate with very broad acceptance, have been
tested and simulated. For both collectors an undervaluation of the annual gains by state-
of-the-art isotropically calculated diffuse-IAMs was found. It is concluded that the re-
sults of this work are relevant for all non-focusing ST collector types.

1.2 Solar Thermal Process Heating

Though the focus of this work is on low-concentrating ST collectors, in this section a
short introduction to solar thermal process heating (SPH) is given. Its potential, current
state and future perspectives are discussed. Further readings are recommended as well.

As implied above, the vast majority of ST systems are currently used for domestic hot
water preparation in the residential sector. According to Weiss and Mauthner (2014, p.
6), about 87 % of the worldwide collector area serves for this purpose. In comparison to
these systems, SPH is usually more complex. There is a high discrepancy between the
SPH potential and the number of systems installed for industry and service applications.

1.2.1 Process Heat Demand

To give an insight into the relevance of process heat in a highly industrialized country,
the final energy demand of Germany is analyzed in more detail in Figure 1.5. Therein,
the transport sector has no process heat demand at all. In private households, a share of
6 % of the energy demand is process heat (used e.g. for cooking or washing).
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Figure 1.5: Distribution of Germany’s final energy consumption in 2012 (top) with a
closer look into the industry (left) and service sector (right). Values calculated based on
data of the BMWi (2014, spreadsheets 7 and 7a).

The subdivision in Figure 1.5 reveals that, as expected, the majority of process heat is
consumed by industry. This sector accounts for 28.9 % of Germany’s final energy de-
mand. It is remarkable that almost three quarters of its demand is heat. In the service
sector, the share of process heat demand is relatively low, but many applications de-
mand low temperature levels (e.g. washing processes for cars or laundry), which is fa-
vorable for ST. Process heating in the German industry and service sector accounted for
19.8 % or 494 TWh of totally 2,499 TWh consumed in 2012. In industry, this demand
was mainly covered by gas (48 %), coal (19 %), and district heating (9 %). In the service
sector, oil (23 %) is still also an important source besides gas (51 %) and district heating
(12 %). In both sectors only about 8 % of the heat demand was supplied by grid electric-

ity, about 6 % was supplied by renewable energy utilization on site (BMWi 2014).

According to Weiss and Biermayr (2009, p. 96), the European energy consumption can
be divided into electricity and transport (51 %), heat above 250 °C (15 %), and heat be-
low 250 °C (34 %). Sanner et al. (2011, p. 8) show that 44 % of the EU’s overall heat
demand is caused by industry, with about two thirds of the heat required above 250 °C
and about one third below. Comparing these figures reveals that almost the whole high
temperature heat demand above 250 °C is caused by industry. Since temperatures below
250 °C are technically more feasible for solar thermal heat generation, Figure 1.6 allows
for a closer look into the different types of end energy use in this temperature range.
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Figure 1.6: Heat demand of the EU below 250 °C by type of use (SFH = single family
house, MFH = multifamily house (Sanner et al. 2011, p. 8))
The heat demand structure below 250 °C clearly shows that ST systems with their cur-
rent main application field of domestic hot water generation can only cover a small
share of the energy demand below 250 °C. In order to achieve a significant contribution,
they also have to provide space heating and solar thermal process heat (SPH) in the in-
dustry and the service sector.

1.2.2 Potential Contribution of Solar Thermal Systems

Several national and international projects identified a high potential of ST systems to
generate process heat. The early studies in the field are POSHIP (Schweiger et al. 2000 ;
Schweiger 2001), PROCESOL Il (Aidonis et al. 2005) and PROMISE (Mdller et al.
2004). Among others, the sectors of food and beverage, textiles, paper, metal treatment,
machinery and wood and tobacco processing were identified to be promising.

A potential study of the IEA-SHC Task 33 Solar Heat for Industrial Processes summa-
rized the main outcomes of existing potential studies. Vannoni et al. (2008) roughly
estimated that a share of 3.8 % of the industrial heat demand within EU 25 could be
generated by state of the art ST systems. Non-industrial process heat demand was not
considered in this study. In 2012, the overall energy consumption of the EU 28 was
19579 TWh (Eurostat 2014b), with a share of 25.6 % in industry and 13.5 % in services
(Eurostat 2014a).

Only considering industry, the SPH potential within Europe estimated by Vannoni et al.
corresponds to about 190 TWh/a, or approx. 423 million m? (assuming solar gains of
450 kWh/(m?a) and assuming that the potential in the new EU member countries is
similar than in EU 25). The magnitude of this potential gets clear when it is compared to
the cumulated collector area installed in the EU, which was about 61 million m? by 2012
(calculated according to (Weiss and Mauthner 2014, p. 8) from 42.8 GWy, installed with
a factor of 700 W/m?).
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their estimation of the SPH potential in Germany, Lauterbach et al. (2011b) focused on
the industry (cp. Figure 1.5, left). In a first step, they identified nine promising industry
sectors and summarized their heat demand below 250 °C, including the demand for do-
mestic hot water and space heating. The demand above 250 °C was excluded from the
study, because it was assumed that in Germany it would not be possible to provide these
temperature levels with ST technologies at reasonable costs. For these boundary condi-
tions, a theoretical potential of 130 TWh/a was estimated. Furthermore, Lauterbach et
al. assumed that 60 % of the theoretical potential could not be realized due to the priori-
ty of energy efficiency measures, the necessity of electrical heat supply (e.g. for plastic
products) or restrictions in terms of available roof area. For the remaining potential they
suggest an average solar fraction of 30 %. These restrictions result in a technical poten-
tial of 3.1 % of Germany’s overall industrial heat demand, i.e. 15.6 TWh/a or 35 million
m? (Lauterbach et al. 2011b). This is approx. 10 % of the industrial heat demand below
250 °C.

Lauterbach et al. extended their study to 11 industrial sectors and up to 300 °C, which
lead to an increased potential of 3.3 % (16 TWh/a). They conclude that the food and
beverage sector shows the highest potential, mainly because of the often favorable tem-
perature level below 100 °C. A detailed description of the industrial sectors analyzed
and of the required temperature levels of different industrial processes can be found in
(Lauterbach et al. 2012) and (Lauterbach 2014).

1.2.3 State of the Art, Perspectives and Further Readings

Installations worldwide: Despite the high technical potential, SPH is still in its infan-
cy. It is difficult to get reliable data on the collector area installed in SPH applications,
since current statistics usually do not count them separately. Following a bottom up
approach, in the framework of the current IEA-SHC Task 49 Solar Heat for Production
and advanced Applications, an online platform listing the worldwide existing SPH
plants was set up. It was made publicly accessible in March 2014. ST companies and
SPH customers can enter their technical and financial plant data as well as lessons

7
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learned. At the beginning of September 2014, 134 SPH plants from all over the world
with an overall collector area of 126,421 m2 (corresponding to 88.5 MW4,) were listed.
Among them, 19 plants were above 1000 m? and 29 between 500 and 1000 m? (AEE
INTEC 2014). Since the database was set up recently, it can be expected to grow further
when more actors in the field of SPH know about it.

Challenges: Currently, there are still high technical and economic barriers for an in-
creased marked deployment of SPH systems. Technically, a very high variety of system
designs is possible, because a high variety of processes can be supported. Thus, SPH
systems usually need a high effort for planning and installation, especially in countries
where the processes are on a high technological level. In this case, SPH systems are
usually much more complex than ST systems for domestic purposes, since they have to
be planned sector specific and individually. Due to the higher complexity of the sys-
tems, there is also often a lack of knowledge about technical concepts for solar heat in-
tegration and about SPH system hydraulics and control. No easy to handle software
tools for SPH system design and optimization are available. This leads to considerable
uncertainties about the solar gains to be expected from a certain design variant.

Economically, SPH generation is also a challenge. In larger industries, usually the most
important decision criterion for an investment is its amortization period. Very often time
frames of below five years are expected, which is hard to achieve for SPH systems.
Thus, for the successful realization of a SPH project, also energy efficiency measures,
often offering significantly lower amortization times than SPH systems, should be con-
sidered. To be attractive against this background, the planning, installation and compo-
nent selection of SPH systems must be very cost-effective. Furthermore, interactions
between the SPH system and the existing heat supply have to be considered. The instan-
taneous solar gains and also the service lifetime of a SPH plant can vary significantly
when heat demand, mass flow or temperature level at the solar heat integration point are
changing. Thus, the assessment of possible long-term effects on the thermal load at an
integration point is another crucial aspect for ST process heating.

Selected further readings: SPH had been of interest in ST research for decades. Dedi-
cated book chapters addressing this application field can be found e.g. in (Goswami et
al. 1999), (Tiwari 2002), (Kalogirou 2004) and (Duffie and Beckman 2013). The poten-
tial study of Schweiger et al. (2000) mentioned above also contains a state of the art
review for Spain and Portugal. Karagiorgas et al. (2001) analyzed 10 SPH systems,
which have been installed during the 1990s in Greece. A list of suitable processes can
be found in (Kalogirou 2003), who also comments on difficulties and framework condi-
tions for SPH. Smyth and Russell (2009) analyzed the potential of ST and photovoltaic
systems for the global wine production. Solar cooling of industrial processes has been
successfully demonstrated by Motta (2010). For Australia, the state of the art in SPH
has been analyzed by Fuller (2011). A contracting-financed project integrating SPH in a
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gas pressure regulating station was realized by Heinzen et al. (2011). Economic assess-
ments of SPH in Central Europe can be found in (Lauterbach et al. 2011a) and (Faber et
al. 2011). Norton (2012) published a comprehensive literature survey on the field of
SPH. Recently, SPH was also included in the handbook for planners and installers of
the German Solar Energy Society DGS (Kasper et al. 2012). Feasibility analyses for
Tunisia are presented by Calderoni et al. (2012) and Frein et al. (2014). Silva et al.
(2014) did a study on SPH for vegetable preservation in Spain.

The EU-funded project Solar Process Heat (SoPro) was one of the first publicly funded
projects addressing barriers for SPH on an international level. It supported the market
deployment in six European regions. In sum, 90 energy screenings of industrial compa-
nies were carried out. Checklists were developed, training seminars were held and the
chances and barriers for SPH contracting have been analyzed. Based on a process-
specific approach, simplified design guidelines for SPH systems for four common ap-
plications were developed (Hess and Oliva 2010). These applications are heating of
water for washing or cleaning, heating of make-up water, heating of baths or vessels
and drying with air collectors. It was shown that SPH systems supporting open loop
processes at low temperature levels can have significantly higher annual gains than
standard ST systems in the domestic sector. The work within SoPro triggered 10 new
SPH installations within the regions (Egger 2011). The summarized project results to-
gether with practical examples for application of the simple system dimensioning meth-
odology are presented in (Hess et al. 2011).

Following a sector-specific approach, Schmitt et al. (2012a) presented a branch-concept
for SPH integration in breweries. A guideline for planners for this sector was published
as well (Schmitt et al. 2012b). Based on this work, generalized technical solar heat inte-
gration concepts were developed (Schmitt 2014). Lauterbach (2014) developed a pre-
liminary design methodology for SPH systems.

Selected recent examples for scientifically monitored commercial solar process heat
plants are the Hofmuehl brewery with a system utilization ratio of about 20 % (Wutzler
et al. 2011), the Alanod demonstration plant for direct steam generation (Krueger et al.
2011) as well as the electroplating company Steinbach & Vollmann, where in the course
of system optimization an innovative storage charging concept was implemented
(Schramm and Adam 2014).

Lauterbach et al. (2014) monitored the Hutt brewery. By incorporating the measured
ambient temperature, irradiance, process load profiles and system operation data in a
TRNSYS simulation, the authors found a very good correlation between the measured
and simulated performance of the flat-plate SPH system applied. Recently, SPH systems
for brick manufacturing (Vittoriosi et al. 2014) and meat production (Cotrado et al.
2014) were installed and are monitored.
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Visions and research priorities: In spite of the barriers described above, stakeholders
have very high expectations for SPH. The German solar industry association BSW sees
SPH below 100 °C in its Fahrplan Solarwarme as a strategic focus issue with decisive
importance for market deployment of ST. With a joint effort of the whole ST sector, the
BSW has set the ambitious target of 1.500 SPH plants installed in Germany by the year
2020 and perspectively more than 28.000 by 2030 (Ebert et al. 2012, p. 11).

The International Energy Agency IEA states in its Technology Roadmap for Solar Heat-
ing and Cooling, that ST systems globally could supply 20 % of the industrial heat de-
mand below 120 °C until 2050 (IEA 2012, p. 22).

Based upon a Common Vision for the Renewable Heating and Cooling Sector in Europe
(Sanner et al. 2011), the European Technology Platform on Renewable Heating and
Cooling published Strategic Research Priorities for ST collectors until 2020 and be-
yond (Stryi-Hipp et al. 2012, p. 45). In their Strategic Research and Innovation Agenda
for the renewable heating and cooling sector, the platform members defined research
and innovation priorities for SPH collectors and systems (Sanner et al. 2013, p. 53).

They further detailed their suggestions in a Solar Heating & Cooling Technology
Roadmap, containing technological and non-technological measures for SPH until 2020
with objectives and milestones. Among else, they recommend the development of mid
temperature collectors with improved efficiency, self-carrying and modular collector
structures for large-scale collector arrays on industrial roofs, as well as improved reflec-
tor materials for concentrating collectors (Ivancic et al. 2014, pp. 26-28).

B Solar water heating

B Solar space heating

El/yr

M Solar industrial process
heat (low temp)

M Solar space cooling

Solar swimming
pool heating

2012 2015 2020 2025 2030 2035 2040 2045 2050

Figure 1.8: Vision of the International Energy Agency IEA for ST until 2050. ST tech-
nologies could supply 15.5 EJ or about 16 % to the predicted worldwide heating and cool-
ing demand. In this scenario, SPH below 120 °C contributes 7.2 EJ (IEA 2012, p. 22).
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1.3 Stationary Process Heat Collectors

1.3.1 Collector Categories

The purpose of a solar thermal collector is to convert solar irradiance incident on its
aperture area® into useful heat. To efficiently generate temperatures above 100 °C a high
variety of collector designs and materials is applied. The existing concepts can be cate-
gorized according to different criteria: Stationary (i.e. non-tracking), seasonally-tilted,
one-axis tracked and two-axis tracked collectors are built. When the flux density of ir-
radiance onto an absorber is enhanced by concentrators, high concentrating focusing
collectors differ from the low-concentrating and are usually non-focusing. Thermally,
non-evacuated collectors have to be distinguished from evacuated ones. Different heat
transfer fluids such as water, water-glycol mixture, air, thermal oil or molten salt are
used.

The term process heat collector (PHC) is not a clear definition, since process heat as
defined above can be generated by all ST collector types. But since this term is mainly
used in collector development, within this work it describes collectors, which are de-
signed and optimized for output temperatures in the mid-temperature range (100 to
250 °C) or the high temperature range (above 250 °C). In Figure 1.9, a suggestion of
performance criteria to fulfill are shown. Here, from the perspective of collector devel-
opment, the single-covered flat-plate is not a process heat collector.
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Figure 1.9: Collector output curves at reference conditions with suggested performance
criteria for process heat collectors as discussed within Task 49, based on Fischer (2012).
The symbols used are explained in section 3.2.1 and in the nomenclature.

! Theoretical reference area of solar thermal collectors, usually the projected area parallel to the
absorber, through which radiation can reach the absorber (cp. A, in Figure 2.6)
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1.3.2 Standard Flat-plates and Evacuated Tube Collectors

Flat-plate collectors: Standard-flat-plate collectors are the most common collector
type in Europe (Weiss and Mauthner 2014, p. 11). Due to the low difference between
gross and aperture area they collect much beam irradiance per gross area and make good
use of diffuse irradiance. They are stationary mounted, simply constructed and need low
maintenance. Figure 1.10 shows the construction of a non-evacuated standard flat-plate.

. Selective coating
. Absorber

. Absorber pipe

. Insulation

. Rear panel

. Header pipe
Frame

o N o U A W N R

. Transparent cover

Figure 1.10: Components of a standard flat-plate collector, based on (Rommel 2005)

Good thermal conduction is needed to effectively transfer the heat generated on the ab-
sorber to the absorber pipes and finally to the heat carrier fluid of the solar loop. Figure
1.11 shows the main loss mechanisms of a standard flat-plate at non-perpendicular irra-
diance under operation conditions. The values are only indicatively and vary highly for
different constructions, temperatures and locations.

GI‘ Reflection at the
100% glass
8%

Absorption in the glass

Reflection at the Heat radiation from the
absorber absorber
Convection
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R / B
Absorber - -\

Heat conduction ‘ 3%

Figure 1.11: Simplified illustration of the loss mechanisms of a standard flat-plate Collec-
tor, adapted from Quaschning (2007)
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Evacuated tube collectors: Currently, the solar thermal industry manufactures a large
variety of evacuated tube collector concepts. The so called Sydney tube (also Twin-glass
tube or Thermo flask tube), shown in Figure 1.12 is the most common tube. Most evac-
uated tube collectors can be characterized as follows:

e A collector consists of a row of parallel glass tubes.

e A vacuum (< 10 Pa) inside every single tube extremely reduces conduction
heat losses and eliminates convection.

e The upper end of the tubes is connected to a header pipe, through which the heat
carrier fluid of the solar loop flows.

At Sydney tubes, the vacuum is located between the inner and the outer glass tube. A
selectively coated absorber surface (cp. section 2.3.3) covers the outside of the inner
tube. Due to the position within the vacuum, the coating usually has a high thermal sta-
bility. After evacuating the gap between the tubes, the so called getter, made from bari-
um, is evaporated inductively. The emerging barium film on the lower end of the tube
absorbs any CO, CO,, N2, O, and H,0 released during storage or operation of the evac-
uated tube. In this way the vacuum is enforced and long-term stabilized. If the silver
color of the getter gets grey like in Figure 1.12, the vacuum is lost.

A heat conduction sheet transfers the heat absorbed by the inner glass tube to collector
pipes (usually copper). In direct flow tubes, the fluid of the solar loop flows thorough
these copper pipes, which are usually bended to a u-shape and clamped to the heat
transfer sheet (cp. Figure 1.12). In direct flow tubes, the tubes are usually hydraulically
parallel and brazed to the collector header pipes (one header for return flow, one for
flow). The return flow streams down the Sidney-tubes within one half of the bended, so
called u-tube pipes, and up again in the other half, being heated on both ways. Collected
by the header, it forms the collector flow. Also direct flow configurations with coaxial
pipes are offered. In this case, the return flow flows down within the inner pipe and up
again in the outer pipe, which is centrally placed within the heat conduction sheet.

Copper pipe for heat transfer Selective Outer tube

coating
Vacuum tub7 lr

Reflector
(optional)

Vacuum between
inner and outer tube

Heat transfer fin

~ Bracket
 with Getter

Barium Getter

Inner tube

Figure 1.12: Components of a Sydney tube collector (Weiss and Rommel 2008, p. 8)
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In heat-pipe collectors, collector pipes and solar loop are hydraulically disconnected. A
working fluid evaporates within the collector pipes at low temperatures and condenses
at the top of the pipe. The condensers are thermally connected to the header pipe, either
dipping into the solar fluid (referred to as wet connection) or clamped to the header pipe
and using heat conduction paste (dry connection).

1.3.3 Low-Concentrating, Stationary Collectors

Reflectors are applied to increase the energy gain of ST collectors by re-directing or
concentrating solar irradiance onto an absorber. Focusing reflectors concentrate irradi-
ance onto a focal point or line. Such collector types have to track the sun to keep the
focus on the absorber. To avoid tracking, reflectors must be shaped in a way that the
radiant flux density onto the absorber is increased for a certain range of incidence an-
gles. Such reflectors are called non-focusing or non-imaging concentrators. With these
concepts, only small concentration ratios are reasonable. Thermally, it is important to
distinguish between reflector concepts, which are placed outside the thermal sealing of a
collector (cp. Figure 1.13) or within (cp. Figure 1.14). Placing the reflectors inside pro-
tects them from hail, dust and water. But at such concepts conduction and convection
occur within the whole casing, so the loss reduction related to the aperture area is usual-
ly smaller.

This section intends to reflect the state of the art of low-concentrating, stationary collec-
tors, focusing on flat-plate based concepts that were theoretically optimized, character-
ized in laboratories, annually simulated or annually measured. The technical terms used
are explained in the following chapters, mainly in section 2.4.1. Further literature with
relevance for this work is referenced within the respective chapters.

The use of external so called booster reflectors for ST collector arrays (cp. Figure 1.13)
has been investigated since the 1950s, when Tabor (1958) projected the incidence angle
of beam irradiance into a vertical north-south plane and determined necessary ac-
ceptance angles of stationary concentrators.

Perers and Karlsson (1993) presented a simplified model to calculate the additional
energy gain of flat-plate collectors equipped with flat or CPC booster reflectors. In
Studsvik, Sweden, they measured the annual gain of a flat-plate equipped with
optimized flat booster reflector and of an identical reference flat-plate without reflector.
The flat-plates were double-covered with white glazing (i.e. low iron content) and a
Teflon foil, and the length of the flat reflector in front of the flat-plates was 1.25 the
height of the flat-plates (ratio L/H = 1.25). The reflectors extended the length of the flat-
plates by one meter in the east-west direction to minimize end losses. After four
operating seasons they measured an annual output increase due to the reflector of 30 %.
In a simulation study, they applied reflectors of p = 0.8 ( pspec = 0.6) to the described
flat-plate collectors and calculated the annual gain for Tx = 70 °C in Stockholm, Swe-
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den. For L/H=1.25, a collector with CPC-booster achieved 15 % higher output than
with a flat booster. For L/H =2, the authors expect additional gains of 50 % by a CPC
booster. Perers (1995) further optimized different flat and CPC booster geometries for
the flat-plate mentioned above. Assuming costs of ground area and a cost-range for the
reflectors, he calculated an investment cost reduction of up to 25 % per delivered kWh
for the Stockholm climate, when flat booster reflectors with optimal ratio of L/H=1.5
are applied. In the study, the maximum yield per ground area was achieved by flat
boosters; the maximum yield per receiver flat-plate area was achieved by a CPC.

Figure 1.13: Flat-plate collector field with trapezoidal corrugated aluminum sheet booster
reflectors supplying a hospital in Osthammer, Sweden.
Picture: Bjorn Karlsson, cp. (Ronnelid and Karlsson 1999, p. 347).

Hellstrom et al. (2003) investigated the impact of different flat booster reflector
materials on the additional annual energy gain of a standard flat-plate with solar
transmittance of 0.90 in Stockholm. For L/H=2.06, the optimized concepts were
assessed at mean temperatures of 70 °C. A PVF2-coated aluminium sheet increased the
annual gain by 25.7 %, anodized aluminium by 32.7 %, and silver coated glass by
36.4 %. The relative improvement increased with increasing operation temperatures.
Ronnelid and Karlsson (1999) showed that v-corrugation of flat booster reflectors can
further increase the annual beam irradiance onto the flat-plate by approx. 10 % and the
annual output by approx. additional 3 % compared to a flat booster (for L/H =2).

In Figure 1.14, a concept with internal CPC reflectors is shown. Efficiency test results
of the collector alternately covered with solar glass, honeycomb transparent insulation
material (TIM) and with additional Teflon foil can be found in (Carvalho et al. 1995).

Carvalho et al. (1995) compared different variants of their collector to other collector
types by simulations for Lisbon, Portugal. They found their single covered, north-south
orientated collector to achieve a higher annual solar fraction than a selective flat-plate or
an evacuated tube collector (ETC) at daily heating 900 | water from ambient tempera-
ture to 60 °C. The authors further recommend their collector for seasonal applications.
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1. Aluminum frame 5. Back sheet

2. EPDM gasket 6. Transparent cover
3. Polyurethane insulation 7. Header tube

4. Absorber fin with 8. CPC reflector

selective coating
on both sides

Figure 1.14: AoSol CPC collector with “inverted v’-absorber.
For highest gains the collector is orientated east-west. Cge, = 1.12, 6, = 56,4°,

Agp =198 m?. Parameters from Pereira et al. (2003). Pictures: Manuel Collares Pereira

Supporting a single-stage adsorption chiller at 90 °C in Lisbon, the single-covered vari-
ant achieved higher gains than a selective flat-plate. Carvalho et al. (1995) further state,
that the double covered variant would have a better cost/performance ratio than an ETC
in this application. Detailed analytical solutions for the optical parameters of “inverted
v”’-absorbers can be found in (Fraidenraich et al. 2008).

Ronnelid et al. (1996) constructed a flat-plate with internal, symmetric v-trough concen-
trator with a flat absorber. Laboratory heat loss tests revealed that a low-emitting reflec-
tor and an additional 25 um FEP Teflon film reduced the heat losses by about 20 %. But
the optimized CPC concept with Cy., = 1.56, 8, = 35° and a truncation ratio of 0.4,
had only approx. 5 % higher annual gains than a standard flat-plate, when it was orien-
tated east-west and simulated in Stockholm at T, = 70 °C (read from graph in (Rénnelid
and Karlsson 1996, p. 178)). So for an annual load the additional costs for manufactur-
ing internal reflectors of this kind might not be justified. A very similar collector had
been investigated by Fasulo et al. (1987), who could significantly reduce convection
losses by covering the flat absorbers with transparent foil, but the overall efficiencies of
the concept were rather low and no annual energy gain simulations have been reported.
Buttinger et al. (2010) investigated a flat-plate collector with internal CPC and tubular
absorber. A prototype with krypton gas filling and very low pressure of 0.01 bar showed
efficiencies of about 50 % at G = 1000 W/m? with f; = 0.1.

In order to replace collector components by cheaper reflector area, the collector concept
shown in Figure 1.15 was developed for high latitudes.
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Figure 1.15: Construction principle of the MaReCo (Maximum Reflector Collector)
with stand-alone MaReCo field of A5, = 500 m? and row length of 40 m constructed in
1999 supporting a bio fuel burner in Torsaker, Sweden. Left picture from (Adsten et al.
2004, p. 201), right picture from (Adsten 2002, p. 41).

The reflector consists of two parabolic and one circular segment and directs irradiance
onto a flat, bifacial coated absorber. Though having lower annual gains than a reference
flat-plate, Adsten et al. (2005) estimate the roof-integrated MaReCo and the stand alone
MaReCo to have a better annual cost/performance ratio than a flat-plate collector gener-
ating heat at Tr = 75 °C. Further development of the concept and its theory can be
found in (Brogren 2004). The IAM of asymmetric reflectors is investigated in detail by
outdoor measurements in (Helgesson 2004). A similar concept with bifacial absorber
orientated parallel to the glazing is presented in (Tripanagnostopoulos et al. 2000).

The company SRB Energy devel-
oped a bifacial vacuum flat-plate
collector, which can be equipped
with two semicircular or CPC-
shaped reflectors (cp. Figure 1.16).
The reflectors are stationary and not
covered. According to the company,
the vacuum inside the flat-plate is
between 107° to 10~° mbar and is
expected to last for the whole ser-
vice life of the collector. This shall

be achieved by a metal alloy getter . X
. Figure 1.16: SRB collector at the Intersolar Eu-
being regenerated when heated by rope 2011 in Munich. Picture: S. Hess

the sun, which shall cause diffusion

of atoms and molecules into the getter material. The collector is expected to work effi-
ciently with in the medium temperature range also at low irradiance (Burckhart et al.
2014).
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Chapter 1: Introduction

Many stationary, low concentrating collector concepts are based on evacuated tubes. As
well as at flat-plates, one can distinguish between concepts where the reflector is placed
within the evacuated tube or outside. Mills et al. (1994) optimized asymmetric, external
CPC reflectors of ETCs for certain load profiles using ray-tracing and TRNSYS simula-
tions. Muschaweck et al. (2000) used numerical optimization and raytracing to optimize
such collectors for tubular ETC collectors. They found that east-west-orientated, asym-
metric truncated CPC reflectors usually have a better ground use than collectors with
symmetrical reflectors.

Nkwetta and Smyth (2012) designed two variants of external, truncated CPC reflectors
for an evacuated heat-pipe tubular collector with flat absorber. The first variant is a CPC
for flat radiation exit aperture, at which the standard-tube with the single-side coated
absorber sheet (SSACPC) is placed. At the second variant, the absorber is rotated by
90° (now perpendicular to the aperture) and coated on both sides (DSACPC). Both vari-
ants have 6, = 30° and Cy4,, = 1.85, so the DSACPC has twice the aperture of the
SSACPC. The authors measured both variants under an indoor solar simulator. The
conversion efficiency of the DSACPC was found to be only slightly below that of the
SSACPC, with considerably lower heat loss coefficients. External, north-south symmet-
ric CPC reflectors for evacuated tubes (XCPC) were presented by Kim et al. (2013).
Working at comparably high concentration, efficiencies of above 40 % at temperatures
above 200 °C were measured for such modules.

Duff et al. (2004) presented the integrated CPC-reflector evacuated solar collector
(ICPC) running a double-effect absorption chiller. The inner bottom half of an evacuat-
ed glass tube is silvered and reflects the irradiance to a fin absorber attached to a coaxial
counter flow absorber tube. Detailed monitoring of the system performance is ongoing
(Duff and Daosukho 2011). An improved ICPC design with a flat, bifacial absorber
perpendicular to the aperture, similar to the DSACPC-geommetry in (Nkwetta and
Smyth 2012), was presented by Jiang and Winston (2014).

Nkwetta et al. (2012) introduced a CPC concentrator for a tubular absorber of 15 mm
diameter, which is placed inside an evacuated tube of 100 mm outer diameter. In a ray-
tracing analysis, under the simplification of ideal specular reflection and 100 % absorp-
tance of the absorber, the construction with 8, = 20° and Cy., = 1.95 offered a mean
optical efficiency close to 0.8 within its acceptance angle. Nkwetta et al. (2013) per-
formed outdoor-efficiency tests of this tube alternatively with heat-pipe or direct coaxial
flow absorber, and with or without evacuation. The conversion factor with evacuation
was higher than without for both absorber variants, and best efficiencies at higher work-
ing temperatures were found for the evacuated tube with heat-pipe absorber.
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Chapter 2: Optical Investigations

2 Optical Investigations

The main subject of this work is the utilization of anisotropic diffuse sky
radiance by low-concentrating solar thermal collectors. Thus, this chap-
ter starts with a background on solar irradiance. The concept of the in-
cidence angle modifier and its determination for certain design variants
of the RefleC collector by raytracing is explained. The parameterization
of RefleC in the raytracing-model is discussed based on measured mate-
rial properties. Finally, the reflector design is explained and raytracing
results relevant for the following investigations are given.

2.1 Solar Irradiance

2.1.1 Components and Characteristics

Non-focusing solar thermal collectors make use of beam and diffuse radiation. Both
types of irradiance vary during day and year with changing sun position and weather
conditions. Figure 2.1 illustrates the different irradiance components incident on a low-
concentrating, stationary collector.

Figure 2.1: Solar irradiance components on an aperture plane with tilt angle §. Left: The
yellow arrows and circular segments symbolize the simplified assumption of an isotropic
nature of sky and ground reflected radiance. The blue curve shows a realistic, anisotropic
intensity distribution of diffuse sky radiance for a sunny day, with brightening around sun
and horizon. Right: RefleC with longitudinal direction along the reflector trough. In the
transversal, the radiation acceptance is very distinctive (cp. Figure 2.11). The positive
transversal incidence angle component 6, on the aperture is indicated (cp. Figure 2.8).
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Chapter 2: Optical Investigations

Beam irradiance G,; on the tilted aperture plane reaches the collector from a solid angle
of approx. 6° diameter (cp. section 2.1.2) with the sun at its centre. Diffuse irradiance
from the sky G,; originates from the whole sky dome visible from the aperture (exclud-
ing the disk of approx. 6°). Ground reflected irradiance G, reaches the aperture from
directions below the horizon with transversal incidence angles 8, = [—90; —90 + f].

Table 2.1 gives an overview on the terms used within this work to distinguish between
radiation sent out and received as well as between instantaneous power and energy.

Table 2.1: Terms for solar radiation as suggested by Igbal (1983, p. 41). All terms refer to the
integrated power of the whole solar radiation spectrum.

Term Unit Meaning

Radiation - Used qualitatively to distinguish irradiance components

Radiance W/(m?sr)  Emitted solar radiant flux within a unit solid angle

Irradiance W/m? Incident solar radiance per unit aperture area

Irradiation kWh/m? Integrated irradiance within time interval per aperture
area

In the following, details on characteristics and calculation of the solar irradiance com-
ponents as well as their use in simulation programmes will be given. An obvious start-
ing point for this is the sun itself.

Extraterrestrial solar radiation: The sun is the center of our planetary system and con-
tains 99.85 % of its total mass. Within the sun, hydrogen is fused to helium, which re-
sults in a mass loss of approx. 4.3 -10° t/s in the form of radiative energy. Using Ein-
stein’s law it can easily be shown that the sun emits an enormous radiant flux of approx.
3.86465 -10%° W to outer space. The temperature of the sun’s center is approx. 107 K.
It decreases towards the photosphere, the approx. 200 km thick “surface” of the sun, to
finally approx. 5,790 K. There, the major part of radiance is emitted. Simplified, the sun
can be seen as a black body emitter. Under this assumption, its radiance can be calculat-
ed according to the Stefan-Boltzmann law with an approximated effective black body
temperature of 5,777 K (Duffie and Beckman 2006, p. 3).

When viewed from earth, the opening half angle of the solar disk itself is as small as
approx. 0.27°, which results in a divergence of direct sunlight of approx. 0.54°
or 9.4 mrad. From satellite measurements the exact value for the intensity at the outer
earth atmosphere normal to the sun direction was defined to

G = 1,367 + 23 — (2.1)

This value G, is called solar constant (Duffie and Beckman 2006, p. 5). The fluctuation
range of this value results from the eccentricity of the earth’s elliptical orbit around the
sun, which causes annual variations of approx. 1.7 %. G, can be determined by Eq. 2.2.
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2.1 Solar Irradiance

2mi
Gse = 1,367 - [1 4+ 0.0033 cos (%ﬁ (2.2)

Herein, i is the day of the year (Duffie and Beckman 2006, p. 37). The equation for the
instantaneous extraterrestrial irradiation on a horizontal plane G, (parallel to the earth’s
surface) as used in weather data files can be found in (Remund et al. 2007b, p. 8).

Atmospheric effects: Various processes in the atmosphere reduce the intensity of the
solar radiation, and also direction and spectral distribution are changed. The extent of
these effects highly depends on the atmospheric path length, which is travelled by the
rays. To describe this path length relative to the shortest possible way (zenith angle
6, = 0°, cp. Figure 2.7), the value AM (Air Mass) was defined.

1

AM =
cos b,

(2.3)

AM 0 refers to solar irradiance intensity and spectrum at the outer edge of the earth’s
atmosphere. AM 1 accounts for effects to the sun rays when passing through the atmos-
phere perpendicularly, i.e. with shortest possible distance. Since this is only possible for
beam irradiance near the equator, the spectral irradiance commonly referred to is
AM 1.5. The spectra of the different irradiance types at AM 1.5 are shown in Figure 2.2.
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Figure 2.2: Reference spectra G173-03 of ASTM (American Society for Testing and Ma-
terials). Values provided by US National Renewable Energy Laboratory (NREL 2013).
AM 1.5 defined for receiving surface tilted 37° towards the equator, surface normal
pointing to sun, solar zenith angle 68, = 41.81°, albedo 0.3, turbidity 0.29 and T, =
20 °C. Spectral irradiance for “AM 1.5 diffuse” is not provided and was calculated by
subtracting spectrum “AM 1.5 direct + circumsolar” (cp. section 2.1.2) from “AM 1.5
global”. Igbal (1983, p. 162) reports a very similar diffuse spectrum (for horizontal). The
colored bar indicates visible light, i.e. the sensitivity of the human eye between approx.
0.38 um and 0.78 um). Below this is the ultra violet (UV) range, above infrared (IR).
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Chapter 2: Optical Investigations

Global (or hemispherical) irradiance is the sum of beam (i.e. direct) and diffuse. Com-
paring the curves of AM 0 and AM 1.5 global, the effects of atmospheric gases get visi-
ble. The different gases show individual wavelength-dependent absorptivities, which
result in absorption bands. Most relevant for this effect are water vapor, oxygen, carbon
dioxide and ozone. Additionally, reflections at water drops and ice particles occur, so
that a part of the reflected radiation is directed back into outer space. Furthermore, the
photons undergo Rayleigh and Mie scattering.

Rayleigh scattering occurs due to the interaction of light with an atmospheric gas mole-
cule or aerosol, which has smaller dimensions than the wavelength of the light. The re-
sult is non-directional (diffuse) radiation with smaller wavelengths than beam radiation.
Among others, this results in the blue sky, because the emerging radiation is primarily
in the wavelengths of blue light. Rayleigh scattering occurs mostly isotropic. This is
why at good weather conditions the hemisphere is evenly blue. Mie scattering is caused
by larger particles like fog drops or larger aerosols. It highly increases at dusty skies.
Mie scattering shows a clear overweight of forward-scattering. Its visible effect is the
white circular area, which often can be observed around the solar disk. A rule of thumb
is that the higher AM-value and air pollution are, the higher is also the Mie scattering.
Further details on the effects of the atmosphere on solar radiation and on their model-
ling for solar applications can be found in Igbal (1983) and Badescu (2008).

2.1.2 Radiation Data Measurement

It was crucial for this work to understand how radiation measurement devices work and
how they distinguish between beam and diffuse. Several devices for long-term meas-
urement of meteo data are shown in Figure 2.3.

Solys 2 Tracker

Shadowband Weather station

Figure 2.3: Solar tracker for irradiance measurement (left). At its edge, two pyrheliome-

ters point to the solar disk. One measures DNI (direct normal irradiance) including cir-

cumsolar, the one shaded by the tracked ball measures only circumsolar. Two horizontal

pyranometers are mounted on top; one measures GHI (global hemispherical irradiance),
one is shaded from beam irradiance to only detect diffuse. Picture: (SU 2013).
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2.1 Solar Irradiance

The horizontal diffuse pyranometer in the back of Figure 2.3 is equipped with a shadow
band, which has to be manually adjusted every few days. With a whole hemispheric
segment shaded, it is less accurate and used for comparison only.

Atmospheric effects on solar radiation have been described above. In the context of fo-
cusing solar concentrator applications, the resulting brightness gradient from center of
the solar disk to the circumsolar region is often referred to as “sun shape”. This shape
can be described by the Circumsolar Ratio (CSR), i.e. the ratio between the integrated
intensity arriving from the aureole and the integrated intensity from solar disk plus au-
reole. The extent of this aureole depends on turbidity and zenith angle. For simulations
of focusing concentrators with acceptance angles significantly below the ones of a pyr-
heliometer, sun shape profiles representative for certain DNI values can be approximat-
ed (Neumann et al. 2002, p. 202). Figure 2.4 shows a clear sky with horizontal brighten-
ing (left, low CSR), and a slightly covered sky (right) with higher circumsolar radiance
significantly extending the acceptance of a standard-pyrheliometer.

Figure 2.4: Images from “All Sky Imager” at Plataforma Solar de Almeria at 09:00 UTC
(left) and 14:00 UTC (right). The sun is shaded by a tracked ball. CSR was measured
with NREL SAM (Sun Aureole Measurement device) and with two Pyrheliometers with
different opening angles of 1.5° and 2.5°. Left: CSR = 0. 2%, Right: CSR 18.1 %
(Wilbert et al. 2012, p. 8).

Distinction between beam and diffuse: Pyranometers have a view angle of 180° and
a flat absorber, thus integrating irradiance from their whole visible hemisphere and
measuring with cosine-effect (cp. page 25). Pyrheliometers on the other hand are irradi-
ance sensors equipped with a collimator. Depending on the collimator aperture width,
they only detect irradiance from a small, usually circular field of view. Due to the finite
extent of the sensor element itself, there is no sharp cutoff in radiation acceptance. The
same partial shading of the sensor at certain incidence angles applies also when a Pyra-
nometer is shaded with a tracked ball as in Figure 2.3. This effect with the characteristic
pyrheliometer-angles “slope angle”, “opening angle” and “limit angle” is discussed in
(Igbal 1983, p. 352). Effectively, pyrheliometers for DNI measurement accept radiation
from a disk of 5° to 6° in diameter with the sun in its centre (Neumann et al. 2002, p.
198; Remund et al. 2007a, p. 49).
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From the earth’s perspective, the solar disk radius varies with the elliptical shape of the
earth orbit between 4.742 mrad in January and 4.584 mrad in July (Neumann et al.
2002, p. 200). Thus, a mean solid angle of approx. 0.53° in diameter is covered by the
sun disk. But Mie scattering by the earth’s atmosphere causes a considerable broadening
of the sun observed from earth, with an aureole around the physical solar disk. This au-
reole is called circumsolar region. In Figure 2.2, the spectral intensity “AM 1.5 + cir-
cumsolar” was measured with a pyrheliometer of 5° field of view (NREL 2013). Thus,
the spectrum “AM 1.5 diffuse (calculated)” should represent the irradiance measured by
a pyranometer with shading ball.

TMY-files: Solar thermal system simulation programs like TRNSYS, T*Sol, or Polysun,
usually use standardized weather data input files. In TRNSYS, often Typical Meteoro-
logical Years (TMY-files) are used. They statistically represent a typical average year at
a selected location. For their generation, either on-site long-term measurement values
can be used, or the values are interpolated between meteo data measurement stations
near the requested location (Remund et al. 2007a).

TMY -files contain hourly data sets for simulations. Each line includes calculated extra-
terrestrial direct normal irradiation, calculated extraterrestrial horizontal irradiation G,
global horizontal irradiation (GHI) G, measured with an unshaded pyranometer, direct
normal irradiation (DNI) measured with a pyrheliometer with 6° view angle, diffuse
horizontal irradiation (DHI) G,;, measured by a pyranometer with tracked shading ball
of 6° diameter centered at the solar disk. Diffuse irradiance in the weather data files
correspondingly means GHI reduced by irradiance from solar disk and its surroundings
within 6° diameter, as discussed in (Remund et al. 2007a, p. 49) and (Welford and
Winston 1978, p. 125). Furthermore, the files contain illuminance data (considering
only visible light), ambient temperature, wind speed and direction, relative humidity
and other values (Remund et al. 20074, p. 30).

2.1.3 Irradiance on Tilted Planes

In simulations, the irradiance components on a tilted plane are usually calculated by the
software itself, based on the values for horizontal irradiation in Wh/m? from the weath-
er data file. Sticking to horizontal input data allows for using one single meteo data in-
put file, while e.g. collector slope or azimuth are varied. Within this section, basic ap-
proaches for calculation of irradiance on tilted planes are given.

Beam irradiance G, on a tilted plane can be calculated easily from the direct normal
irradiance G,,, pyrheliometer data.

Gpe = Gpp - €0 0 = Gy - A1/A; (2.4)

Figure 2.5 illustrates that the radiant flux density of beam irradiance decreases
with cos 6 when a surface is turned away from the sun.
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2.1 Solar Irradiance

%)

Figure 2.5: lllustration of the cosine-effect for received solar irradiance. Beam irradiance
reaches the area A, at incidence angle 6. For the projected area A, perpendicular to the
incidence direction, the received energy is the same, but the intensity is higher (maximal).

If only the horizontal beam irradiance G, is available, knowledge of the solar zenith

angle 6, leads back to:

Gpn = Gy /cos B (2.5)

Combining Eg. 2.4 and Eq. 2.5 we obtain the calculation of G, from horizontal beam
irradiance (as contained in weather data input files for simulations).

Gpe = Gy - cos 8/ cos O (2.6)
The radiation spectrum of beam irradiance (including CSR) is shown in Figure 2.2.

Diffuse irradiance from the sky G4 on a tilted plane originates from the whole sky
dome except from the angle of 6° with the sun at its centre. Very simplified, it can be
assumed that every sky segment has the same radiance. With this so called isotropic
model, G; can be calculated from the horizontal diffuse irradiance G, by simply cutting
the part of the hemisphere not visible for a surface sloped with 3:

Gse =G4 -0.5-(1+cosp) (2.7)

In reality, the diffuse sky radiance is often distributed uneven over the hemisphere, i.e.
it is anisotropic. The extent of this anisotropy depends among else on instantaneous
cloudiness, turbidity, and Mie and Rayleigh scattering. The two main anisotropies are
the circumsolar diffuse irradiation and the brightening near the horizon (cp. blue curve
in left picture of Figure 2.1). The circumsolar diffuse radiation is the brightening of the
sky around the sun due to Mie scattering. The brightening near the horizon results from
the much higher Air Mass in direction of the horizon and therefore the more likely scat-
tering of solar radiation (Duffie and Beckman 2006, p. 10). Another reason for the hori-
zontal brightening is reflections or backwards-scattering of rays due to Rayleigh scatter-
ing, which occurs in the atmosphere behind the horizon.

The radiation spectrum of the diffuse irradiance from the sky is different from beam
irradiance, since parts of the scattered and reflected radiation undergoes a considerably
higher path length or Air Mass. The spectrum calculated in Figure 2.2 includes due to
B = 37° both components G + G,.. Qualitatively, the distribution corresponds well to
the diffuse irradiance spectra derived by Igbal for various conditions (Igbal 1983, p.
159). It has its maximum intensity in the UV range.
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Diffuse irradiance from the ground G,,: Additionally to the diffuse irradiance from
the sky also diffuse irradiance reflected by the ground reaches a sloped collector (cp.
Figure 2.1). This component is usually and also within this work approximated to be
isotropic. In this case, the diffuse irradiance from the ground G,., originating from re-
flected global horizontal irradiance G, correlates with the reflectivity of the ground p ord

and the collector slope g as follows:

Gre =G "Pgra /2-(1—cosp) (2.8)

The so called albedo pg,-q can be measured by an albedometer. But usually, this reflec-
tivity is not known and not constant, since a dry ground shows a different reflective
behavior than a wet or snow covered surface. Therefore it is common to calculate with a
constant reflectivity of p yra = 0-2. In some cases meteo-files include measured or mod-

el-based albedo-values, which can be used. Values of up to 0.5 are reached for snow
covers of 5 cm and higher (Remund et al. 2007b, p. 29).

Global irradiance G;: The sum of horizontal beam irradiance G, and horizontal diffuse
irradiance G is referred to as global or hemispherical horizontal irradiance G:

G =Gy + Gy (2.9)
The global solar irradiance G, on a tilted plane is:
Gy = Gpe + Gge + Gry (2.10)

Programs like Meteonorm offer detailed algorithms for such calculations based on hori-
zontally measured meteorological data of various types and time resolutions. With vali-
dated interpolation algorithms time resolutions down to one minute for the different
irradiance components on tilted planes can be generated (Remund et al. 2007b, p. 24).
As stated above, it is convenient to use hourly irradiation data on the horizontal for ST
system simulations. In TRNSYS 17, the function “getincidentRadiation” combines a
weather data reader and a radiation processor to provide irradiance values on tilted
planes (Klein et al. 2012b, pp. 7.85-7.97). It is important to note that neither Meteonorm
nor TRNSYS offer the possibility to generate a continuous distribution of diffuse sky
radiance. Both only offer different models to calculate the irradiance components on a
tilted plane as a summarized value (further discussed in section 4.1). In each time step,
this value is then transferred to e.g. a solar thermal collector.

2.1.4 Conventions for Sun Position and Reference Planes

Aperture area: The aperture is a theoretical reference area of ST collectors, meaning
the area parallel to the absorber plane, through which perpendicular irradiance can reach
the absorber. For flat-plates, the aperture area is usually identical with the collector
glazing; for RefleC, the projected area of the reflectors is added (cp. Figure 2.6).
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Figure 2.6: Aperture area definition for RefleC. The flat-plate aperture is the transparent
part of the collector front (within the opaque front cover). Both for conventional CPC
(RefleC 1 and 2, left) and one-sided CPC (RefleC 3 to 6, right) the projected reflector ar-
ea parallel to the absorber plane adds to the aperture. Cp. also Figure 2.8.

Incidence angle on a horizontal plane: The sun is located by its zenith angle 6,
which is its incidence angle onto the horizontal, and the solar azimuth angle ¢, from
the south (see Figure 2.7). When the irradiance direction §, is projected onto the hori-

zontal, ¢, is the displacement angle between this projection and the south direction,
while ¢ is referring to the transversal collector plane (cp Figure 2.8).

Collector aperture area

Zenith

Sun

Figure 2.7: Orientation of collector plane and sun (absolute and relative). Values for sun
azimuth ¢, and collector azimuth y are negative for positions east of south up to -180°
and positive for positions west of south until +180°.
Collector orientation and incidence angles: The collector slope £ from the horizon-
tal can also be found between zenith and collector surface normal 7 .;;. The collector

azimuth angle from the south isy. The incidence angle 8 onto the collector is clearly
located by the azimuth angle ¢ = ¢; —v.
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The projection of s, in a Cartesian coordinate system with south, west and zenith is:

Ss sin 6, - cos ¢y
So=| sz |= cos g (2.11)
Sw sin 6 - sin ¢,

Analogue to Eq. 2.11, the unit vector of the surface normal 77y .,y is:

Neoll, s sinf - cosy
ﬁo, coit =| Mootz | = cos B (2.12)
Neotl, w sinf -siny

The angle between S, and 7, .,; is the incidence angle 6 on the collector plane. It is the
scalar product of this two unit vectors (cp. Duffie and Beckman (2006, p. 15)):

6 = cos™ (5, - Ro, cour)
= cos [cos B - cos B + sin O - sin - cos(ps — ¥)] (2.13)

Projection of irradiance direction into reference planes: Since many collectors
show a characteristic optical behavior for rays incident parallel (longitudinal) or per-
pendicular (transversal) to the reflector(s), a distinction as in Figure 2.8 is needed.

The longitudinal plane is perpendicular to the aperture area. It is congruent to the main
geometrical axis of the collector (cp. collector “trough” in Figure 2.1) and the surface
normal of the collector aperture. For the longitudinal plane the optical conversion effi-
ciency usually shows a smaller dependency on the incidence angle as for the transversal
plane, which is positioned orthogonal to the longitudinal plane.

Different equations for calculating 8, and 6, for axial symmetric optical behavior are
found in (Theunissen and Beckman 1985, p. 318), (Clement 2004, p. 22), and (Haller et
al. 2013, p. 9). For the RefleC collector the reference planes were switched because of
the above stated conditions. Also, the dependency of the optical efficiency from the
incidence angle is not symmetric, so positive and negative values are to be calculated.
Considering these factors, the resulting longitudinal and transversal angles of incidence
are for the indicated ranges of validity:

0, = —tan"1[tan O, - cos(¢ps —y)] — B v 0, € 1-90; +90][ (2.14)

. | sin6s - sin(ps — y)
cos

6, = tan™ vV 6, € 1-90; +90[ (2.15)

The incidence angle 8 can be calculated from its components as derived by Mclintire
and Reed (1983, p. 408):

6 = tan~'/tan? 6, + tan? 6,) (2.16)
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Figure 2.8: Projection of the sun direction (defined by 8 and ¢) into the longitudinal and
transversal collector plane. The transversal incidence angle 6, is negative for
¢ = [—90° +90°], the longitudinal angle 6, is positive for ¢ = [0°; +180°].
The incidence angles’ polar coordinates 6 and ¢ in Figure 2.8 can be transformed into
its longitudinal and transversal components by negating the equations of Theunissen
and Beckman (1985, p. 318) to receive positive and negative values:

0, = —tan"[tan 0 - cos ¢] v 6, € ]-90;+90[ (2.17)

6, = —tan"![tan @ - sin ¢] vV 0, € 1-90; +90[ (2.18)

2.2 Raytracing

For the optimization of RefleC it was essential to know the incidence angle dependent
optical losses of the measured test samples (cp. Appendix A) and of theoretically inves-
tigated variants. These losses are considered by the conversion factor n, (see sections
2.2.2 and 3.2.1) and the Incidence Angle Modifiers (IAM) for beam and diffuse irradi-
ance. To determine the 1AM for beam, an optical simulation model of the RefleC col-
lector was set up and different variants were characterized by raytracing in the software
OptiCAD, version 10.046 (Corporation 2009). A screenshot of the first RefleC collector
concept (cp. Figure 1.2) in OptiCad is shown in Figure 2.9.
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Figure 2.9: RefleC 1 in OptiCAD. For better visibility, the ray density was reduced, the
glazing removed, the reflectance set ideal specular and also absorptance set ideal.

Raytracing means that energy, direction and wavelength distribution of every simulated
ray are modified at interaction with configurable objects. This modification happens at
every interface of the objects. At interfaces to partly transparent objects with different
refractive index n, additional rays are generated according to the laws of Snell and
Fresnel (cp. Figure 2.10).

On the next pages, the optical loss mechanisms of ST collectors with reflectors are
briefly described, the concept of the incidence angle modifier (IAM) is introduced and
the raytracing procedure is reported. Based on measurement results of the materials ap-
plied, the parameterization of the simulated objects in OptiCAD is discussed.

2.2.1 Optical Loss Mechanisms

Optical loss mechanisms cause a difference between irradiance entering the aperture of
a ST collector and the energy absorbed by its absorber. The main relevant mechanisms
for concentrating collectors are shown in Figure 2.10:

e Absorption and scattering? at the reflector
e Absorption and (multiple) reflection at the transparent cover(s)
e (Multiple) reflection at the absorber

All of these factors depend to a different extent on the incidence angle 6 of radiation
onto the material surface and on the wavelength A of the light.

2 Scattering (characterised by the standard deviation o) is not always a loss-mechanism, since at
RefleC for many incidence angles the scattered rays still reach the absorber (cp. Figure 2.10)
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Figure 2.10: Optical loss mechanisms of a low-concentrating, single covered ST collec-

tor. An idealized theoretical path of light is shown from the first interaction with the re-

flector until a part of it (red) is finally being absorbed by the absorber and converted into

heat. Characteristic parameters are the reflectance of the reflector p(6, 1) and its scatter-

ing a(6, 1), the transmittance of the transparent cover (6, A) and the absorptance of the
absorber a (6, 4). Picture adapted from Oliva (2009, p. 18).

2.2.2 Incidence Angle Modifier for Beam Irradiance

Solar irradiance hits the aperture of stationary or one-axis tracked ST collectors from
varying incidence angles. The conversion factor n, is the conversion efficiency for irra-
diance into useful heat when the mean collector fluid temperature equals ambient tem-
perature. The incidence angle modifier (IAM) describes how physical effects change
this conversion efficiency when the incidence angle onto the aperture plane changes, i.e.
for 6 + 0 this correction factor modifies n,. The fundamentals on the interaction be-
tween IAM and collector efficiency are discussed later within section 3.2.1.

Considered effects: Within this work, the optical losses of a ST collector at perpen-
dicular beam irradiance are mathematically summarized by an effective reflectance-
transmittance-absorptance product (pta). ; (cp. Figure 2.10). For non-normal beam
irradiance this factor is (pta).(8;,0;) or (pta).(0, ¢) respectively. The index e for
effective symbolizes that this factor is not simply a product of the material parameters
p, T and a, but also considers all occurring optical and geometrical effects, like multiple
reflections, shading and radiation reaching the flat-plate without reflection. The IAM for
beam irradiance Kj, can be understood as:

Mop(0,6:) _ F(6,61) - (p12)e(6,,0)  (pta).(6,,6:)
No,p F- (pTa)e,J_ (pfa)e,J_

Ky(6,,6;) = (2.19)

Duffie and Beckman (2006, p. 297) imply that K}, only accounts for optical effects.
It is true that for non-concentrating stationary ST collectors, optical mechanisms very

31



Chapter 2: Optical Investigations

dominantly affect the IAM. But it is also very important to understand that for energy
gain simulations the 1AM also has to account for changes in the absorber heat removal
factor F’, which might occur e.g. at low-concentrating collectors for certain incidence
angles. Since raytracing can only account for optical effects, it has to be verified by
measurements if F” can be considered to be constant and raytraced curves can be used
as K, 1AM files within simulation programs directly. For RefleC, this validation is done
in section 3.4.3.

Types or shapes of IAM curves: The more complex the geometry of a collector, the
more complex are also the changes of its IAM values with varying incidence angle.
Figure 2.11 shows Kj,-values of the prototype RefleC 6 GF and its receiver flat-plate.

1.6
——Flat-plate LBM 4 GF (trans)

— 1.4 - - - Flatplate LBM 4 GF (long) —
——RefleC 6 GF (trans)
Ccesioy // \\
VA 4 [N
A N
i /S / N\
N At A AN

-90 -80 -70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80 90
Longitudinal or transversal indicidence angle 6, 6,[ ° ]

Figure 2.11: Raytraced IAM values of the RefleC prototype R6 GF (no end losses) and its
receiver flat-plate compared to the first prototype R1 G. R6 GF has a biaxial-asymmetric
IAM, shown for longitudinal and transversal irradiance (K, (6;,0) and K, (0, 8;), longitu-
dinal values for endless trough). The flat-plate with glass-foil (GF) cover has a biaxial
symmetric IAM, which can be approximated to be rotation-symmetric (cp. Figure 1.3 for
a picture of the collectors). At R6 GF, reflected irradiance from 6, = [—10°; +45°] can
reach the absorber. For 8, > +45° irradiance reaches the flat-plate directly. For 8, =
[—15°; —40°], the reflector shades the flat-plate, while for 8, < —40° irradiance reaches
the flat-plate via the gap (in reality, this would be ground reflected irradiance). For illus-
tration of these effects, cp. Figure C.3 in Appendix C.
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As stated above, the IAM for beam irradiance along the collector’s optical axes
K, (6;,6,) or from the polar coordinates K, (8, ¢) (cp. Figure 2.8) has the value 1 for
6 = 0. K, (6 = 90°) is defined to be 0 since at parallel irradiance the aperture does not
receive beam irradiance anymore. Collector data sheets based on standard collector tests
only contain 1AM values along the two characteristic optical axes of a collector. Thus,
for collector energy gain simulations the intermediate values of K, (6,, 6;) have to be
interpolated between the existing measured values along K;,(6;,0) and K}, (0, ;), which
causes uncertainties of different extent (cp. section 3.2.2).
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2.2 Raytracing

The shape of an 1AM curve highly depends on the definition of the aperture area (cp.
Figure 2.6 and Figure C.3 (b)). This reference area can in principle be chosen freely, but
for correct energy output calculations, IAMs and the thermal efficiency curve must re-
late to the same aperture. In the following, four categories of IAMs are proposed and the
motivation for this categorization is explained. As an introduction, the high-resolution
raytraced spatial IAM of the first RefleC test sample R1 G is shown in Figure 2.12.

Figure 2.12: Raytraced 3D-1AM of the first test sample RefleC 1 G (no end losses, lower
reflector gap 150mm, p = 0.82, o = 1°). Every red dot is a raytraced value
for K, (6;,0;). R1 G shows a mirror-inverted optical behavior along its longitudinal axis;
therefore only positive longitudinal values are displayed (i.e. the IAM for irradiance from
half of the collector hemisphere is shown). In the transversal plane, K, of RefleC 1 is
asymmetric because of the lower reflector gap (cp. K3, (0; £80°)). The raytracing-
resolution was increased near the acceptance half-angle 6, = 35° of the collector.

For flat-plate collectors because of their geometry the incidence angle dependent optical
behavior is approximately rotation-symmetric (i.e. approximately independent of ¢,
cp. Figure 2.8). This simplifies the simulation, since only one single curve K, (6) from
[0; +90] has to be given. In Figure 2.11, the slight difference between the curves of
LBM 4 GF results exclusively from shading of the absorber by the collector frame. The
share of shaded absorber surface is smaller at incidence from longitudinal direction, so
the values of K}, (0, ;) are slightly higher there.

In contrast, e.g. vacuum tube collectors show a highly incidence angle dependent optical
behavior. If this different optical behavior (the IAM) along the two main axes of a col-
lector is mirror-inverted within the 180° of one axis, the 1AM of this collector can be
called biaxial-symmetric. For these biaxial IAMs, two curves, one for 6; and one
for ;, both from [0;4-90°], are sufficient to describe the optical behavior.
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Chapter 2: Optical Investigations

Collectors like RefleC or horizontal evacuated tubes with sloped east-west fin-absorbers
show an acceptance behavior which is only mirror-inverted along the longitudinal axis.
The two reflectors of RefleC 1 and 2 are not exactly symmetric, because the lower re-
flector shows a gap. The other RefleC samples only have one reflector. Thus, in contrast
to biaxial-symmetric collectors, the transversal IAM has to be displayed for a range
from -90° to +90° (cp. Figure 2.11). Within this work, such IAMs will be called biaxi-
al-asymmetric IAMs.

When the optical IAM is determined for all combinations of 6 [0; 90°] and
¢ [—180°; +180°], or 8, [-90° +90°] and 6, [—90°; +90°] respectively, the optical
behaviour of a ST collector is fully and exactly described. Within this work, such in-
formation is called 3D-1AM (three-dimensional Incidence Angle Modifier, cp. Figure
2.12). This term was proposed by Haberle (1999), who raytraced and tested the AoSol
CPC-collector (cp. Figure 1.14) for intermediate incidence angles.

2.2.3 Raytracing Procedure and Parameters

In the following sections within this chapter it will be explained how the raytracing
simulations to get IAM curves were performed and how the simulated variants were
parameterized. To simulate IAM beam values of various collector variants, an Excel-
Tool for use in combination with OptiCAD was developed (Figure 2.13).

|
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|
|
|
|
|
|
|
|
|
|
|
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Excel-Tool

|
|
|
Setup of raytracing model |
e Optical and geometrical :
collector parameters :
_______ 1
o Parameters for raytracing 1 : OptiCAD !
| |
|
|
|
|
|
|
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Raytrace.mac
— —

sequences . TEmmEmmT

Evaluation of Results
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e Import macro Raytrace.out

¢ |AM-calculation

F—————————==—=—=—=—-—-

Figure 2.13: Partly automated procedure for IAM simulation with OptiCAD using a self-
developed Excel-Tool.
In the input worksheet of the Excel-tool, the optical and geometrical collector parame-
ters are entered and components to be included in the simulation can be chosen (number
of transparent collector covers, number and type of reflectors, etc.). Construction data of
the reflector are calculated (based on inputs for reflector type, acceptance half-angle and
arc length of reflector material) and displayed in another worksheet (e.g. for test sample
construction). Parameters for the raytracing itself can be set (type and power of
lightsource, lightsource geometry, number of rays, rotation center and angular step with,
rotation along longitudinal and transversal axes or 3D-IAM, name of output file, etc.).
Another worksheet contains OptiCAD-code, where all potential collector and reflector
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2.2 Raytracing

types with their parameters and also the specifications on the raytracing itself are in-
cluded. This worksheet is modified according to the information from the input-sheet,
where also the reflector geommetry is calculated. If for example no second transparent
cover and no upper reflector are to be simulated, the respective passages of the code are
commented out. The modified code is then manually exported as a macro, named e.g.
Raytrace.mac. This macro then runs in OptiCAD. Results for absorbed energy are
stored in one single output text file, e.g. Raytrace.out. This file can be imported into the
Excel-tool again, where 1AM values for the simulated setup are calculated by compar-
ing the energy onto the aperture and that absorbed at all investigated incidence angles.
Due to this procedure it was ensured that RefleC parameters, construction data, raytrac-
ing-macro, simulation results and calculated IAM values were always consistent and
documented in one folder.

The geometrical dimensions of the collector variants were simulated 1:1 in OptiCAD.
The lightsource used in the simulation consisted of ideal parallel rays. The ray density
of the lightsource was usually 1/mm at perpendicular irradiance onto the aperture area.
The lightsource was then rotated to simulate different incidence angles on the aperture.
The 1AM of stationary collectors must not account for cosine-losses®, so the ray density
was increased by cos 6 already in the input macro. Its absolute power and number of
rays was not changed. This way, the IAM for beam irradiance can be calculated directly
from the raytracing results by dividing the absorbed power at a certain incidence angle
by the absorbed power at perpendicular irradiance. To determine the transversal IAMs
of an investigated variant, it was enough to simulate one row of ideal parallel rays as
shown in Figure 2.9. For IAM simulations with a longitudinal component (and thus for
all 3D-1AM) a rectangular lightsource was used to accurately account for end losses and
optical effects that only a part of the rays undergo.

The main reasons for the application of raytracing in this work are:

e Complexity of optical effects
Scattering by reflectors, various incidence angles onto a receiver after reflec-
tion, transmission of scattered rays through multiple covers and the polarization
of light are very difficult to determine analytically.

e |AM for pure beam irradiance
The 1AM for pure beam irradiance can be determined, which is not possible by
measurements, since in reality always a part of irradiance is diffuse.

e High resolution
IAM values for a higher number of incidence angles than via measurements can
be generated, which improves the accuracy (cp. high resolution 3D-1AM).

3 This effect is a decrease of ray density incident on a receiver surface by cos 8, cp. Figure 2.5.
It must not be included in the IAM, because the measured irradiance G, already accounts for it.
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e Parameter variations
Automated parameter variations can be performed to investigate a high variety
of concentrator and receiver collector concepts in short time.

Optical parameters used: A realistic optical behavior of all collector components in
the raytracing was ensured by measuring their characteristic optical parameters. The
meaning of these parameters, their determination and the validation of their accurate
representation in OptiCAD are reported in the following sections. A summary of the
raytracing parameters used based on these measurements is given in Table 2.2.

Table 2.2: Parameters used to model the different RefleC variants (R1 to R6, cp. Appendix A)
in OptiCAD. Meaning and determination of the parameters are discussed in the next sections.

R1 R2 R3 R4 R5 R6

Reflector (anodized aluminium)

0.820 0.866 (measured,
p (data sheet) cp. Figure 2.15)
®) constant
P (measured but not applied, cp. comment on Figure 2.17)

1°0or 0,0175rad

a (measured by manufacturer, cp. Figure 2.18)

Collector glazing (white AR, 4 mm)

0.948
(measured, cp. Table 2.3)
n=1330;K=5
(adapted to fit measured curve in Figure 2.21)

T

7(6)

ETFE-foil (25 um)

0.938 (measured for ETFE, cp. Table 2.3)
(value of ETFE 50 pm foil was used)

n = 1.409; K = 120 (measured for FEP, cp. Figure 2.21)

T

(6) (curve of FEP 25 um was used)
Absorber (selective)
0.950
@ (data sheet)
a(9) Fit curve in Figure 2.26, cp. Eq. 2.24

2.3 Material Properties

In the following, material investigations in the course of the RefleC development are
reported. The simulations were performed wavelength independent, so all parameters
were determined for the AM 1.5 spectrum ASTM EB891 of global irradiance. This refer-
ence spectrum was replaced by ASTM G173-03 (cp. Figure 2.2), but since only inte-
grated values are used in this work, differences in the spectra should be neglectable.
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2.3 Material Properties

2.3.1 Reflectors

Requirements: Important criteria for solar reflectors are a high reflectance for solar
radiation, low scattering of the reflected radiation, high reflector shape accuracy, and
good resistance against environmental impacts. This means low degradation (loss of
reflectance over time), UV-resistance, good self-cleaning behavior, and hail resistance.

As described above, aluminum (Alu) CPC reflectors for evacuated tube collectors (cp.
Figure 1.12) are widely used for mid-temperature applications. These reflectors are usu-
ally made of an anodized metal sheet with a PVD*-layer of pure Alu and a transparent
protective layer on top to prevent corrosion. The solar reflectance of such commonly
used Alu reflectors ranges from 0.82 to 0.90 (new). Silver offers a significantly higher
solar reflectance than Alu. Metal-based outdoor reflectors with silver layers are under
development, but the problem of corrosion protection has not been solved yet. Polymer-
ic reflector films with silver layers for outdoor use are on the market and show reflectiv-
ities of 0.94 to 0.96 (new). But they always need an additional back structure ensuring
shape accuracy and mechanical stability.

Reflectance and scattering: Besides the total (hemispherical) reflectance p of a re-
flector, also the spatial distribution of the reflected rays is important for solar concentra-
tors. Ideal and real reflection characteristics are symbolized in Figure 2.14. Real reflec-
tors cause a combination of the idealized cases specular and Lambertian. The higher the
quality of a reflector, the higher is the reflected intensity around the specular direction.
To assess the optical reflector quality, the hemispherical reflectance can be devided into
specular and diffuse reflected fractions (Eg. 2.20).

p=l-a= Pspec T Paiff (2.20)

The hemispherical reflectance p and the diffuse reflectance p,;¢r are usually measured
with an integrating sphere (Ulbricht sphere). Specular reflectance pg,.. and absorptance
a of a reflector sample can then be calculated.

8L g 0. 0.
» ~ad N v /)
0%, X 2\ » v
It
..... L
ideal specular ideal diffuse (Lambertian) real

Figure 2.14: Comparison of surfaces with ideal and real reflectance characteristics for
nonparallel sunlight. Redrawn from Duffie and Beckman (2006, p. 179).

* Physical Vapour Deposition
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Figure 2.15 and Figure 2.16 show the results of reflectance measurements of reflector
samples investigated for RefleC. The Silver polymer foil has not been further used for
the project. The has been used for the test samples R1 and 2 and the theoreti-
cal investigations of R3 and R4. The Alu composite material has been used for test
sample R5 and the prototype R6 (cp. overview of test samples in Appendix A).

10 —0.954
0.914 0.897 0.886
08— B B
0.7 — 1 —
— 06 — I [
Q
S 05 — — —
c
8
§ 04 — _ |
& 03 — 1 —
0.2 — 1 —
01 — 1 —
0.0 - - - -
Silver polymer | Silver polymer | Alu composite | Alu composite Alu sheet Alu sheet
(new) (2 days) (new) (2 days) (new) (6 months)
m diffuse 0.008 0.018 0.015 0.015 0.069 0,000
specular 0.946 0.896 0.882 0.871 0.769 0.754

Figure 2.15: Reflectance (hemispherical) of new and exposed (aged) reflector samples.
Total hemispherical reflectance above the bars, specular and diffuse fractions below.
Aged samples have not been cleaned. Measurements performed according to DIN 5036-3
with an integrating sphere of 22 cm diameter and specular exit aperture of + 6.79°. Val-
ues determined for AM 1.5, spectrum global ASTM E891.

To measure pg;rr, a small, circular segment was removed from the integrating sphere,
so that the rays reflected specular left this exit port without being detected. The diameter
of this segment was 5 cm and its center was perpendicular to the direction of ideal spec-
ular reflectance. The distance between sample and circular segment was 21 cm. Thus,
all rays reflected within this opening solid angle of + 6.79° around the direction of ideal
specular reflection were considered as reflected specular (assumption of ideal parallel,
point light source). Looking at the real reflectance characteristic in Figure 2.14 reveals
that this solid angle highly influences the measured fractions.

The silver polymer foil showed a very high and specular reflectance, but p decreased
significantly after 2 days of sun exposure. Alu composite showed a comparably high
and specular reflectance for an Alu reflector. The reflectance was slightly dropping after
short exposure, but pg; s did not increase. The Alu sheet reflector has a lower overall
reflectance and a comparably high pg;sf, but did not show any degradation after six
months of weathering and light exposure. A similar behavior can be expected for Alu
composite, since the reflective surfaces of Alu sheet and Alu composite are very similar.
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Figure 2.16: Reflectance (hemispherical) of exposed (aged) reflector samples for global
solar irradiance. Measurements performed as described for Figure 2.15.

Figure 2.17 shows the variation of p for varying incidence angles 6. For small incidence
angles, p is slightly decreasing; for 8 > 50° the reflectance gets higher than the perpen-
dicular value. This dependency was not implemented in the raytracing simulations; it
was assumed that p () = const (as it is common practice in raytracing). Reasons for
this decision were the uncertainties of the measured values, expected changes in the
angular reflectance characteristic over time (ageing) and uncertainty about the angular
reflectance of the other reflector types simulated.

For realistic simulation of
reflected radiation, the
measured values of pgpe.
and pg;rr are not appro-
priate. On one hand, the
share pspe. Can not be as-
sumed to be reflected in
the ideal specular direction
(cp. integrating sphere
measurement explanation
above). On the other hand,
receivers of low-
concentrating  collectors
can absorb also a large
share of diffuse reflected
rays, since the absorber
covers a wide view angle

Reflectance p [ - ]
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Figure 2.17: Reflectance (hemispherical) of the Alu com-
posite material (new) for varying incidence angles.
Measured values (blue) determined for spectrum ASTM
G173, uncertainty of = 1.5 % of the measured value
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observed from a point on the reflector. To account for the reflector surface properties
accurately, the spatial distribution of the reflected intensity had to be measured with a
high resolution Goniometer. Figure 2.18 shows such measurement results of the reflec-
tor sheet used for the Alu composite material. The spatial distribution of the reflected
intensity is determined for three different incidence angles 6 onto the reflector (cp. Fig-
ure 2.14). The red curves show an approximation of this characteristic by a Gaussian
probability density function. The values show that almost the whole reflected intensity
is within a solid angle of 4°.

2000 —Distribution of reflected radiation (for
incidence angles 15°, 45° and 75°)
1800 -
—Approximation with Gaussian
1600 A distribution (around specular direction)
1400 -
> 1200 -
1S
> 1000 -
‘»
§ 800 -
=
600 -
400 +
200 - \k
0 . J : ; - ; . J : ; : ; : j : ‘ : |

0 10 20 30 40 50 60 70 80 90
Angle of reflection 6, [ °]

Figure 2.18: Measured distribution of reflected radiation intensities of the reflector used
for the Alu composite material. One-axis scanning in steps of 0.1°, Goniometer-
measurement combined with integrating sphere, measurement plane perpendicular to roll-
ing direction of metal sheet, standard deviation of Gaussian probability distribution
Orert = 1° = 17.45 mrad, distribution scaled to maximal reflected intensity.

The raw data for the graph were provided by the reflector manufacturer.

Alu sheets are rolled during production, which causes small “grooves” in the reflector
surface. Measurements were performed perpendicular to these grooves, where the high-
est scattering can be expected (Brogren et al. 2004b, p. 511). The scattering width does
not increase significantly for higher angles and can therefore be considered to be con-
stant. For higher incidence angles, the angle of reflection tends a bit towards the surface
normal of the reflector (cp. curve at 8, = 75°, i.e. the reflected intensity is not distribut-
ed equally around specular direction.

It can be seen from Figure 2.18 that the Gaussian distribution does not perfectly fit the
shape of the reflected intensity curves. Nevertheless, it can easily be implemented in
OptiCAD, consuming far less computing capacity than implementing real distributions.
The main criterion for selecting an appropriate standard deviation of the Gaussian
distribution (i.e. for fitting it to the measured values) was, that a similar share of the

40



2.3 Material Properties

reflected radiation is within the solid angle of 4° than for the real reflector. Integrating
the measured intensities within 4° (2° radius from maximum) shows, that at 8, = 15°,
about 97,29 % of the reflected energy is within this range. The Gauss curve shows for
the selected standard deviation of g,..;; = 1° per definition 95.45% of the reflected
intensity is within 2 g,..r; = 4°. The drawback of the good representation in this respect
Is that the intensity distribution within the 4° is more dense than in reality, slightly
distorting the shape of the IAM curve around the acceptance half angle. Furthermore,
ores 1S €Xpected to increase due to ageing and/or soiling (Brogren et al. 2004b).

Scattering of the reflected rays does not only occur due to microscopic reflector surface
errors, which are accounted by a,.f;, but additionally due to surface displacement or
shape errors a,,;, and due to the non-parallel light reflected (sunshape-distribution
osun)- Assuming a Gaussian distribution of these errors, they can be superpositioned to
get the standard deviation for overall ray scattering o

0= \/Grgefl + o—gri + Uszun (2-21)

The overall scattering parameter o is highly influenced by the highest of the
contributing scattering errors. For the raytracing simulations, surface orientation errors
were neglected, because the raytracing values should represent an ideal shaped reflector.
The sunshape distribution can only poorly be approximated by a gaussian distribution,
but the vast majority of beam irradiance originates from a solid angle within 4.65 mrad
(Badescu 2008). A representative standard deviation would then be about a factor 6
smaller than a..¢;, almost not influencing o. Thus, only the microscopic scattering of
the reflector was considered and it was simulated with ¢ = 0,5, = 1°. Detailed
measurements on optical properties and durability of reflectors for low-concentrating
collectors have been reported by Nostell et al. (1998), Brogren et al. (2004b) and
Brogren et al. (2004a). Lindseth et al. (1999) and Nilsson et al. (2007) evaluated
uncertainties of Al-reflector characterization with integrating spheres.

Hail impact tests: The reflectors of RefleC are quite large. They fulfill a static function
and are the most eye catching part of the collector. Thus, ensuring the mechanical sta-
bility and resistance against environmental impacts at affordable costs was crucial for
the concept. Pre-fabricated and self-fabricated sandwich reflector constructions were
tested. Figure 2.19 shows hail resistance test results. All in all, twelve reflector con-
structions were tested systematically according to the standard (EN 12975-2:2006),
method two, with ice balls. The main boundary conditions for the ice ball are a diameter
of 25 mm (— 5 %), amass of 7.53 g (— 5 %), and a velocity of 23 m/s (£ 5 %).

After a reflector was tested under standard-conditions, the impulse energies of the ice
balls were either increased or decreased to assess a constructions potential for further
development. Sample 1 showed deep indentations even at low impulses and was there-
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fore excluded for RefleC. Different variants of Al-sheets or polymer films bonded or
glued to hail-resistant substrates were tested, but hail resistance could only be achieved
at high effort. The polymer film used for Sample 2 is hail resistant if applied to a stiff
substrate, but for all gluing methods the resulting planarity was unsatisfactory.

~ sample3

Sample 2 ‘

Figure 2.19: Selected reflector samples after hail impact. The measured mass and velocity
of every ice ball is noted below the impact point. Sample 1: Full-Alu-sheet sandwich,
consisting of two Alu sheets (one reflective) and a trapezoidal bended sheet glued in be-
tween (pre-fabricated); Sample 2: Polymer film with reflective silver layer, glued to
epoxy paper laminate (self-built); Sample 3: Alu sheet composite with PE core (pre-
fabricated). Reflection of a grid by the samples allows assessment of deformations.
Comparing the hail resistance test, reflectivity, durability, and price of the reflector con-
structions, finally a pre-fabricated Alu sandwich very similar to Sample 3 in Figure 2.19
was used for RefleC. The mechanical stability of Sample 3 was sufficient, but in the hail
resistance test it showed small deformations already at comparably low impulses of the
hailstones. So, fiber-additives were applied to the polymer-core of the reflector and the
modified construction did not show any deformations at standard hail impact test pa-
rameters. The reflecting sheet remained the same; its optical characteristics were shown

in Figure 2.15, Figure 2.16, Figure 2.17, and Figure 2.18.

2.3.2 Transparent Covers

Requirements: At single glazed collectors with backside insulation, ca. 85 % of the
thermal losses occur via the front side (cp. Figure 1.11). A second transparent cover can
effectively reduce heat losses, but of course increases the optical losses. This applies to
RefleC in particular, since the reflected rays often reach the transparent cover(s) with
flat incidence angles. As for the reflector materials, also for the cover materials certain
criteria apply. They should have a high transmittance 7 for sunlight (low refractive in-
dex, low absorptance), sufficient thermal stability, and low thermal expansion. Further-
more, they should show a low degradation over time (loss of transmittance), high UV-
resistance, good self-cleaning behavior, and hail resistance (if applied as front cover).
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Solar glass and polymer foils: Standard window panes (t = 83 %) absorb too much
of the solar spectrum because of its iron compounds. For solar collectors, white glass
with very low iron content is applied (t = 91 %). In high performance collectors, white
anti-reflective glass (AR glass) is used (z up to 96 %). One method to create an AR
coating is to etch the glass surface, which locally decreases the refractive index. The
durability of such AR-coatings has been proved by long-term tests (Sunarc n.a.). De-
tailed results of a cover material research and of own tests can be found in Table 2.3.

Table 2.3: Properties of cover materials (mostly from data sheets, exceptions indicated)

White White
e PTFE ETFE FEP PFA Slesa ,lAR
50um 50um 50 um 50 uym 4 mm 2l
4 mm
Optical
Solar transmittance * [%] 95.3 93.8 95.7 96.0 90.5 94.8
Refractive index [-] 1.38 1.40 1.34 1.35 1.52 1.33
Thermal
Upper service temperature [°C]
long term 260 150 205 260 250
short-term 300 200 250 - 300
Crystallite melting temperature [°C] 327 270 290 305 > 500
Lin. expansion coefficient [10™/K] 12-25 7-10 8-12 10-12 0.8-0.9
Shrinkage [%] ** M.D.0O M.D.0 MD.1
(30 min., 150°C) TD.5 T.D.2 TD.1
Thermal conductivity [W/(m*K)] 0.2 0.8
Other
Density [g/cm3] 2.15 2.5
Tension elastic modulus [MPa] 400- 800- 400- 600- 0.07
750 1100 700 700
Tensile strength [MPa] 20-40  40-50 15-25  20-35 -
Material degradation [%-points] *** - 8-16 0 - 1-25 -

*  Values determined from transmittance measurement results for global solar radiation spectrum

AM 1.5, ASTM E891 (cp. Figure 2.20)

**  Shrinkage in Machine Direction (M.D.) and in Transverse Direction (T.D.)

*** Average transmittance reduction (absolute) of measured samples after 20 years outdoor weathering
in Davos and Rapperswil (Ruesch and Brunold 2008, p. 26). Samples: 8 low-iron float glasses, 3 ETFE
samples of 60 um, 80 pm and 120 um and 2 FEP samples of 25 um and 50 um. Samples were
expositioned below glass panes, but with free air exchange. Cleaning with ethanol before
measurements. Sample description in (Frei et al. 1998, page 7).
High uncertainty in degradation assessment for ETFE, since a large share of the transmittance
reduction was caused by irremovable, adhering layer of dirt (Ruesch and Brunold 2008, pp. 44-47),
which might occur to a lesser extent in real ST collectors due to less contact with ambient air

Polymer foils can show an even higher solar transmittance than solar glass. Compared
to other polymers, Fluor polymers are very UV stable, which is precondition for outdoor
durability. Temperature stability and thermal expansion can be critical at these materials
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and have to be investigated in detail. ETFE foils show the lowest thermal expansion and
are comparably cheap. The prices of polymer foils usually correlate with the polymer
mass itself, which leads to high price reductions for reduced foil thickness.

Transmittance measurement results for some of the investigated cover materials are
shown in Figure 2.20. For white (i.e. low iron content) glass it can be observed that AR
coating or etching results in a high transmittance increase at wavelengths where the in-
tensity of solar irradiance is high. Polymeric foils show a high transmittance for the
whole solar spectrum, except for very short wavelengths. The transmittance of ETFE is
significantly lower than that of the other foils shown.
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094 - — \, W/‘M,W\MMA! 1000

0.92 IF m ‘V 800
0.90 fl R N 600
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Wavelength A [ um ]

Intensity [ (W/(m2*um)]

Transmittance 1[ - ]

— White glass 4 mm (prim.) FEP 50 ym (prim.) — ETFE 50 pm (prim.)
— White glass AR 4 mm (prim.) PFA 50 pm (prim.) — PTFE 50 pm (prim.)
— AM1.5 ASTM EB891 (sec.)

Figure 2.20: Transmittance of transparent cover materials for the wavelengths of global

solar irradiance. Measurements performed with an integrating sphere of 22 cm diameter.
At RefleC, the basis for correctly raytraced IAM values was to determine the incident
angle dependent solar transmittance of investigated cover materials as accurately as
possible. Figure 2.21 shows measurement results for this. Glass-glass and glass-foil
covers both identically reduce a collector’s convective heat losses. Regarding the radia-
tive heat losses, they behave slightly different (cp. Figure 2.22). As for all optical devic-
es, also for transparent cover materials the equation applies:

() =1-pQ) —a(l) (2.22)

From the data from Figure 2.22 it can be expected that collectors with a glass-glass cov-
er have slightly lower heat losses than with glass-foil combinations, because the lower
glass pane does almost not transmit infrared to the front cover below temperatures of
200 °C. On the other hand, for glass-foil-covers the front glazing reflects a small share
of infrared transmitted through the foil backwards towards the absorber.

44



2.3 Material Properties

1.00

0.98

0.96 A

.\.
0.04 .\‘\‘\ —

0.92

0.90 B — \ \\

-
@ \\ \\i\\\
o
o
§ 0.86
o -+<PFA 50 ym
F 084 —
~+PTFE 50 ym
0.82 —— =<FEP 50 um X
-e-White glass AR 4 mm \.
080 — )
-=-\White glass 4 mm \-
0.78 ‘ ‘ ‘ ‘ ‘ ‘ ‘
10° 20° 30° 40° 50° 60° 70°

Incidence angle 6] °]

Figure 2.21: Transmittance of transparent cover materials at varying incidence angles.
Measurements performed with an integrating sphere of 22 cm diameter. Values deter-
mined for AM 1.5, spectrum global ASTM E891.
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Figure 2.22: Transmittance of transparent cover materials for infrared radiation (Planck
black bodies of 100 °C and 200 °C). Measurements performed with an integrating sphere
of 22 cm diameter. Polymer foils show significant transmittance for infrared, while glass

is almost opaque for these wavelengths (up to 200 °C radiation temperature). Both for
glass and polymer covers, the vast majority of the radiant energy not transmitted is being
absorbed (not shown). Reflectance of glass for infrared is also indicated.

Modelling in OptiCAD: Important effects to consider for realistic transmittance-
simulation of double collector covers are multiple reflections (cp. Figure 2.23) and light
polarization.
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Solar irradiance can be considered to be unpolarized, but depending on the incidence
angle, the light gets polarized by the front glass cover, resulting in a modified transmit-
tance through the second cover (Duffie and Beckman 2006, pp. 204-208). So the trans-
mittance of the simulated second cover materials for perpendicular (s) and parallel (p)

Transparent Lightsource

covers

Energy absorbed due to multiple Absorber

reflections

Figure 2.23: Screenshot from OptiCad with setup to validate the simulation of multiple

reflections and polarization effects at the collector front. Multiple reflections are visible

between the two front covers, absorber, and second cover. The red circles show the re-
sulting additional absorption.

polarized light had to be measured and modeled accurately (cp. Figure 2.24).

For the comparison in Figure 2.24, the transmittance of a FEP-foil was measured with
nonpolarized, s- and p-polarized light. In OptiCAD, a cover material is simulated as a
volumetric body (polynet) with specified refractive index and absorption factor (cp.
Table 2.2). In the simulation, the material parameters were varied until the simulation
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Figure 2.24: Measured transmittance of a 25 um FEP foil for purely parallel (p) and per-
pendicular (s) polarized light compared to OptiCAD results, cp. parameters in Table 2.2.



2.3 Material Properties

results fitted the measurements. After validating the measured angular transmittance of
foil and glass for purely polarized light, double glass-glass and glass-foil covers were
simulated to validate partial polarization and multiple reflections for incidence angles
up to 87.5°. Multiple reflections between double-covers result in slightly higher trans-
mittance detection as expected from multiplying the 7(8)-values of both covers.

2.3.3 Absorber

Absorptance and selectivity: As absorbing material, usually sputtered® selective coat-
ings are applied. The selective behavior can be understood by means of Figure 2.25.
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Figure 2.25: Spectral absorptance of a sputtered selective coating as used for the RefleC
collector with solar spectrum and emittance of black bodies at 100 °C and 200 °C (wave-
length in logarithmic scale). The emittance e of the absorber surface is temperature-
dependent and increases for increasing temperatures, because the wavelengths of infrared
radiance decrease.

For a certain wavelength, the absorptance a of every opaque physical material has to
equal its emittance €. All energy not absorbed is reflected. Selective absorbers show a
high absorptance for solar irradiance (a ~ 0.95) and at the same time also a low emit-
tance of infrared radiation (e ~ 0.05 at 100 °C). This is possible because the optical
properties of the coating rapidly change above approx. 2 um (cp. Figure 2.25).

Modelling in OptiCAD: Wagner & Co. use absorbers from different manufacturers, so
small variations in a and ¢ are possible. The incidence angle dependent behavior of
these highly absorbing surfaces is also very difficult to measure. Thus, a curve for a ()
was fitted to values calculated by coating experts at Fraunhofer ISE (cp. Figure 2.26).

> In different evacuated chambers ionised particles are struck out of a cathode by high voltage.
The particles are deposited on a metal surface. Selectivity is usually achieved by sputtering
three different layers — an IR-reflective, an absorptive, and finally an anti-reflective layer.
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Figure 2.26: Angular absorptance of a selective solar absorber coating as implemented in
OptiCAD (cp. reflectance function in Eq. 2.24 and Figure 2.27). The function was fitted
to absorptance values for a selective Cermet-coating with gradient of Al and Al,O; with
sputtered cover layer of Al,Oz; and n = 1.5, simulated at Fraunhofer ISE in program Simu-
lay for AM 1.5, spectrum global ASTM E891 (Georg 2007). Similar values also for other
types of selective coatings can be found in (Tesfamichael and Wackelgard 2000).

The following function was fitted to the green values in Figure 2.26:

1

)0.1975

a(0) = 0.95—tan(2.0129

(2.23)

To simulate the multiple reflections between absorber and transparent cover(s) correct-

ly, a functional film as shown in Figure 2.27 was used.
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Figure 2.27: Simulation model to validate the correct implementation of angular absorp-
tance in OptiCAD (parameter window of the functional film on the left hand side).

In OptiCAD, so called radiometers have to

be applied to be able to count energy at opti-

cal surfaces. In the simulation model, the absorber consists of two components. The first
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2.4 Concentrator Design

one is a radiometer with « = 1 to count the absorbed energy. A semi-transparent func-
tional film is applied 1 - 1073 mm above this radiometer. It reflects radiation which
shall not be absorbed (cp. Eq. 2.24) and ensures multiple reflections.

_1
[ >0.1975

2.0129

p()=1—a(@)=1—-10.95— tan( (2.24)

2.4 Concentrator Design

2.4.1 Concentration of Solar Radiation

Solar irradiance has a relatively low power density, which can be increased by applying
solar concentrators. For RefleC, concentrators are applied for the following reasons:

e Reduction of specific heat losses (per aperture area). Thermal losses occur at the
smaller absorber area within the receiving flat-plate collector box. Concentration
allows higher collector efficiencies and higher working temperatures.

e Lower specific collector costs (per aperture area), if the aperture area gained by
the reflectors is cheaper than flat-plate aperture area.

e Better utilization of roof area. A distance between standard collector rows is al-
ways necessary to avoid shading. At the final RefleC concept, the lower reflec-
tor fills this distance and increases the summer-gains (cp. Figure 1.13).

In the following, the characteristic parameters and principles of solar concentrators are
discussed and applied to the RefleC concept.

Concentration Ratio: The principles of the concentration of sunlight are explained
based on Figure 2.28. Herein rg is the radius of the sun and rgg is the median orbital
radius of the earth’s path around the sun.

Concentrator

% [ S
/ /'m a S
( | s L(p/z\f\\\ a’

Figure 2.28: Geometric relations between sun and solar concentrator (shape not defined).
Adapted from (Rabl 19764, p. 95).

When viewed from the earth, the solar disk has an opening half angle Py & 0.2°.

Since radiation originates from everywhere on the sun’s surface, beam irradiance reach-
es the earth with a divergence angle «; ~0.53° (simplified, cp. section 2.1.2). The inci-
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dent light passes the entrance aperture A,, of the concentrator. The concentrator bun-
dles the rays (i.e. it enhances the radiant flux density) until they reach the exit aperture
A,, which is usually the position of the receiver. The flux density can be increased one-
dimensional or two-dimensional. In case of imaging (i.e. focusing) concentrators, one-
dimensional systems generate a focal line, two-dimensional systems a focal point. The
most important parameter of a concentrator is its concentration ratio Cge,. It is usually
expressed as ratio of areas (Eq. 2.25), but indexing is helpful since also the ratio of in-
tensities is important (Eq. 2.26).

Agp a
Cgeo = A_r = a (2.25)
lap
Craa = T (2.26)
T

The geometric concentration ratio Cg,, is not influenced by the material properties of
the reflector. For one-dimensional, symmetric concentrators it is the ratio of the aperture
half-widths a and a’of entrance and exit aperture. The radiation concentration ratio C,,q4
additionally accounts for the optical losses of the reflector. It is the ratio of the radiant
fluxes I at the entrance and exit apertures of the concentrator.

Ideal parallel light could be concentrated endlessly. Due to the divergent sunlight (cp.
Figure 2.28), the maximal geometric concentration for ideal one-dimensional concentra-
tors is Cye, =~ 212, for ideal two-dimensional concentrators Cy., =~ 45,030 (Welford
and Winston 1978). Spirkl et al. (1998) give equations to optimize concentration ratio
and annual collection efficiency of different stationary ST collectors with concentrators.

Acceptance half-angle: A characteristic and very important parameter of every con-
centrator is its acceptance half-angle 6,. This angle is explained in Figure 2.29.

YA
Y
Absorber tube
il \ 0a
L5 ] >
| ) \\\,// £ 6,
Y==K
4.-f
f A
Parabolic reflector 4
7“'""'—»,,"‘“,,_—"""7 >

Figure 2.29: Illustration of the acceptance half-angle 6,. Left: parabolic trough collector

at the Plataforma Solar de Alméria (Quaschning 2007). Right: cross-section of a parabol-

ic trough, adapted from Rabl (1976a). If the trough would have an ideal specular reflector

(cp. Figure 2.14), all incident rays within + 6, would hit the absorber; they would be ac-
cepted. All rays with 8 > + 6, miss the absorber.
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The angle 6, defines the maximum deviation of the solar incidence angle 8 from the
surface normal of the aperture until that all irradiance is directed to the exit aperture of a
concentrator. For one-dimensional concentrators (like parabolic trough and RefleC), the
term acceptance half-angle always refers to the transversal direction.

The trough of Figure 2.29 is focusing, that means that the transversal angle between the
axis of the parabola and the centre of the sun is zero for ideal tracking. A perfect para-
bolic trough could be built in a way that the radius r of the absorber tube would be bare-
ly wide enough to absorb all irradiance arriving from the divergence angle of the
sun ap. In this case 6, would equal the opening half-angle of the sun ¢g/,. In reality,
parabolic troughs must have larger acceptance half-angles to account for sunshape, par-
abolic shape accuracy, scattering, positioning errors of the absorber tube, and tracking
errors. This increases 6, but decreases Cg,,, Which results in increased thermal losses.

2.4.2 Compound Parabolic Concentrator

The RefleC collector is a stationary concentrating collector not tracking the sun. Thus,
its concentrator must be shaped in a way that it offers a sufficient concentration ratio
Crqq and acceptance half-angle 6, at the same time. Therefore, it must be of the non-
focusing type, i.e. non-imaging concentrators must be used.

The early publications on non-imaging optics originate from the 1970s, cp. (Winston
1974), (Rabl 1976b), (Rabl 1976a), (Welford and Winston 1978), and (Rabl et al. 1980).
Rabl (1985) extensively discusses non-imaging concentrators for ST applications.
Winston et al. (2005) and Chaves (2008) report the current state of the art.

An ideal concentrator offers the highest possible Cg., for a given 6,. It can be demon-
strated that for an ideal, one-dimensional operating concentrator, Cg., and 8, are linked
by the following equation (Welford and Winston 1978):

C = Ay a 1
9¢°© 7 A, a’  sin6, (2.27)

Only some concentrator types are ideal, e.g. the full compound parabolic concentrator
(CPC) (cp. Figure 2.30). Parabolic troughs are no ideal concentrators. The CPC was
developed 1966 in the USA by Hinterberger and Winston (Winston 1974) and in paral-
lel in the USSR by Baranov and Melnikov (Duffie and Beckman 2006, p. 340).

The construction principle of a CPC for flat receivers is shown in Figure 2.30. The sur-
face normal of the flat receiver is the center line of the CPC. The two curved parabolic
segments belong to two different, but identically shaped parabolas. The opening width
of the parabolas is exclusively determined by their focal length f. Parallel rays reaching
the aperture from incidence angles + 6, < 6, are all transferred to the receiver (cp. Fig-
ure 2.31).
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Figure 2.30: Schematic drawing of a symmetric CPC with 8, = 35°. The continuous blue
line is the reflector after truncation. The reflector of a full CPC would extend to the upper
end of the dashed blue line. Adapted from (Duffie and Beckman 2006 p. 341).

The relation between f, 6, and a” is (Duffie and Beckman 2006, p. 344):

f=a(1+sinb,) (2.28)
The placement of the parabolas is defined by meeting three conditions:

e Their focal points are the endpoints of the receiver.
e Their centre lines are sloped by 6, (in this case 35°) towards the receiver.
e The parabolas intersect the endpoints of the receiver.

The left parabola is a mirror image of the right one. The reflector height of an ideal
(full) CPC is reached when the tangents of the parabolic branches are parallel to the
center axis of the CPC, so that the aperture width cannot increase further. In practice a
CPC is usually truncated (cp. truncation angle 6;,,.,. in Figure 2.30), so that the reflec-
tor height is usually not as large as for a full-CPC. Drawback of a truncation is a re-
duced Cgy,, for the same 6, so the conditions of an ideal concentrator are not met any-
more. On the other hand the upper part of the full-CPC reflector contributes much less
to Cye, than the lower part and an application of a full-CPC would result in extreme
reflector-heights and costs.

To illustrate the radiation acceptance behavior of the CPC in Figure 2.30, Figure 2.31
shows simplified raytracing. A schematic acceptance curve is given in Figure 2.32.
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B

a) Direct normal irradiance b) Irradiance at 8, = 25°
c) Irradiance at 8, = 35° d) Irradiance at 6, = 45°

Figure 2.31: Raytracing analysis of the truncated CPC in Figure 2.30. The acceptance
half-angle is 8, = 35° and the reflector arc length® is 1145 mm (Hess 2007, p. 46).

5 Full CPC with ideal surface

2 /

2 1.0 —

e} .

© .

0]

S

_E’ Reflector scattering or local

= o

S deviations of reflector shape Truncated

g N\ CPC

2 05 N\

D - X

o . \

;,; Deviations of reflector position .

5 T A N

@ 1 . \

0 : ~ . >
961 Qtrunc Ht

Figure 2.32: Acceptance function of a CPC for characteristic transversal incidence angles
6, onto the aperture, cp. Figure 2.30 and Figure 2.31. Based on (Rabl 19764, p. 99).

®line integral from the lower until the upper end of the curved reflector (parabolic segment)
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At a full CPC, no rays can pass the concentrator after 8, is exceeded. When the CPC is
truncated, due to the lower Cgy, less irradiance reaches the aperture, but a part of the
rays can directly reach the receiver between 6, and 6;,,,. (cp. Figure 2.31(d)). The
result of diffuse reflector scattering is symbolized by the dotted cumulative curve (indi-
cated for a full CPC). For 6, = 6,, full and truncated ideal CPC reflectors would focus
all irradiance to the edge of the receiver (cp. Figure 2.31 (c)). Reflector displacements
result in a reduction of the acceptance half-angle 6,, symbolized by A.

The important interrelation between 6, and Cgy,, can be understood from Figure 2.30
and is reflected by Eq. 2.27 and Eq. 2.28. For a constant receiver width and reflector
length, an increase of C,., is only possible when 6, is decreased and vice versa. When
6, shall be enlarged, the focal length increases. To still meet the positioning conditions
above, the right parabola has to be sloped to the left, and C,, decreases.

2.4.3 Annual Acceptance of Irradiance

For a first estimation of a reasonable 6, for high annual energy collection, the incidence
angles of beam irradiance have to be considered. Figure 2.33 shows the virtual path of
the sun on the sky dome for Wirzburg, Germany.

3,180°

Figure 2.33: Ecliptic of the sun on the sky dome for the twelve months of a year in Wiirz-
burg, Germany (latitude 49.48° N, longitude 9.56° E). The maximum solar altitude of
63.65° (corresponding to minimal zenith angle 6, = 26.35°) is observed on summer sol-
stice (21.06.) at solar noon (12:22 pm UTC+1, sun at south position). Here, the sun is
above the horizon from sunrise in the north-east (4:12 a.m. UTC+1) to sunset in the north
west (ca. 8:32 p.m. UTC+1). The coordinated universal time UTC is the standard time,
Wirzburg is located in the time zone UTC+1 (central European time; for Germany in
winter legal time UTC+1, in summer legal time UTC+2). Contrary to UTC, Local Solar
Time is defined as 12:00 at solar noon, i.e. for highest sun position.
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Since the radiation acceptance of a CPC trough is determined by its acceptance in trans-
versal direction, it is helpful to project the sun positions shown in Figure 2.33 into the
north-south-plane as shown in Figure 2.34.

If a stationary, south orientated CPC collector is sloped by the local latitude, 8; varies at
solar noon by about + 23.5° in the course of the year (extremes at summer and winter
solstice). As a rule of thumb, Rabl (1985) suggests an acceptance half-angle 6, = 35°
for maximal annual solar gains. A full CPC of 6, = 35° would have C,,, = 1.74 and
would at summer and winter solstice be able to concentrate beam irradiance onto the
absorber between ca. 08:30 a.m. and ca. 3:30 p.m., i.e. for ca. 7 hours. For all other
times of the year, this time is considerably longer.
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Figure 2.34: Sun positions projected into the north-south plane of a south facing aperture
sloped by 8 = 49.48° in Wirzburg, Germany (latitude 49.48° N, longitude 9.56° E) for
summer and winter solstice, equinox and four days in between, calculated based on
(Duffie and Beckman 2006, pp. 9-20.). A full CPC of 6, = 35° is able to concentrate ir-
radiance whenever 6, is between the two dashed lines, i.e. within its acceptance
angle 2 6,.

For 8, = 35°, an ideal full CPC as shown in Figure 2.30 would have had a reflector arc
length of 3.26 m. The supplier produced a reflector coil width of 1165 mm at this time,
and 20 mm of the reflector were bent to make it stiffer. Thus, the first RefleC test sam-
ple had a reflector arc length of 1145 mm (cp. full blue line in Figure 2.30). Also lower
wind loads and the possibility of direct irradiance collection from 8, > 6, (cp. Figure

2.31(d) and Figure 3.8) are strong arguments for a truncated CPC.

All the considerations above show that the optimum combination of 6, C,.,, truncation
angle and heat losses of the flat-plate receiver collector can only be determined itera-
tively. In the RefleC project, a combination of raytracing, thermal efficiency tests and
annual energy output simulations was performed for the different collector variants.

55



Chapter 2: Optical Investigations

2.4.4 Flat Reflectors (V-Trough) Compared to a CPC

There were three main reasons for an investigation of flat reflectors for RefleC:

e They are cheaper, since they can be constructed and positioned more simply.

e They do not cause as flat incidence angles onto the receiver as CPCs, so the op-
tical losses, especially for irradiance close to 8, are lower (cp. Figure 2.36).

e The absorber is irradiated more homogenously, because the rays are reflected
parallel. Thermal losses due to a poor heat removal (cp. Eg. 3.5) because of high
local concentrations on the absorber can be avoided.

Figure 2.35 shows a V-trough with its characteristic angles, which can be derived by the
Edge-Ray Principle. The V-Trough shows an opening half angle of y, which is in Fig-

ure 2.35 determined by start and endpoints
of the truncated CPC. Ray S; with
0. = 6, v reaches the receiver edge after
reflection, so this is the acceptance half-
angle 6, , of the V-trough. As for the
truncated CPC, S, from direction 6, =
Otrunc 1S the last ray that reaches the re-
ceiver.

Figure 2.36 reveals the very small reflector
shape deviation between CPC and V-
trough, but also makes a big difference in
their angular acceptance behavior visible.
The CPC with 8, = 35° directs all rays up
to 8, = 35° to its absorber; for 8, > 6, all
reflected rays are rejected (cp. Figure
2.31). The V-trough is constructed with the
same reflector start- and endpoints as the
CPC (i.e. same Cy,). When 6, exceeds its
acceptance half-angle 6, , the rays re-
flected by the upper end of the reflectors
miss the receiver, while the rays reflected
from lower parts still reach it. Thus, the
acceptance of a V-trough is linear decreas-
ing for increasing incidence angles 6, >
B, v. This is a very important difference to
the CPC, where the acceptance of reflected
rays stops abruptly at 6,,.
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CPC-shape indicated for comparison.
Adapted from (Rabl 19764, p. 107)



2.4 Concentrator Design

(a) Reflections of a flat reflector (V-trough) (b) Reflections of a parabolic segment (CPC)

Figure 2.36: Radiation acceptance comparison between a truncated CPC and a V-trough.
The acceptance half-angle of the CPC is 6, = 35°, of the V-trough itis 6, , = 22.62°
(resulting from constructing the V-Trough between the edge points of the truncated
CPC). The pictures are screenshots from OptiCAD at 8, = 22.62° for ideal reflectors and
without consideration of optical effects of the flat-plate (Hess 2007, p. 73).

The raytracing simulation setup shown in Figure 2.36 was used to compare the absorbed
energy of the receiver flat-plate collector LBM 67 AR of RefleC 1 for both reflector
variants (Figure 2.37).

200 ————— T - - - - - - - - - - - - - - - - - _—_—_—_
2250
—— CPC-reflectors (parabolic segments)
2000 ——V-reflectors (flat)
— 1750 \ ——LBM 67 AR (receiver without reflectors)
E \\\ — — Power on concentrator aperture
5 1500 ALY
< 1250 AN
2 \\ \
< 1000
5 N\ N
= 750
o
o \ \
500

250 \ \
6N AN

0 10 20 30 40 50 60 70 80 90
Transversal incidence angle 6, [ °]

Figure 2.37: Comparison of absorbed irradiance of a single-covered flat-plate, a truncated
CPC (RefleC 1) and a V-trough. For acceptance-angles, cp. caption of Figure 2.36. Pa-
rameters: p = 0.82, o = 1°, power of lightsource 2434 W per concentrator aperture
(constant at all incidence angles), ray density at perpendicular irradiance 1/mm, width of
lightsource 50 concentrator apertures, reduced by cos 8; to maintain constant power
(dashed grey line). Above 6, = 45°, the blue curve is identical to the red.

The parabolic reflectors were constructed in such a way, that the absorber of the receiv-
ing flat-plate is also the receiver of the CPC, so the foci of the CPC are located at the
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Chapter 2: Optical Investigations

edges of the absorber. Because of the flat-plate collector casing, the reflectors physical-
ly start at the point where a plane, coincident with the side surfaces of the flat-plate cas-
ing, intersects the theoretical contour of the CPC. Thus, a small gap between flat-plate
and CPC remained (cp. Figure 2.36). From this starting point, the reflectors were ex-
tended until they reached an arc length of 1145 mm. This resulted in a truncation angle
of B;yyne = 60.19° (same for V-trough and CPC) and an opening half-angle of the V-
trough of ¥ = 18.79°. The resulting aperture width is 2434 mm (absorber width of
LBM 67 is 1618 mm). Since the V-Trough is adapted to the start and end points of the
CPC, its flat reflectors show a slightly reduced length of 1142 mm.

The raytracing results in Figure 2.37 allow for assessment of the increase in absorbed
power due to the reflectors. IAM curves would have the same shape, but start at 1, since
K, = 1 for 6, = 0°. The flat-plate shows a typical IAM curve caused by its optical loss-
es (ta)err (cp. T(O) in Figure 2.21 and a(8) Figure 2.26). It reaches zero before
6, = 90° because of geometrical effects (distance between absorber and glass pane).
For the CPC, close to 6, the effects of reflector scattering are clearely visible (s-shape
instead of vertical line, cp. Figure 2.32). Furthermore, the decrease in absorbed energy
starts well before 6,, which is caused by the low IAM (i.e. high reflection losses) of the
receiver flat-plate at flat incidence of reflected radiation (Figure 2.31c). This effect is
significantly lower for the V-trough, which shows the expected linear drop in absorbed
power between 6, and By, . ADOVE B4y, the flat-plate is shaded by the reflectors.
The very small amount of absorbed power (maximum around 6, = 80°) in the simula-
tions with reflectors originates from irradiance reaching the absorber via the gaps be-
tween flat-plate casing and start of the reflector.

Two important conclusions can be drawn from this section:

e \When used as external reflectors for ST collectors, the optical advantages of
CPCs compared to V-troughs are smaller than expected.

For the example of RefleC 1, a CPC still shows significant advantages. But because of
the receiver flat-plate’s increased optical losses at flat incidence angles, these ad-
vantages are smaller than expected from comparing the angular acceptance functions of
the two concentrator types (cp. (Rabl 1976a, p. 107) for acceptance function of V-
trough). The higher 8, and the lower the reflector height, the smaller is the difference
between CPC and V-trough acceptance.

e A V-trough adapted to the end-points of a CPC can direct irradiance onto an ab-
sorber from a significantly higher angular range than this CPC.

For incidence from 8, > 35°, the CPC reflectors do not work anymore. In contrast, the
V-trough directs irradiance up to 68, ~45° to the absorber. For this angular range the
V-trough is more profitable.
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2.5 Raytracing Results

2.5 Raytracing Results

Results for endless troughs and pilot plant: The IAM curve for beam irradiance
K, (6,,6,) of RefleC 6 GF without end losses and the curve of its receiver flat-plate
LBM 4 GF have been given in Figure 2.11 above. In Figure 2.38 and Figure 2.39 below,
the longitudinal and transversal raytracing results of the other test samples are given.
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Figure 2.38: Raytraced IAM curves of R1 G, R2 G and the receiver flat-plates C20 AR G
and C20 AR GG without end-losses. The longitudinal IAM curves of R1 G, R2 G and
C20 AR GG are symmetric within the longitudinal plane of 8; = [—90°; +90°]. To im-
prove the graph’s clarity, they were displayed for positive longitudinal incidence angles
only. The transversal plane of RefleC is identical to that of the flat-plates (cp. Figure 2.8).
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Figure 2.39: Raytraced IAM curves of R2 GG, R5 GF, receiver flat-plate C20 AR GG
and the RefleC pilot plant without end losses. The longitudinal curves of R2 GG and R5
GF are symmetric, but only displayed either for positive or negative incidence to improve
the clarity. The transversal plane of RefleC is identical to that of the flat-plates (cp. Fig-
ure 2.8). The longitudinal 1AM of the pilot plant was only determined for positive angles.
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Chapter 2: Optical Investigations

In Figure 2.38, the effect of a second glass cover on the IAM can be observed when
comparing C20 G (trans) to C20 GG (trans). This effect is very similar for a glass-foil
covered collector. At RefleC 1 G and RefleC 2 G the drops of the IAM at their ac-
ceptance half-angle 6, are clearly visible. It is also shown that their radiation ac-
ceptance is significantly reduced compared to a flat-plate.

In Figure 2.39, the longitudinal IAM of the RefleC subfield 2 of the pilot plant remains
close to 1 until 8; = 50°. This is due to the trough closure reflectors (cp. Figure 5.4 and
Figure 5.5).

Results for test samples: The results for the test sample modules accounting for their
end-losses are given in Appendix C. The transversal IAMs of the test-samples are not
influenced by the trough length. But for the longitudinal IAMs, the exact assessment of
the influence of reflected longitudinal irradiance missing the flat-plates laterally was
important, e.g. for the calculation of the test sample’s IAM for isotropic diffuse irradi-
ance.
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Chapter 3: Stages of Development

3 RefleC Collector Testing

Initially, the development history of RefleC is briefly described. For ray-
tracing validation, the influence of diffuse irradiance on measured con-
version efficiencies and the effect of local concentration on F’are as-
sessed. The applicability of standard output equations for RefleC is
proved, and raytracing-based efficiency curve calculation is shown.

3.1 Stages of Development

Six different RefleC generations have been developed. Four of them were built and test-
ed. Their parameters and the test results are summarized in Appendix A.

RefleC 1 (test sample): The first test sample is shown in Figure 3.1 below.

Panel to indicate 6 and
¢ by shading needle

(a) Irradiance sensors for global G, and diffuse  (b) Tracking devices for slope £ and azimuth
G4, temperatures at inlet T;,, and outlet T,,,;.  v; shaded sensor for ambient temperature T,.

Figure 3.1: RefleC 1 during outdoor IAM determination (rotated 180°). Tracking of col-
lector slope 8 and azimuth y maintained a constant solar incidence angle 8 and sun azi-
muth ¢ (cp. Figure 2.7 and Figure 2.8) for stationary measurements. The indicator panel
was parallel to the aperture and allowed a visual check of these two values. The container
in the back of picture (a) contains a process thermostat, maintaining a constant water inlet
temperature T;,,, and also a MID volumetric flow sensor to calculate the mass flow m.
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Chapter 3: RefleC Collector Testing

The first RefleC test sample was built from available components right at the start of the
project. Its purpose was a proof of principle, not construction for series production.
Thus, RefleC 1 was tested to:

o validate the raytracing simulations; especially the simulated IAM curves
e assess the increase in thermal efficiency due to concentration.

The flat-plate LBM 67 AR was used as receiver. This is a large-area collector of Wag-
ner & Co. with serpentine absorber and one anti-reflective glass pane. The reflectors
were made from reflective Aluminum sheet (cp. reflectance measurements in Figure
2.15) and shaped to a CPC of 8, = 35°. The exit aperture of the CPC was the absorber
of the receiver flat-plate. The arc lengths of the upper and lower reflector sheets along
the parabolic contour were both 1145 mm (cp. section 2.4.2). The reflectors were not
symmetric, since the upper reflector started at the casing of the flat-plate, while the low-
er reflector showed a gap of 150 mm to allow for rain water run-off and leaves and
snow to slip away out of the trough. From the construction described above results a
geometrical concentration ratio of Cy,, = 1.435. Figure 2.6 shows the definitions of the
RefleC apertures. In Figure 3.1 the collector is rotated 180°, so that the gap in the lower
reflector is visible at the top. This allowed for IAM measurements from 6, [0; 90].

RefleC 2 (test sample): The second test sample is shown in Figure 3.2. Building upon
the successful proof of principle by RefleC 1, the purposes of RefleC 2 were to:

o further reduce aperture-area-specific heat losses by increased concentration
e separately test the efficiency curves of RefleC and receiver flat-plates

(a) RefleC 2 with the first variant of a (b) RefleC 2 rotated by 90° to allow defined
mounting system with trapezoidal sheets forced convection at the glazing (2 to 4 m/s).

Figure 3.2: Second test sample RefleC 2. Left: First version of a support structure of the
collector. Right: R2 during outdoor measurement of thermal efficiency curve.
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As the receiver, the high performance flat-plate EURO C20 AR of Wagner & Co. was
used. Three variants were available: the standard single AR-glazed, a double AR-glazed
variant with argon filling and a provisional double covered glass-foil-collector (cp. Ta-
ble A.2 in Appendix A).

It was intended to allow for a rough assessment of the influence of increased concentra-
tion (or reduced 6, respectively) on the efficiency. Since the flat-plate receiver of Re-
fleC 1 and 2 had different aperture widths, the geometry of RefleC 2 had to be adapted.
Thus, the reflectors of R2 were first calculated for 6, and Cg,, of R1. This resulted in a
reflector arc length of 1435 mm and a gap of 190 mm. Increasing the concentration by
reducing the irradiance acceptance to 6, = 20° resulted in the final Cy., = 1.625 of R2.

RefleC 3 (theoretical investigations): The experiences and test results of RefleC 1
and 2 indicated that substantial improvements in annual energy gain per unit ground
area would be possible when changing the RefleC concept from a truncated CPC to a
booster reflector concept. The booster was approximated to one side of a CPC and the
ratio of reflector area to absorber area was the same as for R1 and R2. At this stage of
the project, comprehensive simulations with a wide range of acceptance angles and col-
lector slopes were performed to optimize the reflector geometry.

The generation RefleC 3 was based on the double-glazed EURO C20 AR GG. Different
booster variants were designed and raytraced in OptiCAD. Their annual energy gain
was simulated in TRNSYS based on calculated efficiency curves. Its purpose was to:

e compare the annual gain of RefleC with CPC to RefleC with different boosters
e optimize the booster reflector shape (parabolic or flat, optimal 8,,).

RefleC 3 showed a significant increase in performance compared to R1 and R2. The
main advantages of only the lower reflector are:

e reduced wind loads leading to cheaper mounting system

o reduced row distance leading to more effective use of roof area

e avoided glare in the ambience from reflections by the upper reflector

e steeper incidence of reflected irradiance on the flat plate improving transmission
¢ higher utilization of diffuse irradiance

¢ higher additional gain per unit reflector area and per unit roof area

Results of the simulations comparing R1 and R2 to R3 are given in (Raucher 2009).

RefleC 4 (theoretical investigations): In parallel to the theoretical reflector optimiza-
tion, the development of a glass-foil receiver flat-plate for RefleC at Wagner & Co. was
in progress. RefleC 4 is the adaption of the RefleC 3 concept to the new receiver flat-
plate LBM 22 AR GF, a glass-foil collector with a 50 um ETFE-foil, which had been
especially designed for RefleC. The resulting concept is shown in Figure 3.3.
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Figure 3.3: CAD impression of RefleC 4 on a flat roof. Its theoretical optimization result-
ed in three flat segments of 900 mm approximated to the shape of a one-sided CPC with
6. = 35° with a trough slope of g = 55°. The reflectors fill the necessary distance be-
tween the flat-plates and support the collector row in their front.

RefleC 5 (test sample): The optimal reflector concept resulting from the investigations
of RefleC 3 and 4 was built (Cy4e, = 1.257). As final reflector material the aluminum
sheet composite was selected (cp. section 2.3.1). The sandwich-construction with PE-
core is technically optimal, but it significantly increased the reflector costs. The receiver
flat-plate LBM 22 AR GF has anti-reflective glazing and was tested with ETFE-foils of
50 um and 25 um. Wires below the foil allowed measurement of the sagging of the foil
at increasing temperatures and avoided contact between foil and absorber at this early
stage of development. Finally, RefleC 5 V2 with 25 um ETFE was characterized.

(a) RefleC 5 V2 at irradiance from 8, = 35° (b) RefleC 5 V2 with ground reflected in the
mirror and LBM 22 AR GF with wires

Figure 3.4: RefleC 5 during outdoor test. The reflections in picture (a) show homogenous
absorber illumination, implying good heat removal. A good planarity of the aluminum
composite reflector can be deduced from the undistorted ground image in picture (b).
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RefleC 6 (test sample): The last test sample was the prototype of RefleC (Figure 3.5).
Receiver flat-plate and reflector are identical to those at the pilot plant.

Mo%ile medium
temperature
collector test

stand (MTTS)

| < ’
/ channel
|
A . \‘
y \ |
J

Figure 3.5: RefleC 6 during efficiency curve and IAM measurement at the TestLab Solar

Thermal Systems of Fraunhofer ISE. The pyrheliometer allowed for accurate determina-

tion of diffuse irradiance. The wooden air channel was constructed to direct the air from
the radial fan to the flat plate, ensuring defined convection during characterization.

Y

Due to the air channel and the new tracker, the position of the collector on the tracker
had not to be changed between efficiency-curve and IAM measurement. Measuring the
collector with the reflector covering a large share of the ground assured realistic ac-
ceptance of diffuse irradiance during the tests and a good comparability to the pilot
plant results.

RefleC 6 was improved in some details compared to RefleC 5. At R6, the final glass-foil
receiver flat-plate LBM 4 AR GF was applied. Its reference areas are A,, = 4.04 m?
and Ay, = 4.55 m?. Its backside insulation was identical to LBM 22 AR GF and con-
sisted of a rigid foam panel for backside support and of mineral wool, together estimat-
ed to result in a heat transition coefficient of 200 mm mineral wool equivalent. Addi-
tionally, the middle support profile of the glass panes was insulated with 20 mm mineral
wool on both sides. A cross-section of LBM 4 AR GF is shown in Figure 3.6.

An optimal distance between absorber, plastic foil and glass pane is difficult to deter-
mine theoretically. The convective, conductive and radiative heat losses of a certain
combination depend on ambient- and absorber temperature, on the optical parameters
emittance (1), absorptance a(A), reflectance p(4) and transmittance t(4) of the com-
ponents, as well as on the collector slope. In reality, temperature-dependent thermal
expansion of the foil during operation (sagging), and potentially also of the absorber,
can lead to different gap widths from the edge of the collector to the middle.
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Cover profile Distance holder AR glass pane
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Figure 3.6: Cross section of LBM 4 AR GF, receiver flat-plate of RefleC 6 and also ap-
plied at the pilot plant (as large-area collector with four glass-panes). The separate foil-
frame has a Keder-groove, where the edges of the 25 um ETFE-foil are laid in. Then, the
foil is mechanically pre-tensioned, fixed with a Keder-string and thermally tensioned.
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Duffie and Beckman (2006, p. 248) show calculations of the top heat loss coefficient of
double glass-covered collectors with identical space between absorber and the two glass
covers. In the course of the RefleC project, similar calculations were performed by
Rose (2008) for LBM with glass-foil cover and different spacing between absorber and
covers, using the measured material parameters shown in Figure 2.20 and Figure 2.22.

3.2 Fundamentals of Collector Performance

3.2.1 Efficiency, IAM and Power

The working principle of SPH collectors has been described in section 1.3. The heating
power output ¢, of a ST collector per unit aperture area is for stationary conditions:

Tout
Quse =N -Gy =1+ . Cp,fl(Tf) dT =~ m - C_p,fl “(Tout — Tin) (3.1)
Herein, 1 is the collector’s efficiency for conversion of global irradiance G, reaching its
aperture plane into useful heat. The specific mass flow 1 of the collector fluid experi-
ences dependent on its heat capacity cp,ﬂ(Tf) a useful temperature lift from inlet tem-
perature T;, to outlet temperature T,,;. Following the illustration of Figure 1.11, the
main thermal loss mechanisms are:

e Natural, free convection between absorber and transparent cover(s) as well as
natural and forced convection between collector (front) and ambience.

e Heat conduction between absorber, rear panel and the sides of the collector as
well as heat conduction to and between the transparent cover(s)

¢ Infrared radiation between absorber, transparent cover(s) and ambience.
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3.2 Fundamentals of Collector Performance

From the energy balance of a ST flat-plate at stationary conditions, the aperture-specific
useful power q44: Can be calculated. It is given by the difference between radiative
gains ¢,44 Of the collector and its thermal losses to the ambient air ¢;,s5, both per m?
aperture area (Duffie and Beckman 2006, p. 239):

QQain = Grada — Qioss = Graa — Uioss (Tp —Ta) (3.2)

The thermal losses depend on the difference between mean absorber plate temperature
T, and ambient temperature T, as well as on the heat loss coefficient from absorber to
ambient U,,s,. This coefficient includes all convective, conductive and radiative losses
and is therefore temperature dependent. To characterize the performance of a ST collec-
tor, it is not practicable to calculate these complex physical mechanisms analytically.
Following the international collector testing standard (ISO 9806:2013), the temperature
dependence of n can be determined from measurements under perpendicular irradiance
onto the aperture. The stationary collector efficiency curve is approximated by a poly-
nomial fit of second order. In Europe, the common expression for stationary conditions
is obtained from a regression analysis of measured values:

T, —T, Ty — Tp\°
f f
NL ="Moo —C1- Gta_CZ'Gt'( G, a) (3.3)
The coefficients ¢, and c, are heat loss coefficients of first and second order. They are
related to the mean fluid temperature Tf:

_ Tin + Tout

Ty = =" (3.4)

This temperature can be determined easier than the absorber plate temperature T,,
which also varies locally over the absorber. Thus, the conversion factor 7, at perpen-
dicular irradiance is the efficiency when T equals the ambient temperature T,. It is im-
portant to note that c; and ¢, are not physical parameters and that the efficiency curve is
only valid within the measured temperature range. Figure 3.7 shows the measured effi-
ciency curves of RefleC 6 and its receiver collector.

When relating i to T¢, the very important collector efficiency factor F* has to be consid-
ered. It accounts for the quality of the heat transfer from the absorber plate to the fluid.
The ratio between the produced useful power within the heat carrier fluid and the power
of a collector with equal fluid and mean absorber plate temperature is:

_ C.Irad - Uloss : (Tp - Ta)

F = -
Qrad — Uloss ' (Tf - Ta)

(35)

For flat-plates, the influence of absorber fin thickness, absorber pipe distance and weld-
ing type on F’ has been investigated by (Frey et al. 1997) and (Eisenmann et al. 2004).

67



Chapter 3: RefleC Collector Testing

1.0

0.9 — = Flat-plate LBM 4 GF (glass + foil)
0.8 = ——RefleC 6 (LBM 4 GF) _
07 ——_"=~_

~
~
~

0.6 \
0.5 \
0.4 =
0.3 <

\\
0.2 ~
01 Ambient temperature T, = 25 °C h \\

Global irradiance G, = 800 W /m? N \
0.0 | .

25 40 55 70 85 100 115 130 145 160 175 190 205
Mean fluid temperature T; [ °C]

Collector efficiency n. [ -]

Figure 3.7: Measured efficiency curves of RefleC 6 and its flat-plate receiver collector
LBM 4 GF (cp. values in Table B.1 and Table B.2). The conversion factor n, is found at
intersection with the ordinate. R6 GF shows a lower value of n, because of the reflector’s

absorptance losses. The aperture area related thermal losses of R6 GF are lower than of
LBM 4 GF, since R6 GF has a higher A, but the flat-plate, where the thermal losses oc-

cur, is the same LBM 4 GF (concentration ratio of Cy,, = 1.26, cp. Table A.1)

The conversion factor n, has to account for this influence of the changed temperature
basis. Therefore, n, results from a multiplication of F” and the effective reflectance-
transmittance-absorptance product at a certain incidence angle (pta).(6;, 6;).

M0(0,6:) = F - (p12)e(01,6;) = F"- (p1a)e, 1 - K (3.6)

It is further considered that K, the IAM for hemispheric irradiance, shows for the dif-
ferent types of irradiance different values and angular dependencies. This is expressed
as follows:

G G G
M0(01,6:) = F - (pTa)e, 1 - [Kb(gl: 0) =+ Ky -+ Ky - (3.7)

Ge Ge Ge
Herein K, represents the IAM for beam irradiance at incidence angle 9,, 6;, K, the IAM
for diffuse irradiance from the sky dome and K, the IAM for diffuse irradiance reflected
by the ground. These shares of the irradiance were explained in detail in section 2.1.3.
From Eq. 3.3 and 3.7 the efficiency curve for stationary conditions results:

Gst Gy

, Gpe
n=F"-(pta),,, - [Kb(91,9t) 'G—t+Ks'G—t+Kr "G,

2
.Tf_Ta_CZ.M (38)
G, G,

The specific power output ¢ 44, Per aperture area is determined according to eq. 3.9.
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QQain =TNo- [Kb (01,6;) - Gpe + K - Gt + K- Grt]
—o (T =T —c,- (T = T,)" (3.9)
The output results from specific radiative gains q,,4 and thermal losses q;,s:
Graa = Mo - [Kp(01,0t) - Gpe + K+ G + Ky - Gt (3.10)

. 2
Qioss = C1° (Tf —To) + ¢z (Tf - Ta) (3.11)

Besides the very detailed modeled optical behavior, the following dynamic simulations
take also the effective thermal capacity c, s, of the collector into account (i.e. the capac-
ity of all components and fluid content of the collector). This is especially necessary
because of the high working temperatures of more than 100 °C and due to rapidly
changing irradiance conditions at locations in Central Europe. For the dynamic, aperture
area related specific useful power ¢,. then it can be written:

) ) aTy ) dTy
Quse = Qgain — Ceff E = Qrad — Qioss — Ceff E (3.12)

Thermally, Eq. 3.12 with input from Eq. 3.10 and 3.11 follows the standard expression
of full instantaneous steady-state efficiency test results as described in the current
standard (1SO 9806:2013, p. 105).

When testing according to the steady-state method, the IAM K, is not identified from
the measurements, but determined from the K, test results afterwards. This is done un-
der the simplifying assumption of isotropic irradiance from the overall collector hemi-
sphere (180°, cp. Figure 2.1, left). The dynamic test method also_assumes isotropic irra-
diance from the collector hemisphere, but the important difference is that K, is deter-
mined from the test results directly. This way, the real sky anisotropy during the test
affects K,;, so that for the same collector often higher K, values are determined. But in
both methods as well as in state-of-the-art collector simulation models, G; and G, are
summarized and one single IAM K, for diffuse irradiance accounts for their utilization
(cp. e.g. (Haller et al. 2013, p. 6)). K, is always constant and independent of 5. It is
provided in collector test reports and not varied within a simulation. In Eq. 3.10 and in
the model developed within this work, Gg; and G, are treated separately to allow for
separate K and K.

The three 1AMs of the irradiance components introduced above account for all optical,
geometrical and thermal effects occurring when incidence of irradiance is not perpen-
dicular to the aperture. The IAM leads to a decrease or increase of 1, resulting in a par-
allel translation of the collector efficiency curve. It is therefore notable that the relative
influence of the IAM on the collector output increases with increasing thermal losses
(i.e. at low-efficiency operation as in some process heat applications, for further expla-
nation cp. section 3.4.4).
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This work primarily assesses the effect of anisotropic irradiance modeling on the collec-
tor output. Therefore, the expression in Eq. 3.12 was considered to be sufficient. State-
of-the-art dynamic collector characterization determines four other factors: zero heat
loss coefficient dependency on wind speed, the thermal loss coefficients dependency on
wind speed, radiative gains dependency on infrared (“sky-temperature”), and a coeffi-
cient for condensation gains (when the collector is below T,). These factors are included
in dynamic collector models (ISO 9806:2013), (Haller et al. 2013), (Fischer et al. 2004),
but are mainly relevant for uncovered collectors. For steady-state tested, covered ST
collectors these parameters are not determined separately and therefore they are not in-
cluded in the model developed.

Test reports with performance parameters (efficiency curve and IAM) of certified ST
collectors can be obtained from the online databases of the CEN (Comité Européen de
Normalisation), Solar Keymark Scheme (Solarkeymark 2014), and the US SRCC (Solar
Rating and Certification Corporation) (SRCC 2014). Solar Keymark reports also in-
clude calculated values of monthly collector output at constant mean collector fluid
temperatures Ty of 25°C,50°C and 75°C for Stockholm, Athens, Davos and Wiirz-
burg. They are calculated with the publicly available Excel-based tool SCEnOCalc (So-
lar Collector Energy Output Calculator) (SCEnOCalc 2014).

3.2.2 |IAM Values for Beam Irradiance

In section 2.2.2, the IAM for beam irradiance has been introduced and different catego-
ries have been proposed.

Interpolations for rotation symmetric IAMs: When testing flat-plate collectors with
rotation symmetric IAM, often only one single value K, (6 = 50°) is determined. Since
the shape of the IAM curve mainly depends on the optical losses caused by collector
cover and absorber, Souka and Safwat suggest the use of a cosine-function with the col-
lector-specific parameter b, to describe the shape of such an IAM curve (Souka and
Safwat 1966, p. 171). Such IAM reach the value of zero well before & = 90°, which
accounts for shading effects at high incidence angles. The function of the often so called
“by-method” is usually written as:

1
cosf@

1-Kp(6)
1

Kp(8) = 1 — by( . (3.13)

—1) solvedfor b, =
cos6
Solving the equation for b, allows for approximating all K}, (8) from one known value.
Ambrosetti and Keller (1985, p. 19) suggest to use a tangent function instead, which
results in the effect that for all parameters r the IAM reaches a value of zero at 8 = 90°.
This can be more accurate for small distances between absorber and glazing.
- ln(tang)

— _ 2 r — 2
K,(0) =1 (tan 2) solved for r = KL (6)) (3.14)
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A good overview on these and other interpolation methods is given by (Fischer 2011,
pp. 45-50). If, as in case of evacuated tube collectors, IAM values at 6 = 20°,40° and
60° have been determined, Fischer recommends a linear interpolation ending at
K, (6 = 90°) = 0 (Fischer 2011, p. 49).

Interpolations for biaxial IAMs: When the shapes of the longitudinal and transversal
IAM curve differ significantly (as for evacuated tubes and RefleC), values of K, (6;, 8;)
have to be calculated for intermediate angles (usually no 3D-1AM is available). The
state-of-the-art approach is the approximation of Mclintire (1982, p. 315):

Ky (6,,6,) =K} (6,,0) - K, (0, 6,) (3.15)

This so called multiplication approach shows the highest relative errors in Kj, for high
incidence angles 6 and from directions, where K, (6;,0)and K}, (0, ;) differ much from
each other (cp. 3D-1AM of RefleC in Figure 2.12).

Ronnelid et al. classified beam irradiance data of Stockholm (only above 200 W/m?
and from March to October) into 10°-intervals of 6, and 6,. Accurate raytracing-values
of K;,(6,, 8,) of a symmetric CPC-collector were available (flat absorber, C;., = 1.56,
6, = 35°, truncation 0.4). The absorbed energy using the exact raytraced values was
lower than for the approximated values determined by eq. 3.15. In comparison to the
measured output of the collector (g = 40°,T,, = 70 °C) the authors conclude that a
simulation with the approximation of Eq. 3.15 would have overestimated the annual
collector output by approx. 4 to 5 % in this specific case (Ronnelid et al. 1997, p. 285).

The factorized calculation method of Mclntire is used in nearly all established computer
programs for solar thermal simulations and is therefore a factor of uncertainty for calcu-
lations of annual energy gains. For specific collector designs, specific modifications of
the approach of Mclintire have been proposed, e.g. by Helgesson (2004, p. 114), who
introduced a multiplication approach where the influence of the glazing and the reflec-
tor were accounted separately for a flat-plate variant of the MaReCo (cp. Figure 1.15).

3.2.3 IAM Values for Isotropic Diffuse Irradiance

The nature of diffuse irradiance from sky and ground has been discussed in detail within
section 2.1. Particularly in central Europe with latitudes between 40° and 60° N the con-
tribution of diffuse to the overall annual irradiation is in the range of 40 % to 60 %
(Badescu 2008, page 427).

Concentrator acceptance: Before the IAM for diffuse irradiance is discussed, the ra-
diation acceptance of R1 is used to illustrate some basic considerations. In Figure 3.8,
the collector is exposed to an ideal isotropic sky. The dashed parabolic segments show a
full CPC. It accepts all diffuse irradiance from 8, < 6,, because it directs all irradiance
from within its acceptance angle towards the absorber (green arrows).
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Figure 3.8: Acceptance of RefleC 1 for isotropic diffuse irradiance from lune-shaped
segments of the sky (along its longitudinal axis), adapted from (Hess 2007, p. 38)

No rays from 6, > 6, are accepted; the absorber is shaded from these rays by the reflec-
tor. When the CPC is truncated, 8, does not change. Diffuse irradiance reaching the
reflectors from 6, = [0; O:runc] Can therefore not be reflected towards the absorber.
However, such rays may reach the absorber directly without reflection (blue arrows).
Diffuse irradiance from 68, > 6., Cannot reach the absorber. If the collector would be
sloped to the right, the angle 6 = 90° — 6,-,»c Would decrease and the collector’s field
of view would turn to the right. For isotropic irradiance, the acceptance does not change
until collector slope B > 90° — O;ync O 6 = 0° respectively. Thus, for collector
slopes g > &, diffuse irradiance from the ground can reach the absorber.

To approximately calculate the fraction of isotropic diffuse irradiance transferred from a
concentrator aperture to its absorber, Winston (1974, p. 89) postulates a very simple
correlation between the acceptance factor f,. s, and the concentration ratio Cy,,:

facc,iso = 1/Cgeo (3.16)

Rabl (1985, p. 131) derives the same equation from basic radiative heat transfer correla-
tions. Applying this to the non-truncated R1 collector with 8, = 35° and Cgy, =
1/sin35° = 1.743 results in f,.iso0 = 0.57, i.e. the absorber of the non-truncated R1
in Figure 3.8 “sees” this share of the hemisphere (green arrows). For the real, truncated
R1, facciso = 0.70 (Cgeo = 1.435, cp. Table A.1). The factor f, . ;5o differs from the
isotropic Ky ;5, in the important aspect that it does neither consider optical effects of
concentrator or receiver, nor the in reality finite trough length.

IAM for isotropic diffuse irradiance: For an isotropic collector hemisphere,
Brandemuehl and Beckman (1980, p. 511) used an integration approach with spherical
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3.2 Fundamentals of Collector Performance

coordinates to express the transmittance of sky and ground reflected diffuse via flat-
plate collector covers and CPCs. Their transmittance function can be applied analogue
to the IAM. Using the coordinates of the collector hemisphere (cp. Figure 2.8) the gen-
eral expression for an isotropic hemisphere is Eq. 3.17.

K fom f:/z K,(6,¢) - cosB - sinf db do
diso = 3.7
- I fon/z 1-cos@ - sin6 df d¢ (3.17)

In the denominator of Eqg. 3.17, the irradiance from a unit sphere is integrated. Herein,
the cosine accounts for the cosine-losses of the irradiance onto the flat aperture (cp.
Figure 2.5); the sinus accounts for the increase of radiating area when finite surface el-
ements of the sphere are considered in equidistant angular steps of 8 and ¢. This ap-
proach assumes an isotropic collector hemisphere, i.e. sky and ground have the same
radiance and Kj ;5, is independent of the collector slope . By weighting the irradiance
with K, (6, ¢), optical losses of the collector are considered, so the result is a collector
incidence angle modifier for isotropic, hemispheric diffuse irradiance K, ;5,. For R1,
Kgiso = 0.62 for an endless trough (calculated by Eq. 3.17 and using the R1 K, -values
of Figure 2.38), and K, ;s, = 0.59 for the test sample with end losses (Eq. 3.17 and Kj,-
values of Figure C.1), while the concentrator’s acceptance for isotropic irradiance calcu-
lated above was f ;5o = 0.70.

Determination for rotation symmetric IAMs: In this case eq. 3.17 can be simplified to
(Fischer 2011, p. 58):

/2

Kyiso = Zj K,(6) - cos B - sinf db (3.18)
0

Bosanac and Nielsen (1997, p. 141) give an analytic solution in case only the Ambroset-
ti IAM parameter is known; Uecker (2000, p. 123) gives a solution for Souka/Safwat.

Determination from biaxial IAMs: EqQ. 3.17 can also be expressed in terms of 6, and
0;, so that K, ;5, can be calculated when longitudinal and transversal values of K, are
available (Fischer 2011, p. 59). But of course the numerical integration can also be per-
formed along 6 and ¢ when values of K}, (0, ¢») are calculated from values of K, (6;, 6;)
by the separation approach according to Mclntire (cp. Eg. 3.15).

The investigations in chapter 4 will show that an isotropic collector hemisphere is a
very rough simplification, not only because isotropic sky radiance is usually not the
case. Since ST collectors are usually sloped, the IAM for reflected irradiance K, will
usually vary significantly from the 1AM for sky irradiance K. Carvalho et al. (2007, p.
611) separate between irradiance from sky and ground, so that isotropic values of Kj ;,
and K, ;5, can be calculated. They give tabular values of the integration limits in longi-
tudinal and transversal direction depending on the collector slope 3, its acceptance half-
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angle 6, and its truncation angle 6;,,,.. In their table, integration limits for rotation
symmetric and biaxial symmetric collectors are given. Because the IAM of RefleC is
biaxial asymmetric and anisotropic diffuse irradiance cannot be directly included, this
approach is not applied within this work.

3.3 Collector Efficiency Testing

The RefleC test samples and their receiver flat-plate collectors were characterized at the
Test Lab Solar Thermal Systems of Fraunhofer ISE, which runs an indoor sun simulator
and an outdoor testing laboratory with two trackers. The indoor simulator and both
tracker sites each have independent testing equipment, but their thermostats for condi-
tioning of the collector fluid have a maximum working temperature of 95 °C. Some of
the other testing equipment is shown in Figure 3.1 and Figure 3.5. To measure the effi-
ciency of RefleC up to its application temperature, the mobile Medium Temperature
Collector Test Stand (MTTS) of Fraunhofer ISE was used. It allows testing with pres-
surized water up to 200 °C and 20 bar. Among other components, the test stand consists
of a thermostat (electrical heater and air/water water/water cooler), a PC with multi-
plexer, a pump with valve, and all necessary sensors. A Coriolis sensor allows for direct
mass flow measurement and avoids uncertainties due to temperature dependence of the
fluid density. A detailed description of the test stand can be found in (Rommel 2008).
Fraunhofer ISE is a certified body able to perform standard ST collector and system
tests, e.g. according to the requirements of the European quality label Solar Keymark.
The efficiency curves of the RefleC collector test samples and partially also their IAM
values were determined as close as possible to the steady-state method described in the
European testing standard (EN 12975-2:2006), which has recently been substituted by
(1ISO 9806:2013). The laboratory meets the accuracy requirements of these standards.

Appendix A contains a detailed description of all RefleC test samples (Table A.1) and
their receiver flat-plates (Table A.2). Appendix B contains the test results of RefleC
(Table B.1) and the flat-plates (Table B.2).

3.3.1 Efficiency Curve Determination

Figure 3.9 shows the efficiency curve (cp. Eq. 3.3) of RefleC 6. Contrary to Figure 3.7,
here the efficiency is plotted over the reduced temperature difference:
Tout + T;
AT (T —T,) (H5—2-To)
G G G,

(3.19)

Use of the reduced temperature difference allows for an assessment of the measured
values and their distribution independent of the individual G, or T, of each value. The
operational points for which the curve has been determined are given in Table 3.1.
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Figure 3.9: Efficiency test results (outdoor, MTTS) of RefleC 6 GF at rh = 72 kg/(m?h)
for four averaged fluid inlet temperatures with fitted collector efficiency curve

Table 3.1: Stationary test data of RefleC 6 GF used to fit the curve in Figure 3.9

Date Time G, G4t/ G, m T, Tin Tow Tf n

(UTC)  [W/m?] -] [kg] [°C] [°C] [°C] [°C] -]
08.10.2010 14:11:15 945 19.5 373 19.2 69.6 76.3 72.9 0.602
08.10.2010 14:52:45 927 19.8 373 20.2 69.5 76.0 72.8 0.599
08.10.2010 15:02:45 921 20.9 373 19.5 69.5 76.0 72.7 0.601
08.10.2010 15:12:45 891 21.8 372 20.2 69.4 75.7 72.6 0.599
11.10.2010 12:38:00 988 12.5 370 13.5 111.7 117.0 114.3 0.461
11.10.2010 12:48:00 992 12.3 371 14.1 111.7 117.0 114.4 0.462
11.10.2010 12:58:00 993 12.1 371 14.3 111.7 117.1 114.4 0.464
11.10.2010 13:08:00 991 12.4 372 14.8 111.7 117.0 114.4 0.464
12.10.2010 12:28:15 952 17.4 364 13.6 161.4 163.7 162.6 0.208
12.10.2010 12:38:15 959 16.8 364 11.0 161.4 163.8 162.6 0.210
12.10.2010 12:48:15 956 16.9 364 11.5 161.4 163.8 162.6 0.211
12.10.2010 12:58:30 952 17.1 363 11.7 161.4 163.8 162.6 0.209
21.10.2010 11:20:15 982 12.0 371 6.5 13.4 21.7 17.6 0.721
21.10.2010 11:30:15 990 13.1 372 6.4 13.4 21.8 17.6 0.724
21.10.2010 11:40:15 1012 14.9 372 6.9 135 22.1 17.8 0.722
21.10.2010 11:51:15 1018 13.7 372 6.8 13.7 22.3 18.0 0.720

Preparation: In the following, the procedure for determination of a collector’s efficien-
cy curve is explained briefly for the example of RefleC 6 and its receiver flat-plate.
First, the collector was conditioned, i.e. it was exposed without fluid to G, >
700 W/m? for more than five hours. This ensured that the collector was dry and that all
initial thermal outgassing or initial component degradation occurred before testing. The
collector was mounted with its aperture parallel to the tracking plain and orientated as in
reality with reflector downside. This ensured realistic diffuse irradiance and convection
within the flat-plate casing. The collector remained in this position for all efficiency
curve and IAM tests, since the tracker is able to adjust to the necessary positions. It was
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ensured that the global tilted irradiance pyranometer was within the aperture plane be-
side the collector and that the pyrheliometer was placed nearby. A wind channel en-
sured an even distribution of the forced convection over the cover of the receiver (cp.
Figure 3.5). The hydraulic circuit consisted of thermostat, pump, mass flow sensor and
adjustment valve, expansion vessel, deaerator, and the collector with the Pt 100 sensors
T;, and T,,,;. The circuit was fully insulated and free of leakage or air. Inlet and outlet
temperature sensors were positioned directly beside the collector and had been calibrat-
ed absolutely and then relative to each other. They were mounted in such a way that the
fluid flow was parallel towards the tips of the centred temperature lance of the sensors.

Testing: To account for the particular characteristics of RefleC, special attention was
paid to the accurate determination of incidence angle (visual verification) and fraction
of diffuse irradiance. The collector efficiency tests were performed under clear sky con-
ditions. The collector efficiency was determined for at least four different temperature
levels T;. These temperature levels were evenly distributed over the operation range of
the collector. For each of the four temperature levels, at least four independent station-
ary test data points (mean value of 10 min interval) were determined (cp. Table 3.1), i.e.
a minimum of 16 valid data points was determined to generate one efficiency curve.
The (stability) criteria for these data points are given in Table 3.2. Before a valid sta-
tionary phase of 10 min can start, a pre-conditioning phase of 15 min with a stable inlet
temperature (i.e. with deviation according to Table 3.2) is mandatory. The values of all
sensors were logged by the multiplexer in a 15 s interval and stored in daily files.

Table 3.2: Criteria for valid outdoor steady-state efficiency test points according to (EN 12975-
2:2006) with own comment on test of RefleC 6 and LBM 4 GF (n. s. = not specified). The crite-
ria are identical to these in the current standard (1SO 9806:2013).

Parameter Requirement Permitted deviation* Comment
G, > 700 W/m? 450 W/m? Pyranometer in 4,
G4 calculated from
Gac/Ge <03 n.s. pyrheliometer-DNI
T, n.s. +1.5K Shaded and vented
One temperature level Recommended: One
Tin T 280 oC +0.1K level at AT/G > 0.09,
s oneatT; =T, +3K
Tout Tout > Ty +1K n.s Avoiding high errors
2 *%
1 0.02 kg/(m: s) +0.1% i.e. 72 kg/(m?h)

if not specified
Air speed 3m/s +1m/s at flat-plate aperture

* of 30s average value from mean value within one 10 min data point test interval
** the selected m must not vary above 10 % for all data points of an efficiency curve

Efficiency curve determination: The test data were filtered for valid test data points
by a script with adjustable conditioning phase and deviation ranges. The final selection
of valid data points for one temperature level was done manually, taking high resolution
curve-plots of all sensor values into account. The collector efficiency of one test interval
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was calculated according to Eq. 3.1. Then, the efficiency curve was fitted to the valid
efficiencies at the four temperature levels by a quadratic function (second degree poly-
nomial). Therefore, the regression method of least squares was used. The resulting fit
then has the form of Eq. 3.3 with the characteristic values n,, ¢; and c,. (ISO
9806:2013) recommends that the highest Ty is at AT/G > 0.09, and the lowest
atTr = T, £ 3 K (to ensure accurate determination of n,). The latter was not met for
RefleC 6 and LBM 4 GF, because the MTTS was cooled by ambient air only. Thus, the
uncertainty of the n,-values is expected to be slightly higher than necessary. The fol-
lowing Figure 3.10 and Table 3.3 give the testing details of LBM 4 GF.
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Figure 3.10: Efficiency test results (outdoor, MTTS) of LBM 4 GF (receiver flat-plate of
RefleC 6) at 7 = 72 kg/(m?h) with fitted collector efficiency curve

Table 3.3: Stationary test data of LBM 4 GF used to fit the efficiency curve (cp. Figure 3.10)

Date Time G, Ga:/ G, m T, Tin Tow Tf n

(UTC)  [W/m?] (-] [kg] [°C] [°C] [°C] [°C] (-]
11.09.2010 12:14:45 1006 135 303 20.0 27.7 36.6 32.1 0.769
11.09.2010 12:24:45 1012 13.2 303 20.1 27.8 36.7 32.3 0.770
11.09.2010 12:34:45 1013 12.9 303 20.2 27.8 36.8 32.3 0.772
11.09.2010 12:44:45 1010 13.0 303 20.2 27.8 36.8 32.3 0.773
11.09.2010 14:09:15 997 14.2 311 22.6 51.4 59.3 55.3 0.707
11.09.2010 14:19:15 976 15.3 311 22.6 51.4 59.2 55.3 0.712
11.09.2010 14:53:45 996 14.4 311 23.3 515 59.5 55.5 0.713
11.09.2010 15:03:45 990 13.7 311 23.4 51.5 59.4 55.5 0.713
12.09.2010 15:16:00 985 16.0 309 24.0 96.7 102.8 99.7 0.552
12.09.2010 15:26:00 975 17.3 309 24.3 96.6 102.7 99.7 0.553
12.09.2010 15:36:00 960 17.9 309 24.7 96.6 102.6 99.6 0.554
12.09.2010 15:46:00 948 18.7 309 24.0 96.6 102.4 99.5 0.553
22.09.2010 15:13:15 955 15.1 316 23.4 136.3 139.8 138.0 0.335
22.09.2010 15:23:15 938 154 316 23.3 136.3 139.6 138.0 0.332
22.09.2010 15:33:15 936 15.5 316 23.6 136.3 139.7 138.0 0.334
22.09.2010 15:43:15 925 14.9 316 23.9 136.3 139.6 138.0 0.335
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3.3.2 Importance of High Temperature Testing

Figure 3.11 shows the measured efficiency test data of RefleC 6 and its receiver flat-
plate LBM 4 GF again. For each collector, the four testing temperatures can be distin-
guished. To illustrate how the fitted efficiency curves would deviate if only the three
lower temperature levels would have been set, the data points at T = 139.7 °C (LBM 4
GF) and Ty = 162.6 °C (RefleC 6 GF) were excluded from the dashed line fits. Similar
comparisons for other collectors had shown that extrapolation of efficiency curves to
values of AT /G, higher than tested causes high uncertainties (Kramer 2006, pp. 47-49).

1.0
X LBM 4 GF all test points

0.9 + RefleC 6 GF all test points -
——Fit LBM 4 GF all test points

0.8 ——Fit RefleC 6 GF all test points
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Figure 3.11: Efficiency curves of RefleC 6 GF and LBM 4 GF as shown in Figure 3.9 and
Figure 3.10 fitted from the data points of all four temperature levels (solid lines) and
without the highest temperature level (dashed lines).

Collector efficiency n. [ -]

Figure 3.11 reveals that the efficiency of both collectors would be overestimated for
operation at values of AT /G, outside of the tested range. This would for example be the
case when using the efficiency curve of RefleC 5 V2, where the MTTS was not availa-
ble for the test, for the prediction of low-efficiency operation (cp. Figure B.4).

Inclusion of the high temperature test results leads to a higher curvature of the fitted
efficiency curve. This is expected to be a systematic effect occurring at all ST collec-
tors, because the radiative heat losses of the absorber increase with the square of the
absorber temperature. At the current example of RefleC 6 and LBM GF, potential sag-
ging of the foil with increased temperature (resulting in increased heat losses due to
suboptimal distance between absorber, foil and glazing) might have further added to the
increased curvature.

It is important to note that missing data points at low efficiency operation do not only
cause an overestimation at high temperature differences AT between ambient T, and
fluid T¢, but would also overestimate the collector performance at low irradiance.
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If for example LBM 4 GF was operated at a comparably high temperature of AT =
80 °C and G, = 500 W/m? (resulting in AT /G = 0.16), the efficiency at perpendicular
irradiance isn; = 10 %. A test without the MTTS (i.e. without T; = 139.7 °C) would
have predicted n, = 17 %. In process heat applications, such high values of AT /G fre-
quently occur also at high irradiance. To give an example, in the morning or the after-
noon of a clear day RefleC 6 GF may e.g. be operated at T, = 20 °C, Tr = 95 °C,
G, ~ 750 W/m? and projected incidence angles of 8, ~ 0° and 6, = 70°. When ne-
glecting the diffuse-IAM to simplify the example, the irradiance would be multiplied by
the 1AM of K, = 0.5, resulting in an operational parameter of AT /G =~ 0.2. Figure 3.11
shows that the collector does not have positive gains at this point anymore. Testing the
collector only up to Ty = 114.4 °C would have resulted in a positive efficiency of 7 %
and gains of approx. 50 W/m?, which would be a significant error. It is concluded that:

e Extrapolation of a collector efficiency curve to higher values of AT /G than test-
ed overestimates the collector efficiency.

e At medium temperature process heating, high values of AT /G occur not only at
low, but also at high irradiance. Thus, collector efficiency curves determined
from test results below 100 °C are expected to cause higher absolute simulation
errors for process heating than for domestic applications.

e If possible, SPH collectors should therefore be tested up to mean fluid tempera-
tures resulting in efficiencies of n;, = 20 % or below.

The recommendation of (ISO 9806:2013) to test “the whole operating temperature
range* is not sufficiently explicit, since irradiance below test conditions (G, >
700 W/m?) will lead to higher values of AT /G for the same operation temperatures.

3.4 Test Results

3.4.1 Mass Flow Influence on Efficiency

Depending on the absorber piping design, some ST collectors might show a transition
from turbulent to laminar flow within their mass flow operation range. This can affect
the collector efficiency factor F’, which is influenced by the heat transfer coefficient
from absorber to fluid. For efficiency-curve determination, usually a standard mass flow
of m = 0.02 kg/(m?s) = 72 kg/(m?h) is used. This equalizes heat capacity effects
quickly, so at stationary conditions T,,,; stabilizes quickly and valid stationary test se-
quences can be found fast. On the other hand, the measurement accuracy can decrease at
low efficiency (operation at high T) due to a low difference Ty — Tip.

At the RefleC pilot plant, the mass flow was initially about 25 kg/(m?h), so it was
questioned if the measured efficiency curve was still valid in this case. Figure 3.12
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shows test results at standard and reduced mass flow. For the receiver flat-plate it indi-
cates a slight decrease in F’, which results in a parallel, slightly lower efficiency curve.
RefleC 6 GF shows no decrease, but m through the LBM is a factor of Cy,, higher,
since it is related to aperture. The high temperature results of RefleC 6 at m =
35 kg/(m?h) have a high uncertainty, since T,,; — T;, is very low in this case.

1.0
X LBM 4 GF all test points (m_p = 72)
0.9 + RefleC 6 GF all test points (m_p = 72)
0.8 O LBM 4 GF all test points (m_p = 35)
- O RefleC 6 GF all test points (m_p = 35)
— 0.7 ——Fit LBM 4 GF all test points (m_p = 72)
_|
< 0.6 ——Fit RefleC 6 GF all test points (m_p = 72)
s 0
o - - - Fit LBM 4 GF all test points (m_p = 35)
c
o 05
L N
. N
s 04 S \
5 =
o A
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o N \%
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OO T T T T T T = T 1

0.00 0.02 0.04 006 008 010 012 014 016 0.18 0.20
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Figure 3.12: Comparison of MTTS-measured collector efficiencies of RefleC 6 GF and
LBM 4 GF at mass flow rates 72 kg/(m?h) and 35 kg/(m?h), cp. Figure 3.10 to Figure
B.10 and Figure 3.9 to Figure B.6 for original test results. No fit curve is provided for Re-

fleC 6 GF at 35 kg/(m?h) because only two temperatures could be tested.
The receiver of RefleC 5 V2 has the same LBM absorber as RefleC 6. It was tested at
m = 72 kg/(m?h) and mh = 26 kg/(m?h) (not shown in Figure 3.12, cp. Figure B.4
and Figure B.5). Since standard equipment was used (limitation to T,,; = 95 °C), a
comparison of the efficiency curves does not make much sense in this case; no efficien-
cies below 55 % were determined. But due to the process thermostat, n, was measured
very accurately and is as at RefleC 6 GF not affected by the smaller mass flow.

3.4.2 Absorber Temperatures and Local Concentration

On their receivers, CPC concentrators cause regions with higher intensity. Raytracing
shows that this is maximal at transversal irradiance from 6, = 6,, where all irradiance
reaching a reflector is focused onto the edge of the absorber. In this case, a concentra-
tion line is created (cp. Figure 2.31 ¢ and Figure 3.13). The highest local concentrations
are to be expected for RefleC 2, since it has the highest Cy.,. To investigate effects of
this, a combination of thermographic imaging and absorber temperature measurement
with direct contact sensors was used. The tests were carried out with a single glass cov-
er because the transmittance of the glazing for infrared radiance from the absorber is
poor (cp. Figure 2.22). Figure 3.14 and Figure 3.15 show the results.
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b

Figure 3.13: Local concentration onto the absorber of RefleC 1 at perpendicular irradi-
ance (photographs taken from lateral positions). The shape accuracy of the right reflector
(in reality the lower reflector) is better, since the reflected lines are more parallel.

.

-

- - R

Figure 3.14: Thermographic image of RefleC 2 G on the tracker (single-glazed, no mass
flow, G, = 995 W/m?, G4, /G, = 0.1, T, = 28°C, 8, = 0°, § = 35°. Below the collec-
tor, the radial fan is visible (cp. Figure 3.2 b)). The absorber temperature was measured
by three Pt100 temperature sensors riveted to the absorber. These sensors were placed in
a height of two thirds from the collector bottom (indicated by black circles). The collector
glazing (almost IR-opaque) only allows for a qualitative assessment (cp. Figure 2.22).

These and following investigations show clear drawbacks of the application of a stand-
ard truncated CPC geometry for the collector:

e External CPCs for flat-plates cause a transversal absorber temperature gradient

e In stagnation, the gradient can be very high and might create local thermal sag-
ging of a plastic foil and temporal deformation of the absorber.

e With a CPC, locally a significantly higher gradient between T, and T than
without reflector can be expected. This results in an increased F’, since for
Tr = T, (no-situation) higher heat losses occur (cp. calculations in section 3.4.5).
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T, = 192°C T, = 262 °C
T, = 260 °C T, = 210°C
T, = 193°C T, = 179 °C

Figure 3.15: Local stagnation absorber plate temperatures 7,, of RefleC 2 at perpendicular
irradiance (cp. Figure 3.14) and at 8, = 20° (conditions approx. as in Figure 3.14). The
temperature sensor positions are indicated by black circles. Test results without mass
flow or forced convection. The irradiance concentration on the absorber is qualitatively
shown by raytracing.

3.4.3 Validation of Raytracing

In this work, the annual energy gain simulations and the calculations of the IAMs for
diffuse irradiance are based on raytraced values. Thus, it was very important to ensure
that the raytraced Kj,-values are sufficiently close to reality. This validation was done by
outdoor measurements of RefleC 1 G (cp. Figure 3.16) and RefleC 6 GF.

Figure 3.16: RefleC 1 G at test of the hemispheric IAM K}, (6;,6;). To allow for tests at
longitudinal and high transversal angles, the indicated diffuse-pyranometer with fixed
orientation of § = 45° and y = 0° had to be used. A pyrheliometer was not available.
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3.4 Test Results

Eq. 3.20 gives the definition of K, for a certain incidence angle (6;, 8;). For stationary
collectors, usually a constant F” independent of the incidence angle is assumed. If F~
changed with the incidence angle, the IAM would also account for thermal effects and
could therefore not be determined by the pure optical raytracing. For RefleC, this was
questioned, since the investigations in sections 3.4.2 and 3.4.5 show that CPC-reflectors
decrease the conversion efficiency F’, at perpendicular irradiance. K}, is only then ex-
pressed sufficiently by raytracing, if the thermal effects are constant for all 8, and 9;.

K. = No,p _ F/'(pra)e . (pTa)e
b No,p, L F,J_'(pra)e,J_ (pTa)e,J_

(3.20)

Outdoor IAM tests allow measuring the influence of potential angular thermal effects.
The drawback of IAM calculations from outdoor-tested efficiencies is that all test points
result from a superposition of beam and diffuse, and that the influence of both irradi-
ance components can vary over time and varies with 6.

The state of the art approach to calculate the 1AM for hemispherical irradiance
K, (6,,6,) from measured efficiency values is given in Eg. 3.21 (ISO 9806:2013, p. 69):

AT AT\?
‘= 770,h B Nn + Ci1 G_t + Cy - Gt . (G_t) (321)
= =
No,n, L No,n, L

To calculate K; from measurements, first a standard efficiency curve at 8 = 0° was
determined. It gave the conversion factor n, , , for perpendicular hemispherical irradi-
ance and the heat loss coefficients c; and c,. Then, the efficiencies n,(6,, 8,) for irradi-
ance from certain incidence angles were measured. Eg. 3.21 allows these efficiencies to
be affected by thermal losses, which simplifies the process (i.e. one constant inlet tem-
perature can be used for all incidence angles). For the single glazed RefleC 1, K;,-values
determined from tests at six incidence angles are shown in Figure 3.17 as green dots.

For energy gain simulations, it is state of the art to use measured 1AM values for hemi-
spherical irradiance K, (6;,6,) as IAM for beam irradiance K, (6;, 6;). In the following,
the influence of diffuse irradiance on the measured 1AM values of RefleC is assessed by
calculating a pure K, (6,, 6;) from the K, (6,, 8,)-values. The results are shown in Figure
3.17. To explain the methods used and results found, Table 3.4 gives the transversal
raytracing values, test results, and calculated values as shown in Figure 3.17. For the
longitudinal direction, the results can be found in Figure 3.18 and Table 3.5.

Correction equations: Some equations have been developed, on which the following
investigations are based. A measured conversion efficiency value is influenced by the
IAM as follows (cp. Eq. 3.7):

Non = Mo, " Kn =Nop,r - Ky - fo + Ka - fa) (3.22)
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This efficiency for hemispherical irradiance n, j is the conversion factor n, ,, , for pure
and perpendicular beam irradiance, modified or influenced by the 1AM for hemispheric
irradiance Kj,. It consists of the IAM for beam K,, and diffuse K, weighted by the frac-
tions of diffuse f; = G4:/G; and beam f,, = 1 — f,; during the test. With the definition
K, (60 = 0°) =1, Eq. 3.22 allows a correction of the influence of diffuse on the meas-
ured conversion factor, if K; , and f; ; are known:

. _ No,h,L
b = A fy + Kay  far) (3.23)

With Eq. 3.20 and 3.22 the conversion efficiency for beam irradiance from a certain
incidence angle can generally be expressed as:

No,n " Kp
Mop = 3.24
% =y fy + Ko~ fo) (3.24)
With Eq. 3.23 and Eq. 3.24, K,, can be expressed and solved for K.
_ Nop _Non- (fo.. + Kax* far) = Nons Ka - fa
K, = — (3.25)
Mo,b, L NonL * fo
. + K, - — K -
K, = No,n (fb,J_ d,L fd,J.) Nont Kb - fo (3.26)

Non " fa

With these two equations, test results and raytracing can be compared.

1.1

1.0 —K_b (calculated from Raytracing —
’N assuming constant F’)

0.9 %& _

0.8 K_h (calculated from measurements

with different f_d)

0.7 X :
\
*

X K_b (calculated from measured values

2,06 corrected by isotropic K_d = 0.591) —
< 05 + K_b (resulting f |

s \ _b (resulting from measured values

< 04 NI corrected by calculated individual K_d)

N
0.2 \
N

o.o T T T T T T T T T 1
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Transversal incidence anlge 6, [ °]

Figure 3.17: Raytraced beam-1AM K, of RefleC 1 (blue), compared to the hemispherical
IAM K;, calculated from tested efficiencies (green) and to Kj-values calculated from a
correction of the tested efficiencies by the influence of diffuse. The red crossed values re-
sult from correction of each test value by a constant isotropic K; = 0.591, determined by
Eq. 3.17 from the raytraced K,, of R1 (cp. Figure C.1). The grey values result when K is
determined for the assumption of a correctly raytraced Kj,-curve (see details in Table 3.4).
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3.4 Test Results

Table 3.4: Raytracing results ((pta), and Kj,)) vs. test results and corrected test results of the
transversal IAM of RefleC 1 G (cp. Figure 3.17).

0,[°] O(L) 225 325 35 375 45 55 Comment

(pta). [-] 0.838 0.820 0.737 0.657 0.477 0.340 0.151 Raytraced values

Mon [-] 0727 0705 0649 0561 0.406 0.302 0.179 Measured efficiency for
hemispherical irradiance

Valid test Number of valid 10 min
data points ! 5 5 3 3 6 8 stationary test intervals for n, p,

fa[-] 0093 0078 0.135 0.102 0.110 0.184 0.156 M%a”.frac“o.” of diffuse irrad.
uring valid test intervals
Calc. by (pta), from raytr.
for constant F'(Eqg. 3.20)
Calc. from measured 7
without correction (Eq.3.21)
Calc. from measured 7,
Ky, [-] 1 096 090 0.76 053 036 0.17 assuming constantisotropic
Kd,iso = 0 591 (Eq 325)
K4 calc. from n, , by Eq. 3.26
Kgq [-] 0591 039 071 035 029 037 0.54 assumingraytr. K, is correct
(isotropic K4 | = 0.591)
K, calc. from 1, , by Eq. 3.26
K4 [-] 0.80 063 085 050 0.38 042 057 assuming raytr. K, is correct
(exemplary for K; | = 0.8)

Ky [-] 1 098 088 078 057 041 0.18

[-] 1 097 089 077 056 042 025

For the IAM measurements, the collector position on the tracker was changed from re-
flectors left and right (efficiency tests) to reflectors up and down (no forced convection,
because T was close to T, at all test points). To avoid errors due to new setup of the
hydraulic loop, the conversion efficiency 7, , was tested in IAM mode also. This is why
the value in Table 3.4 and Table 3.5 slightly differs from the one given in App. B.1.

1.1
1.0
0.8
0.7
- 0.6 __ —K_b (calculated from Raytracing
—_ assuming constant F") \
X 05 — |
S K_h (calculated from measurements with 3\
< 04 — differentf_d)

0.3 — X K_b (calculated from measured values
corrected by isotropic K_d = 0.591) \

0.2 —
+ K_b (resulting from measured values \
01 —  corrected by calculated individual K_d) \\
OO T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90

Longitudinal incidence anlge 6, [ °]

Figure 3.18: Raytraced longitudinal IAM of RefleC 1 G compared to the hemispheric
IAM calculated directly from the test results (green). The red crossed values result from
“correction” of each measured value by a constant isotropic K; = 0.591 (Eq. 3.17) to get
“pure” beam efficiency to calculate K, (6;, 0). The grey values result when K, of each
measured value is determined assuming a correct K -curve (for details cp. Table 3.5).
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Table 3.5: Raytracing results of RefleC 1 G vs. test results and ,,correction® calculations of
longitudinal IAM K}, (6;,0) (cp. Figure 3.18).

0;[°] 0(L) 40 70 75 Comment
(pta), [-] 0.838 0.738 0.413 0.308 Raytraced values

Mo [—] 0.727 0.631 0.378 0.330 Measured efficiency for hemispherical irradiance
d\g?elli%é?:tts 7 5 5 1 Number of valid 10 min stationary test intervals for n, p,

fa [-] 0.093 0.168 0.347 0.521 Mean fraction of diffuse irrad. during valid test intervals

Ky [-] 1 0.88 049 0.37 Calc. by (pta), from raytr. for constant F'(Eq. 3.20)
[-] 1 0.87 052 045 Calc. from measured 1, , without correction (Eq.3.21)
Ic. fi i
Ky [-] 1 088 047 033 Calc. from measured n,, assuming constant

isotropic K45, = 0.591 (Eq. 3.25)
K4 calc. from no , by Eq. 3.26 assuming raytr. K, is
correct (isotropic K; | = 0.591)
K, calc. from 1, , by Eq. 3.26 assuming raytr. K is
correct (exemplary for K; | = 0.8)

Kq [-] 0.591 0.60 052 0.50

Kis[-] 080 070 054 052

General considerations: Looking at Eq. 3.22, a significant effect of diffuse irradiance
on a measured efficiency value n, 5, is expected, when K differs significantly from K,
and a significant share of diffuse irradiance f; is present during the test. This is why the
standard states that for the quasi-stationary case ST collectors shall generally be tested
at f; < 0.3 (1ISO 9806:2013, p. 49). At perpendicular irradiance (efficiency curve de-
termination), this condition can be easily fulfilled. At high incidence angles (IAM curve
determination), fulfillment is difficult, since G,; on the aperture decreases by cos8,
while G4, does not decrease at the same rate.

In principle, the task of comparing measured collector efficiencies is not trivial. It was
mentioned above that F” is usually unknown for a tested collector and might change
with the incidence angle. A highly relevant uncertainty is the distribution of diffuse ir-
radiance over the collector hemisphere (sky diffuse and ground reflected). This distribu-
tion is usually not known and therefore the real K; , and K, are not known. Assuming
an isotropic distribution of diffuse (i.e. K, ;5, from Eq. 3.17, when the Kj-values are
considered to be correct) is only a “first guess”, as isotropy is usually not the case at
quasi-stationary collector tests (f; < 0.3 requires a certain sky clearness). A large share
of diffuse is the brightening around the sun, so for clear sky and perpendicular irradi-
ance it can be expected that K; > K ;so-

The other test principle, quasi-dynamic testing, considers different sky conditions, but
still has the drawback that one constant collector parameter K, is determined, which is
not reflecting the dynamic reality. This is why in this work it is also tried to assess
based on the quasi-stationary data, how K, varies with the incidence angle for the dif-
ferent RefleC collectors.

86



3.4 Test Results

Influence of diffuse irradiance on the conversion factor: When the isotropic
K4, = 0.591 of the RefleC 1 test sample is used, 19, = 0.756 results (calculated
by Eq. 3.23 with values of Table 3.4). When a freely chosen but tendentially more re-
alistic value of K; ;, = 0.8 is assumed (last line of Table 3.4), thenng,, =~ 0.741. If
K4, should indeed have been in the range between 0.6 and 0.8 during measure-
ment of the conversion efficiency, then the underestimation of ng, ;, by using the
measured value of 775, ; would be in the range of 2 to 4 % for the f; present at the

test. For a higher f;, of course the influence of diffuse would be higher.

Influence of diffuse irradiance, K; and F” on K;: First, we have to consider that the
IAM is determined from a division of measured conversion factors. This means, that if
two conversion factors with identical f;, K; and F’'would be divided to calculate an
IAM, we would receive a “pure” Kp-value and the influence of diffuse and F” on the
IAM would be zero. So their influence is only significant when one or several of the
factors f;, K; and F’ vary between the tests at perpendicular and angular irradiance.

Looking at Figure 3.17, simply dividing the hemispheric conversion factors to receive a
hemispheric 1AM K;, (green dots) shows a good correlation with the raytraced curve
of K;,, except for 8, = 55°. This is also observed at 8; = 75° in Figure 3.18. At such
high incidence angles, contrary to 8, = 0°, K, is higher than K, and thus diffuse is af-
fecting the collector output significantly more. This is proven by the red crossed values
of Kj,, resulting from the “isotropically corrected” measured efficiency values. Finally,
the grey values of K; in Table 3.4 and Table 3.5 show how the IAM for diffuse irradi-
ance K; would have been during test of n, 5, when K; , of 0.591 or 0.8 and correct ray-
tracing values of K}, (with constant F") are assumed. For the longitudinal results, very
realistic values are found for K; , = 0.8. In the transversal direction, a variation of F*
cannot be excluded but is also not clearly indicated by the results. Such variations might
be caused by varying distances between concentration lines and absorber tube weldings
(cp. Figure 3.13) or by the fact that at 8, = 55° a large share of the absorber is shaded
from beam due to the opposite reflector. Finally, it has to be stressed that there is a high
uncertainty in the values of G, (and thus f;), since they were not measured in the col-
lector aperture plane and the shading of a large part of the hemisphere by the shadow
band leads to high errors.

All in all, having the above considerations and measurement uncertainties in mind, the
IAM test results show a good correlation with the raytracing results; the calculated val-
ues of K, are in a comparably reasonable range. From the investigations above for Re-
fleC 1 it cannot clearly be answered if F'(6;) = const.

To conclude, the raytracing simulations of the single-covered RefleC 1 collector with
CPC are considered to represent the collector’s IAM for beam irradiance sufficiently.
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IAM test of RefleC 6 GF: Determining Kj, and K, of R6 GF was important, since this
collector was used for the energy gain simulations and applied in the pilot plant. Opti-
cally, the main difference of R6 GF compared to R1 G is the second transparent cover
(polarization) and that local concentration onto the absorber is avoided (cp. Figure C.3).

At testing R6 GF, a Pyrheliometer was used, so diffuse irradiance in the aperture plane
was calculated with a significantly increased accuracy compared to the test of R1 G
reported above. Furthermore, the collector was tested in the same position as applied at
the pilot plant and forced convection was also ensured for IAM measurements. Figure
3.19 shows the 1AM test result for maximum efficiency operation.

15 <

1.4 ~
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1.2 \
1.1 \
1.0 \
— 0.9 \
. 0.8 ——K_b (calculated from Raytracing
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<§( 0.6 — @ K_h (calculated from measurements
— 05 - Wwithdifferentf_d, ISO 9806:2013) \
0.4 — x K_b (calculated from measured values \
0.3 — corrected by isotropic K_d = 0.627) \
02 -, K_b (resulting from measured values \
0.1 —  corrected by calculated individual K_d)
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Figure 3.19: Raytraced transversal beam-IAM of RefleC 6 GF compared to its hemi-
spheric IAM calculated from the test results (green). The red crossed values result from
“correction” of each measured value by a constant isotropic K; = 0.627 (Eq. 3.17) to get
“pure” beam efficiency to calculate K}, (0, 8;). The grey values result when K,; of each
measured value is determined assuming a correct Kj,-curve (for details cp. Table 3.6).

For RefleC 6, K;, reaches values above 1.4, since the IAM relates to the aperture and at
0, = 25° the effect of the reflector is maximal. The position of the red cross shows an
overestimation of K, when a isotropic K, is assumed. The values of K, calculated for
assuming correct raytracing (grey cross) are significantly above the value at perpendicu-
lar irradiance. K;(6; = 25°) = 1.07 means that the conversion efficiency for diffuse
irradiance at beam irradiance from 6, = 25° is higher than the conversion efficiency for
beam at perpendicular irradiance. This is plausible, since sky diffuse represents a major
share of hemispheric diffuse and in case of relatively clear sky the brightening around
the sun experiences the same high IAM values as beam irradiance. When the isotropic
K4 = 0.627 of the RefleC 6 test sample is used, it results 7y, , =~ 0.780 (cp. Eq. 3.23
and Table 3.4). When as for RefleC 1 G a value of K; ;, = 0.8 is assumed, thenng,, =
0.761, so the underestimation of n,, , by using the measured 1, ; should be in the
range of 2 to 5.5 % for the f; present at the test.
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Table 3.6: Raytracing results of RefleC 6 GF vs. test results and ,,correction calculations of
transversal IAM K}, (0, 8,) (cp. Figure 3.17).

0.[°] o) 25 Comment
(pta). [-] 0.806 1.138 Raytraced values
Mon [—] 0.741 1.031 Measured efficiency for hemispherical irradiance
Valid test . . . .
data points 4 2 Number of valid 10 min stationary test intervals for 7, p,
fa [-] 0.134 0.170 Mean fraction of diffuse irrad. during valid test intervals
Ky [-] 1 1.41 Calc. by (pta), from raytr. for constant F'(Eqg. 3.20)
[-] 1 1.39 Calc. from measured n, , without correction (Eq.3.21)

Calc. from measured 7, , assuming constant isotropic
Kd,iso = 0 627 (Eq 325)
K4 calc. from n, , by Eq. 3.26 assuming raytr. K, is correct
(isotropic K51 = 0.627)
K4 calc. from n, 5, by Eq. 3.26 assuming raytr. K, is correct
(exemplary for K5, = 0.8)

Ky [-] 1 146

K, [-] 0627 0.88

K, [-] 080 1.07

To conclude, a “validation” of the raytraced K, in the strict sense could not be per-
formed by the measurements, since the angular distribution of diffuse irradiance could
not be measured and the effects of F” and varying conversion efficiency for diffuse can-
not be separated in the calculations. But the following was shown:

e The IAM values of R1 G and R6 GF calculated from test results correspond very
well to the raytracing results.
e The IAM for diffuse irradiance K,;(8) of a collector is not constant

o For RefleC 6 GF, F'(8) can be assumed to be constant, since already at the po-
tentially higher sensitive RefleC 1 a variation was not distinctly visible.

3.4.4 |AM Effect on Thermal Efficiency Curve

For non-perpendicular irradiance of beam or diffuse, the aperture-based collector effi-
ciency curve experiences a vertical translation by K;,. To generate the following Figure
3.20, a standard efficiency curve of R6 GF was measured at 8, = 0°. This curve is com-
pared to measured efficiencies at 8, = 25°. Purpose of this comparison is to confirm,
that the power output of RefleC is correctly represented by the standard approach of
Eq. 3.9 for different fluid temperatures, mass flows and incidence angles.

The measured curve was multiplied by the raytraced K, = 1.41, corresponding to
6, = 25°. This value was used instead of the measured K; = 1.39 (cp. Figure 3.19 and
Table 3.6) to allow for independent comparison. Besides, the investigations above had
shown that for small incidence angles and similar f;, K}, is very similar to the raytraced
K,. The theoretical, dashed green curve is plotted for the same irradiance as at the high
temperature tests to allow for a comparison of all measured values in one graph.
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Figure 3.20: Efficiency test results (outdoor, MTTS) of RefleC 6 GF for perpendicular ir-
radiance (solid green) and for irradiance from 6, = 25° at two different T and i (values
cp. Table 3.7). The aperture-related theoretical curve for K, = 1.41 is dashed green.

Besides confirming the validity of Eq. 3.9 for RefleC, this representation shows the in-
creasing contribution of Kj, to the collector output at increasing thermal losses (right
hand side of diagram). An error in the IAM-value would cause a constant absolute error
in collector output along the whole efficiency curve, but the influence of this IAM-error
in percentage terms would highly increase at lower efficiencies.

Table 3.7: Stationary test data points of RefleC 6 GF at 6, = 25° (cp. Figure 3.20)

Date Time G, Gy /G, m T, Tin Tow Tf n

(Utc)  [W/m?] -] [kg] [°C] [°C] [°C] [°C] -]
12.10.2010 13:46:45 869 18.0 363.01 12.9 161.47 166.4 163.9 0.488
12.10.2010 13:56:45 861 18.1 362.72 21.3 161.42 166.28 163.9 0.485
12.10.2010 14:06:45 855 18.6 362.86 18.2 161.47 166.25 163.9 0.480
21.10.2010 12:53:00 967 16.3 367.21 8.3 15.80 27.36 21.6 1.003
21.10.2010 13:03:00 964 17.8 367.12 8.4 15.89 27.46 21.7 1.007
26.10.2010 12:49:45 912 14.3 183.37 7.4 21.59 43.22 324 0.993
26.10.2010 12:59:45 910 13.9 183.38 7.6 21.59 43.32 325 1.000
26.10.2010 13:09:45 901 13.8 183.32 8.0 21.61 43.16 324 1.002
26.10.2010 13:19:45 916 14.3 183.42 8.2 21.58 43.3 324 0.993

3.4.5 Test Sample Performance with two CPC Reflectors

In this and the following section, the tested efficiency parameters of all RefleC test
samples and of their receiver flat-plate collectors are compared and further investigated.
The efficiency-curves of the early-stage collectors with upper and lower reflectors are
shown in Figure 3.21. The flat-plate LBM 67 (1 x AR), receiver of RefleC 1, was not
tested at Fraunhofer ISE. Thus, for this comparison efficiency curve parameters report-
ed by Wagner & Co. Solartechnik are used. The values result from standard efficiency
tests according to (EN 12975-2:2006), but the exact conditions for determining these
parameters are not known (i.e. indoor- or outdoor, fg, Tf max are not known).
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Figure 3.21: Comparison of measured efficiency curves of RefleC 1 and 2 (two reflec-
tors) and their flat-plate receiver collectors. The respective values are given in Table 3.8.

Thermal loss coefficients: The reflectors increase the aperture area and thus at 8 = 0°
the irradiance onto the flat-plate. Thermal losses still occur only at the thermally insu-
lated flat-plate, so that the concentration is expected to reduce the aperture area specific
thermal losses. This was verified by testing RefleC 1 (lower slope of curve than LBM
67) and further confirmed testing the other RefleC samples and receiver collectors. Pre-
cisely, it is shown in section 3.4.7 that the heat loss coefficients ¢; and ¢, of RefleC can
be calculated from the ones of its flat-plate receiver by relation of the apertures.

Conversion factors: Figure 3.21 reveals that physically every reduction of thermal
losses due to concentration results in the drawback of lower conversion factors g ;.
This results from increased optical losses (cp. section 2.2.1), decreased acceptance of
diffuse irradiance and depending on absorber type and concentrator shape, also from
decreased collector efficiency factors due to local concentration. RefleC with two CPC
reflectors shows a high decrease in conversion efficiency per aperture. For R1 G it is
approx. 12 %, for R2 G approx. 14 % and for R2 GG even 20 % (cp. Table 3.8).

Qualitative assessment of RefleC with two CPC-reflectors: Having in mind the aim
to significantly increase efficiency and annual energy gain of a standard flat-plate at
working temperatures Ty between 80 and 150 °C, the results of Figure 3.21 are not satis-
fying. The performance of the double glazed collector without reflectors is encouraging.
Comparing C20 GG to C20 G shows a high increase of efficiency within the working
temperature range and below. K, (and thus Kj) is only marginally lower than of C 20 G.
But of course the overall efficiencies are still low, so that a further increase of efficiency
as desired by the reflectors seems necessary for economic SPH systems.
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Table 3.8: Overview of measured RefleC and flat-plate receiver collector efficiency parameters
complemented by raytracing results and calculated values. Here and in the following, (pta),
is used for RefleC and the flat-plate receiver (though this one has no reflector).

Test sample Raytraced ¥ Measured ” Calculated ©
C C
Cgeo | (pTA)e, Kgjiso TIOhL ! 2 faL n0hJ_
[-] [-] [-] [mZK] [mZKZ] el [leJ [mZKZ] N
Flat-plate LBM 67
(L % AR glass) - | 0894 - |08 3 0018 - - ; - ;
RefleC 1
(LBM 67 1xAR) 1435 0838 0591|0729 1996 0013 0.093 2.091 0.013 0.905
Flat-plate C20 . | 0894 0869|0808 3.716 0009 02 | - - - 0.928
(1 x AR glass)
Flat-plate C20 . | 0842 0843|0782 2.642 0009 02 | - - - 0.959
(2 x AR glass)
RefleC 2
1.625| 0.806 0.486 |0.695 2.773 0.003 0.063|0.670 2.287 0.005 0.892
(C20 1 x AR)
RefleC 2
1.625| 0.750 0.485|0.627 1.618 0.006 0.188|0.602 1.626 0.006 0.926
(C20 2 X AR)
RefleC 5 1.257| 0.793 0.614|0.723 1.79 0.005 0.123| - - - 0958
(LBM 22 GF)
Flat-plate LBM4 | 5841 0819(0.794 1.87 0017 0.132| - - - 0.967
GF (glass + folil)
RefleC 6 1.257| 0.806 0.627 |0.741 1.761 0.011 0.134|0.740 1.488 0.013 0.968
(LBM 4 GF)

% K is0 calculated from K, of the test samles (cp. Figure C.1 and Figure C.2) by Eq. 3.26.
b) Efficicncy parameters of LBM 67 reported by Wagner & Co. Solartechnik, not tested at Fraunhofer ISE.
C 20 was tested at the indoor sun simulator, where f;; ; is not measured. A constant fraction of 20 % is assumed.
©) F calculated by Eq. 3.27 with K, representing K, and K (they can not be assessed because only the sum of
Gge = Gy + Gy is measured); nop,, is calculated by Eq. 3.28, ¢; and ¢, are calculated by Eg. 3.29 and 3.30.

Unfortunately, the efficiency of R1 G (single glazing) is at all working temperatures
below that of the double glazed flat-plate C20 GG. R2 GG, where double glazing as
well as CPC concentrator is applied, shows significantly reduced thermal losses. But the
efficiency within the application temperature range is well below 50 % and only at ele-
vated temperatures marginally above C20 GG. Generally, for two CPC-reflectors, the
reduced thermal losses are almost compensated by the reduced conversion efficiency.

After these first tests it was important to reflect on the RefleC concept in general, espe-
cially on the low conversion efficiency. Can the three conversion loss effects mentioned
above be quantified? Can one or several of these effects be reduced and if yes, at which
increase of thermal loss coefficients? And not to forget, how does the shape of the K-
curve (and the IAM K for diffuse) affect the collector’s annual gain? Complementing
the collector development by accurate output simulations was crucial, since finally the
annual gain, and not the efficiency curve, is the decisive performance criterion.

Effective optical losses: Contrary to irradiance onto a flat-plate aperture, irradiance
onto the RefleC aperture experiences absorption losses at the share of the aperture cov-
ered by reflectors (i.e. 1/C4.,). Furthermore, the non-perpendicular incidence of the
reflected rays onto the receiver cover results in lower transmittance of these rays than at
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perpendicular incidence. Both factors reduce (pta). . Comparing RefleC 2 to its re-
ceiver collectors C20 G and C 20 GG in Table 3.8 reveals that for both the decrease in
optical efficiency is very high. The raytracing values show for R1 G a reduction in optical
efficiency of ca. 6 % compared to LBM 67 G. This further decreases for R2 G (ca. 10 %
compared to C20 G) and R2 GG (ca. 11 % compared to C20 GG).

IAM for diffuse: The diffuse-IAM K, Of the single-covered flat-plates is maximal
and slightly decreasing for a double cover. The K;-shape of each RefleC test sample
determines K, ;5,. Due to the reduced acceptance angle, R1 G shows a decrease of ca.
30 % in diffuse utilization, while R2 G and GG show an even higher decrease of above
40 % compared to their receiver flat plates.

Calculated collector efficiency factors: From the investigations in section 3.4.3 it is
expected that setting K; , = K ;50 does not reflect reality. But possible errors of this
approach can be expected to be similar for one RefleC geommetry. For the purpose to
finally separate the effects of optical losses, reduced diffuse acceptance and reduced F”,
it can be calculated following Eq. 3.7:

G

s No,h,L - — Gde _ _
B = e Tt fakad] with  fa=="=1-fp (3.27)

The results of this calculation are remarkable already for the flat-plate. The optical effi-
ciency (pta),, of C20 GG is approx. 6 % below that of C20 G, while the difference in
1o, 1S Only approx. 3 %. Application of Eq. 3.27 reveals that this is due to an approx.
3 % increase of F’, when the second cover is applied (cp. right column of Table 3.8).

This is plausible, since F” depends on the front heat losses, which are reduced by the
second cover. Both collector variants were tested at a solar simulator, for which a dif-
fuse fraction of f; | = 0.2 is assumed (not measured). For RefleC, the F’-calculation is
also very enlightening. A comparison of R2 with its respective receivers indeed shows
an decrease of F” due to the CPC-concentration of about 4 %, both in the case of single
and double glazing. Since the flat-plate LBM 67 was not tested at ISE, F” cannot be
calculated here due to missing information. But R2 G and R1 G show a very similar
calculated F’, so that the effect can be assumed for all flat-plates with CPC reflectors.

Sensitivity of the decreased hemispheric conversion efficiency: The high absolute
reduction of (pta),, by the reflectors and its direct effect on 7, ; due to multiplication (cp.
Eq. 3.7) reveal that the major share of the observed reduction of the conversion efficiencies
is caused by the increased optical losses. The efficiency factor F” is also directly multiplied,
so a decrease here causes the same decrease of 7 ,. The effect of K ;5, 0N 1105 depends on
fa during the test. In case of R2 G the effect of reduced Kj ;. is smaller than of the
reduced F’; in case of R2 GG the reduced K ;5, overweighs because of the relatively
high f; = 0.188 during this test.

93



Chapter 3: RefleC Collector Testing

3.4.6 Test Sample Performance with One Reflector

The detailed analysis of the test results of RefleC with two CPC reflectors revealed
many opportunities to further improve the RefleC concept. Due to lower costs, higher
roof-area efficiency and higher annual gains per reflector area it was decided to apply
only one lower reflector. Comparative simulation results for RefleC with one and two
reflectors can be found in (Raucher 2009).

Systematic improvement: The optical losses were reduced by increasing the reflectors
reflectivity. Local concentration on the absorber was reduced to C,,,, = 4 by applying
a reflector with three flat-segments approximating the one-sided CPC-shape, which for
the optimal 6, = 35° additionally results in significantly lower incidence angles of the
reflected rays onto the flat-plate than at RefleC 1 and 2. Furthermore, the backside insu-
lation of LBM 4 GF was improved compared to C20 GG. In Figure 3.22, the efficiency
test results for the original and the improved concept are shown.

1.0
0.9 Flat-plate C20 (2 x AR glass)
0.8 — — Flat-plate LBM 4 GF (glass + foil)
— 0.7 —RefleC 1 (LBM 67 1 x AR)
o RefleC 2 (C20 2 x AR)
S 06 -
by — RefleC 6 (LBM 4 GF)
_E 0.5
2
£t 04
() N
e s
S 03
3
3 0.2
(&)

0.1 - Ambienttemperature T, = 25°C
Global irradiance G, = 800 W /m?

0.0 r T T T T T T T T T T T
25 40 55 70 85 100 115 130 145 160 175 190 205

Mean fluid temperature T; [ °C]

Figure 3.22: Comparison of measured efficiency curves of RefleC 1 and 2 (two reflec-
tors) to RefleC 6 (one segmented lower reflector) and their flat-plate receiver collectors.
The respective values are given in Table 3.8. Results for RefleC 5 are not shown since
they are not valid for the whole temperature range.

Results of improvements: Comparing the flat-plates, the slightly higher transmittance
of the foil compared to a second glazing results in a slightly higher n, ,. The efficiency
decrease with temperature is higher with glass-foil cover than for double glazing. This
is due to higher IR-transmittance of the foil and speculatively due to sagging of the foil
at higher temperatures, resulting in suboptimal distance between glazing, foil and ab-

sorber. Improved backside insulation as expected reduces losses at high temperatures.

At higher irradiance levels, the aperture-area specific efficiency of R6 GF is above that
of R1 G and R2 GG. The thermal loss coefficients are higher due to the lower concen-
tration, but the conversion efficiency is more than 10 percentage points above R2 GG,
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which compensates the higher specific losses. But, of course it has to be remembered
that differences in the efficiency curves here do not result in the same differences in
annual energy gain, since RefleC 6 has a significantly better transversal K;,-behavior
than RefleC 1 and 2. Summarizing the advantages of RefleC with one lower, segmented
reflector compared to the concept with two reflectors, as they result from the measure-
ments reported above, leads to the following conclusions:

e The reflector does not increase in £~ anymore. This results in a parallel upward
translation of the efficiency curve of four percentage points compared to R2.

e Because the beam-1AM reaches values above 1.4, significant additional gains (in
summer) are to be expected. This parallel translation of the curve due to K;, > 1
(cp. Figure 3.20) does not occur for RefleC 1 and 2, where K, < 1 for all 6.

¢ Significantly more diffuse irradiance can be utilized.

3.4.7 Efficiency Curve Calculation for RefleC

If the thermal efficiency curve of a receiver collector is known, one may want to assess
the efficiency curve of a RefleC collector variant theoretically based on the test results
of its flat-plate receiver collector. This can have the following purposes:

e Generation of theoretical efficiency curves of RefleC variants for optimization
simulations. Not all variants (e.g. with varying 6,) can be built and tested.

e Predicting the efficiency of a RefleC test sample to evenly distribute test collec-
tor inlet temperatures T;,, over the whole range of AT /G, for measuring a high
quality efficiency curve.

e Plausibility check of collector efficiency curves determined from test results.

Conversion factor: Relating the conversion efficiency of a receiver (here called flat-
plate 7o, £p) to that of RefleC 7, , g results in:

= F'ip-(pta)e 1 [(1 - fd,R) + far - Kar]
= o, Lfp ",
/P F Lfp’ (Ta)e, Lfp’ [(1 - fd,fp) + fd,fp ' Kd,fp]

Mo, LR (3.28)
The factors (pta),,; and Ky ;5, Of flat-plate and RefleC can be determined by raytrac-
ing. Regarding the factor F’ it has to be assessed if it can change when the reflector is
applied. If the calculated curve shall e.g. be valid for the same irradiance conditions as
during test of the flat-plate, f; can be set identical. To evaluate the plausibility of meas-
ured curves, the measured f; and F” calculated from the test results can be used.

Heat loss coefficients: They can be calculated by Eq. 3.29 and Eq. 3.30.

Aap,fp _ 1

CLR=Cop" > = Cufp”
Aap,R Cgeo,R

(3.29)
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Aap.fp _ 1

Cor =Cofp 5 = Cofp-
Aap,R Cgeo,R

(3.30)

This is because the heat loss coefficients (not the absolute heat losses!) are independent
of the optical collector properties and proportional to 1/Cy.,, when the flat-plate re-
mains the same and both parameter sets refer to the aperture area. For the flat-plate re-
ceivers tested, the following Figure 3.23 shows the calculated corresponding RefleC
efficiency curves.

Result: The calculated efficiency parameters of RefleC 2 show a small deviation from
the measured ones. This is because of a higher uncertainty since values determined in-
door at the simulator are compared to outdoor test results. Furthermore, the high mass
flow of 7 = 300 kg/(m?h) leads to higher uncertainties because of a low AT, and air
extraction out of the test loop was difficult because of a double-harp absorber. The cal-
culated efficiencies of R6 GF correspond very well to the test results. It can be conclud-
ed that at least for this variant the theoretical calculation of efficiency parameters for
other 6, to use them for optimization simulations is permissible.
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Figure 3.23: Comparison of the measured thermal efficiency curves of RefleC 2 G/GG

and RefleC 6 GF to efficiency curves calculated based on raytracing and test results of

their flat-plate receiver collectors. For the calculations, the values from Table 3.8 were
used.
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4 Energy Gain Simulations

A new collector simulation model is discussed. It considers the influence
of the varying anisotropy of sky diffuse irradiance on a collector’s 1AM
and energy gain. This influence is determined for RefleC and its flat-
plate receiver collector. Initially, the chapter gives fundamental infor-
mation on the different solar irradiance components and their considera-
tion in state of the art simulations. The findings from the new modeling
approach are analyzed in detail and reflected against the state of the art.

In the course of the RefleC collector development, the energy gain of certain collector
variants had to be assessed and compared to other variants or collector types. Raytrac-
ing results revealed a very distinct radiation acceptance of the collector. In conjunction
with the collector efficiency tests reported in the last chapter they indicated that the ani-
sotropy of diffuse irradiance may be of significant relevance for accurate assessment of
the annual collector yield. To investigate this, a new simulation approach was devel-
oped. Figure 4.1 illustrates the input values and parameters needed:

Collector variant: geometry, materials (3D-) IAM values (for beam irradiance)
Other Inputs:
Raytracing e Sums of
, b e irradiance on
L/ aperture
/ e Inlet temp.
o Etc.
Measurement or R
calculation
1.0 ‘
09 ——— —Flatplate GF (LBM4) - e S Sm—m mm S S — —
08 <————————— —RefleC6GF (LBM4) — I_ I
0.7
0.6
E 05 \\
o 04 »
0.3

0.2
0.1
0.0

N~

TRNSYS Type 154 incl. Brunger Model

25 40 55 70 85 100 115 130 145 160 175 190 205
Mean fluid temperature T; [ °C]

I
I
I
I
I
I
Thermal efficiency curve of collector !

Figure 4.1: Values needed for new collector model “Type 154” to calculate the annual
energy gain of a certain collector variant based on its thermal and optical properties.
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4.1 Modeling Anisotropic Diffuse Irradiance

Low-concentrating ST collectors show a high but very incidence-angle selective ac-
ceptance of diffuse irradiance. In reality this irradiance is to different extents anisotropic
(cp. section 2.1.3) and the varying circumsolar radiance is at times with high collector
gains often within 8, of the collector. Therefore, the angular distribution of incident
diffuse irradiance is expected to have significant influence on the collector energy gain.

From the discussions in section 3.2.3, we realize that diffuse irradiance can be under-
stood as beam irradiance originating from the whole collector hemisphere (sky dome
and ground). This leads to the fundamental approach of this work, which is that accurate
instantaneous diffuse-1AM values for sky and ground irradiance (K, and K,.) can be cal-
culated by weighting the irradiance from hemispheric sky and ground segments visible
for the collector aperture by the individual beam-1AM values of these segments. Eq.
3.17 already follows this thought, but assumes isotropic radiance.

To evaluate the different RefleC concepts and to accurately calculate the additional
gains by the reflectors, a time-dependent anisotropic modelling of diffuse irradiance and
the corresponding K, was realized. In this case, K, is not a constant collector parameter
anymore, but changes with varying diffuse irradiance distribution.

This distribution is not available from weather data files or the radiation processors used
in state-of-the-art solar thermal simulation programs (cp. sections 2.1.2 and 4.2.1).
Thus, it had to be modelled within the developed collector Type 154 to allow for con-
sidering it when determining K. As a first step, an appropriate model for the anisotropic
distribution of diffuse radiance across the sky dome had to be selected.

4.1.1 Review of Available Models

To account for anisotropic sky radiance incident on sloped surfaces, different models
have been developed. The most common are the Hay-Davies-Model (Hay 1979), the
Reindl-Model (Reindl et al. 1990) and the Perez-Models (Perez et al. 1986 ; Perez et al.
1987 ; Perez et al. 1990). A comparison between these and some other models can be
found e.g. in (Reindl et al. 1990), (Evseev and Kudish 2009), or (Gueymard 2009). All
of the named models have in common that they provide the sum of incident diffuse irra-
diance from a non-uniform sky on a tilted plane, but they do not give a continuous ani-
sotropic distribution of diffuse sky radiance.

To achieve a high accuracy at calculating K, only more detailed models, providing a
continuous sky radiance distribution over the hemisphere, were considered. The models
of Igawa et al. (2004), the Perez All-Weather-Model (Perez et al. 1993), the Brunger
Model (Brunger and Hooper 1993), and the models of Harrison (1991) and Kittler
(1985) fall into this category.
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Igawa et al. (2004) compared different sky radiance distribution models for a high va-
riety of weather conditions. Among others, they compared their highly elaborated All-
Sky-Model-R to the Brunger model and the Perez All-Weather-Model. The model qual-
ity was assessed by determining MBE (Mean Bias Error) and RMSE (Root Mean
Square Error) of the models. The MBE is the average of all relative deviations from
real sky radiance and therefore identifies the overall over- or underestimation of a mod-
el compared to the measured data base. The RMSE, on the other hand, is a measure for
the distribution range of the modeled values around the measured ones (Badescu 2008,
pp. 136-138). The calculation of both values is given by Eq. 4.1 and 4.2. Therein, y,; is
the calculated value, y,,; the measured, and n the number of comparison values.

n
1 R
MBE:_zya Vmi (41)
n Ymi
1
1O (Vi — Vi \2
RMSE = —Z(M) (4.2)
n Ymi

1

A further explanation of these values together with an exemplary assessment of solar
diffuse radiance models can be found in (Igbal 1983, pp. 383-386).

The validation results of the three most precise models identified by Igawa et al. (2004)
are summarized in Figure 4.2 for different categories of instantaneous cloudiness.

20 | | | | |
r———— 1751 |
I RMSE | | A |
15 P L/’ NN l l
777777777777 b ¥ N\
—_ i I ~ I i
= 21329, 127077 L X |
o >~ | | - &7 /T \\ N |
E ‘\\ ﬁ:\ 950 /»V/// | NN 934 |
t/ 10 7777777777 x#\f ;> \7‘7/7(7 = "4 7777777777 T‘ 777777777777 L >4Y\’7i 77777 ‘T 777777777777
= - l 1 N l
. | | | 1 Ny
e | | l l . 3.53
& O s N i tmmmm il TN
— | | | | |
g | MBE || : : T
2 l l l 1 l
; G e— et S
= 0 -————-—- xﬁﬂjz¥f:?j;, i Wézz,ﬁﬁiﬁﬁbzﬁ ,,,,,
002+ .03 | -017 { 022 4 022 4 020
1 1 1 1 1
_5 1 1 1 1 1
Whole sky Clear sky  Near clear sky Intermediate Near overcast Overcast sky
(54.43) (33.14) (53.15) (71.48) (57.81) (27.70)
MCL‘@“: i e for —+ ~ 102 (Allsky-R) RMSE_ —s— Igawa (All-sky-R) MBE
mean sky radiance value for Perez (All-weather) RMSE Perez (All-weather) MBE
sky category [W/(m? sr)] — & - Brunger RMSE —a— Brunger MBE

Figure 4.2: Sky radiance modeling errors of the continuous models of lgawa et al.
(2004), Perez et al. (1993) and Brunger and Hooper (1993), when compared to real skies.
Results of Igawa et al. (2004, p. 152), graphic adapted from Raucher (2009, p. 13).
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The irradiance data used for this validation were measured with a sky-scanner of ac-
ceptance half-angle 11°. The data were collected from March 1992 to September 1993
in Tokyo and from January to December 1994 in Fukuoka, Japan. These values at the
same time also provide the database for the development of the Igawa-Model. There-
fore, it is important to note that the validation of this model was not done independently.

The Brunger model shows the lowest MBE of the three models when all sky conditions
are considered (cp. 0.02 W/(m?sr) for whole sky), so for annual simulations the gener-
ated distributions should be a good representation of the distributions occurring in reali-
ty. In comparison to the model of Igawa, the models of Perez (All-Weather) and
Brunger show significantly higher RMSE values for intermediate skies. The RSME of
Brunger is the highest of all three models but still only approx. 2 W/(m?sr) higher than
Igawa, when all sky conditions are considered. Brunger and Hooper state that their
model covers 83 % of the deterministic variation in instantaneous sky radiance and they
recommend their model to calculate irradiance incident on CPC collectors with complex
or biangular incidence angle modifiers (Brunger and Hooper 1993, p. 53). Only the All
Sky Model-R of Igawa and the Brunger Model were explicitly designed for solar sky
radiance distribution. The All Sky Model-L of Igawa, the Perez All-weather-, Harrison-
and Kittler-Model were originally developed for sky brightness distribution. Badescu
(2008, p. 428) states that brightness is in direct correlation with radiance since it is only
weighted with the sensitivity of the human eye, so the relative distribution of brightness
and radiance should be approximately identical. Figure 4.2 indeed does not show an
apparent systematic error of the brightness models in predicting sky radiance. But Fig-
ure 2.16, Figure 2.20 and Figure 2.25 clearly show the wavelength-dependence of the
optical ST collector properties, also outside the spectrum of visible light. A significant
share of diffuse spectral irradiance is in the UV range (cp. Figure 2.2). Thus, selecting a
brightness distribution model for the current task might have involved additional uncer-
tainties for ST collector output calculation.

Finally, the selection of a model to apply in collector energy gain simulations could not
only be based on the maximal accurate representation of irradiance from real skies. The
formulation of the model also had to be not too complex, because programming errors
and long simulation times had to be avoided. The Igawa model has a significantly high-
er complexity than the Brunger model. Considering and weighing all the factors above,
it was decided to use the Brunger model for inclusion in Type 154.

4.1.2 Brunger Model

Within collector Type 154 described in the next section, the model of Brunger and
Hooper (1993) is applied to generate a realistic distribution of sky diffuse radiance over
the sky dome in every simulation time step. This is used to calculate the irradiance from
finite sky elements onto the sloped collector. This irradiance is weighted with the re-
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4.1 Modeling Anisotropic Diffuse Irradiance

spective raytraced Kj,-value of each sky element. Integration results in a new collector
IAM K; for diffuse sky irradiance, whenever the radiance distribution changes.

The meteorological data set used to develop the Brunger Model was measured from
February 1983 to February 1984 at the University of Toronto, Canada (latitude 43° 40°
N) (Brunger and Hooper 1993, p. 53). This set contains irradiance measurements from a
5° acceptance half-angle pyroelectric radiometer, measuring 10° hemispherical intervals
and being blocked from beam by a shadow ball (Siala and Hooper 1990, p. 293).

Mathematical Description: The Brunger Model describes the distribution of diffuse
sky radiance L(8y; ¢) in any direction, defined by zenith angle 8, and azimuth
gle ¢, of each sky element (cp. Figure 4.3). This distribution is continuous (cp. Figure
4.4 to Figure 4.7) and an integration over the solid angles results in the horizontal dif-
fuse irradiance G, or for sloped collectors in G;.

Aperture area Zenith

A

Sun
@ Sky element

Transversal
direction

South

Figure 4.3: Horizontal plane with positions of sun and diffuse radiating sky element d(Q.
The collector is positioned by its azimuth y and slope . The sun is located by sun azi-
muth ¢, and solar zenith angle 6. The azimuth of the center of a considered sky element
is ¢y, its zenith angle is 6;,.. The angle between sun and sky element is W.

For this work, some variable names of the Brunger Model have been modified to avoid
duplications with common variable names in the solar thermal field. The standardized
function of the Brunger distribution is:

L(6n, ¢n)  ao+ a;cosby + a; exp(—asz - ¥)
Gy  m(ay+2a,/3)+ 2a,I(6s as3)

(43)
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Input to the distribution from the weather data is provided by the correct determination
of the Brunger coefficients a, to a3. In Eq. 4.3, the three main fractions of sky radiance
are considered: The coefficient a, accounts for the isotropic background; the horizontal
brightening is modeled by a cosine-function, and the circumsolar radiance by an expo-
nential function. In addition to the sun position, only the two factors k, the fraction of
diffuse irradiance on the horizontal, and k;, the atmospheric clearness index are needed
from the weather data to set up the sky radiance distribution. The clearness-index is the
quotient of the global irradiance G and the horizontal extraterrestrial irradiance G,,:

G

ke = —

(4.4)

The fraction of diffuse is calculated from the horizontal diffuse irradiance G4 and G:

k=-2 (45)

Brunger and Hooper identified 49 tabulated sets of the coefficients ay, a,, a, and as.
Thus, the model gives 49 different sky radiance distributions. Each set is valid for a
certain combination of k and k;, with k and k; both separated into nine classes with
intervals of 0.1. These sets are given in Table 4.1. The angle ¥ is the angle between the
investigated hemispherical segment and the sun. It is needed to generate the distribution
by Eq. 4.3 and is calculated by:

¥ = arccos|sin 8}, sin 65 cos(¢,, — ¢s) + cos ), cos 6] (4.6)

Furthermore, the distribution includes a function, which depends on the solar zenith
angle 6 and on the factor a;. This Brunger function is written as’:

1+ exp(—azm/2)

1(65,a3) = as? + 4

A —[1 - 2Rl 12, sin6, — 0,027 sin(26,)]} (4.7)

masz[1+exp(—azm/2)]

Note that within this work, zenith angle ¢ and azimuth angle 8 of a sky element as de-
fined in (Brunger and Hooper 1993) were substituted by ¢,and 6, to allow for a clear
distinction between beam and diffuse incidence angles.

Visualization: According to the meteorological factors cloudiness and air pollution, the
distribution of radiation density over the hemisphere is very diverse. Table 4.1 includes
the most frequent combinations of k and k;. The span reaches from a heavily overcast
sky in the upper left corner up to a very clear sky in the lower right corner.

" There is an error in the original source of Eq. 4.7. In Brunger, A. P. and Hooper, F. C. (1993).
"Anisotropic sky radiance model based on narrow field of view measurements of shortwave
radiance.” Solar Energy 51(1): 53-64. the first dividend is written as 1 + exp(—a3m/3), but
must be 1 + exp(—azm/2) (cp. Solar Energy 51/6, 1993, Erratum p. 523).
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4.1 Modeling Anisotropic Diffuse Irradiance

Further situations can be described as follows: If one moves e.g. along the first row at
k = 0.95 towards higher clearness indexes, the sky stays covered, but the global irradi-
ance increases due to a thinner layer of clouds. In the mid of the table (e.g. at k = 0.55
and k; = 0.55), a partly cloudy sky is found. The model was visualized in a resolution
of 2,5° to show circumsolar radiance and horizontal brightening (cp. Figure 4.7).

Table 4.1: The coefficients a, to a3 of the Brunger Model dependent on the clearness-index ki
and the fraction of diffuse irradiance k (Brunger and Hooper 1993, page 57).
The bold printed values are illustrated in Figure 4.4 to Figure 4.8.

k, » 0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85
k
l
0,95 0,1864 0,2002 0,138 0,1508 0,1718 0,2060
0,1979 0,1772 0,093 0,5472 0,0566 -0,0294
0,0000 0,0000 0,289 0,6659 0,8734 2,9511
1,0000 1,0000 0,9667 1,6755 2,4129 3,7221
0,85 0,1431 0,3477 0,2664 0,2139 0,1520 0,1151
0,142 -0,2153 -0,1559 0,0307 0,1497 0,1805
2,636 5,3170 1,7758 1,6099 1,8315 2,2284
5,525 4,4211 2,8590 3,726 4,6125 4,1553
0,75 0,3687 0,2684 0,2019 0,1870 0,1842 0,1566
-0,2927 0,1615 -0,1275 -0,0632 0,0253 0,3003
2,6268 4,5224 1,4096 1,2819 1,3080 1,8486
2,8413 4,0842 2,2453 2,5932 3,1127 14,744
0,65 0,3851 0,2843 0,2713 0,1597 0,2088 0,1273
-0,2726 -0,1645 -0,1837 -0,1715 -0,0520 -0,0500
4,1962 5,2960 2,822 1,2964 1,3225 1,5961
5,259 4,3678 3,486 1,9183 2,8364 2,0993
0,55 0,6079 0,2892 0,2816 0,2465 0,2070 0,2477
-0,4838 -0,1953 -0,1945 -0,1245 -0,0927 -0,0711
11,078 2,1346 3,8606 2,9163 1,1098 1,5836
4,588 3,7268 3,7447 4,0760 2,5586 3,450
0,45 0,2337 0,2822 0,2916 0,2583 0,2457 0,2315
-0,1015 -0,1842 -0,2065 -0,1654 -0,1398 -0,2028
11,792 6,0300 2,7327 1,9525 1,512 1,5803
5,3698 4,5241 3,7624 3,3769 2,964 2,3229
0,35 a, < 0,3162 0,3006 0,2871 0,2491 0,2510
a, & -0,2039 -0,2172 -0,2184 -0,2224 -0,0907
a, < 6,2226 4,5443 2,6467 1,5992 0,9733
a; < 5,8975 4,2660 3,594 2,6404 2,6775
0,25 0,3417 0,3153 0,3071 0,2971
-0,2574 -0,2338 -0,2576 -0,3126
4,1918 3,8860 2,3127 1,3594
4,3268 4,3920 3,5189 2,397
0,15 0,3360 0,3243 0,3061

-0,2600 -0,3003 -0,4531
4,2481 1,9157 1,612
4,3727 3,2680 2,319

103



Chapter 4: Energy Gain Simulations

[

[\,\ i 200 90° -

; beoeect H 80° -
180 : } ; : 70° -
deemeet f 60° - y
50°C  150° 4
o 40°F

[
=

4

[
oo
5 ©

T

radiance [W/(m? sr)]

10°F |
0°-180°
10°F ;
20°/
3000
40°F \
50°C 210°"N
60° " ;
70°F .
80°F
90°C 240°

Sky
Solar zenith angl

300 60

st

// .
7 Solar azimuth
o

= angle
e 300° -
270°

0
G, 60° N o 30°
b W S

(a) Three-dimensional diagram (b) Polar diagram

Figure 4.4: Diffuse sky radiance distribution according to the Brunger Model for a heavi-
ly overcast sky (k, = 0.05; k = 0.95; 8, = 30% ¢ = 0° G4 = 100 W/m?).
Visualization based on Brunger and Hooper (1993, p. 58).
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Figure 4.5: Diffuse sky radiance distribution according to the Brunger Model for a lightly
overcast sky (k, = 0.35; k = 0.95; 6, = 30° ¢, = 0% G, = 100 W/m?). Visualization
based on Brunger and Hooper (1993, p. 59).
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Figure 4.6: Diffuse sky radiance distribution according to the Brunger Model for a partly
cloudy sky (k, = 0.55; k = 0.55; 8, = 30° ¢, = 0%, Gz = 100 W/m?). Visualization
based on Brunger and Hooper (1993, p. 59).
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Figure 4.7: Diffuse sky radiance distribution according to the Brunger Model for a rela-
tively clear sky (k; = 0.75; k = 0.25; 8, = 30°% ¢s = 0% G, = 100 W/m?).
Visualization based on Brunger and Hooper (1993, p. 58).

(a) heavily overcast

(c) partly cloudy (d) relatively clear

Figure 4.8: Wide-angle 180° photographs of the sky dome at the measurement site for
generation of the Brunger model parameters, showing the high variety of real sky condi-
tions. Photographs from Brunger and Hooper (1993, p. 55).
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4.2 Collector Simulation Model

The current version (Type 154) of the collector simulation model was already described
in Hess and Hanby (2014). Therein, primarily the optical part of the model and its im-
plications for RefleC were discussed. The work in hand contains in section 4.2.2 a
summary of the functionalities of Type 154. This is complemented by Appendix D,
where a detailed documentation on the optical and thermal modelling as well as on the
programming structure of the model is given.

< E~

p . > > > R
- Yo =
Typel09-TMY2-3 RelfeC_154 Type25c
Figure 4.9: Type 154 within TRNSYS Simulation Studio. Weather data (TMY 2) are read
e.g. by Type 109, also containing the radiation processor. Irradiance values and directions

are transferred to Type 154, where with other model parameters the energy output is cal-
culated (cp. Figure 4.1). The results are plotted and stored in a data file.

4.2.1 State of the Art

Influence of anisotropic diffuse on energy gain: Siala and Hooper reported on the
influence of the anisotropic nature of sky radiance on the irradiance accepted by an ideal
CPC concentrator. They had developed a semi-empirical model for anisotropic sky ra-
diance using the same SKYSCAN 1983/84 data set of Toronto, Canada as Brunger and
Hooper (1993). They state an MBE of their model of —5.2 % and an RMSE of 39.5 %,
both based on the normalized observed average radiance (Siala and Hooper 1990, p.
294). This model was not considered for the RefleC collector simulation type since its
errors are significantly above those of the other models compared in Figure 4.2.

To study the effect of sky radiance anisotropy on a CPC, Siala and Hooper used the
acceptance function (cp. Figure 2.32) of an east-west aligned full-CPC of 6, = 36°.
Their study was pure geometrical, and no optical or thermal collector losses were con-
sidered. Compared to the isotropic distribution model, the fraction of accepted diffuse
was up to 10 % higher for the anisotropic case, when the sun was within 6, of the col-
lector sloped at g = latitude 43.7°. For § = 0° and with the sun outside 8,, the fraction
of accepted diffuse was up to 15 % below that of the isotropic approach (Siala and
Hooper 1990, p. 295).

Bollentin and Wilk (1995) modelled the effect of planar booster reflectors on the irradi-
ation availability of flat-plate collectors. Isotropically modelled contributions of G, G
and G, were used to optimize reflector and collector tilt. The authors conclude that ani-
sotropic modelling of diffuse irradiance could be used to further increase the accuracy
of their model.
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To conclude, there has been one assessment of the influence of anisotropic irradiance on
the radiation acceptance of a theoretical CPC collector. Until now, the influence of ani-
sotropic irradiance on the IAM for diffuse irradiance or on a collector’s annual energy
has not been investigated.

IAM in State of the Art Simulations: This section discusses how different publicly
available simulation programs currently account for the acceptance of ST collectors for
diffuse irradiance. In all programs, representative weather data files (typical meteoro-
logical years TMY) with horizontal irradiation data are used. The irradiance on the tilt-
ed plane is calculated for every time step and the irradiance values are used to calculate
the efficiency.

TRNSYS: The TRaNsient SYstem Simulation program is a common platform for sci-
entific use. In TRNSYS 16 (Klein et al. 2006), within the Weather Data Processor the
simplified Perez diffuse irradiance model for sloped surfaces (Perez et al. 1988) is the
most advanced option to determine G,; (Mode 4). This model considers the three radia-
tion components isotropic background, circumsolar radiance and horizontal brightening,
but does not give a continuous sky radiance distribution, cp. also Perez et al. (1987). In
TRNSYS 17, the internal TRNSYS function getincidentRadiation calculates the sum of
irradiance on a tilted plane from horizontal weather data. Compared to TRNSYS 16,
here tilted radiation Mode 5 was added. It uses more accurate fit coefficients from the
year 1999, but is still the identical model of Perez et al. (1988), cp. Klein et al. (2012b,
p. 7-95). So, both in TRNSYS 16 and 17, the angular distribution of the sky radiance is
not available to the user.

In the TRNSYS standard library there are different collector models (so called Types)
available. An overview is given in (Klein et al. 2012c, pp. 3-74 to 3-79); a mathematical
reference in (Klein et al. 2012a, pp. 4-315 to 4-350). The flat-plate collector Type 1 of-
fers five different optical modes. In the most advanced one, effective incidence angles
for sky and ground irradiance are calculated based on rotation symmetric input values of
K, (0) to determine values for K ;5, and K ;5, (Klein et al. 2012a, p. 4-321). The func-
tions for these effective incidence angles have been determined by Brandemuehl and
Beckman (1980, p. 511) and are only valid for flat plates.

The vacuum-tube collector Type 71 performs an isotropic calculation of K ;5,, which is
applied to all diffuse irradiance (no distinction between sky and ground). Since only
biaxial symmetric inputs for K, (6,, 6;) are allowed, the integration of Eq. 3.17 can be
performed for only a quarter of the collector hemisphere (Klein et al. 2012a, p. 4-331).

The non-standard Type 832 v5.01, the Dynamic Collector Model by Bengt Perers, is
thermally the most advanced collector model in TRNSYS, since additionally to the sta-
tionary collector curve it considers wind-speed dependency of thermal losses, infrared
heat losses as well condensation gains and collector capacity (Haller et al. 2013, p. 6).
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As in Type 71, no distinction between sky and ground diffuse is made. Different from
Type 71, K4 ;5o here is an input parameter which the user has to take from test lab re-
ports or calculate with Eq. 3.17.

T*SOL, Polysun: T*Sol Pro v5.5 (Valentin 2014) and Polysun v5.10 (Velasolaris
2013) are common commercial solar thermal system simulation programs used by plan-
ners. Extensive collector bibliotheca are available containing biaxial symmetric
Kp(6,,0,)-values and K ;5, as input parameter from test lab measurements. These val-
ues can also be entered for a self-defined collector.

SCENOCalc: The Solar Collector ENergy Output CALCulator v4.06 is a MS Excel-
based tool to calculate the thermal output of Solar Keymark tested collectors for the four
locations Athens, Davos, Stockholm and Wirzburg for the three constant collector
mean temperatures 25 °C, 50 °C and 75 °C (SCEnOCalc 2014). When quasi-dynamic
test results are used, also biaxial asymmetric K, (6;, 8;)-values can be entered. As in
TRNSYS Type 71, K s, is an input parameter and no distinction between diffuse from
sky and ground is made.

To conclude, state of the art simulation programs / collector models:

¢ do not have the angular distribution of diffuse sky radiance available
e consider IAM values K, (or K and K,.) as constant collector parameters only.

Only RefleC_154 and TRNSYS Type 71 do work with 3D Kj,-values from an external
file. The other types use two-dimensional IAM curves (e.g. flat-plate IAM approach of
Souka/Safwat for longitudinal direction and measured transversal IAM values). The
beam-1AMs for intermediate angles are calculated within the collector types itself by
the separation approach of Mclntire.

4.2.2 Model Description

Modelling the IAM for anisotropic diffuse irradiance: The collector simulation mod-
el introduced here was programed in Fortran and is applied in TRNSYS 16 as user-
defined Type 154. Its unique difference compared to existing models is that the IAM for
diffuse irradiance from the sky Kj is re-calculated in every time step based on realisti-
cally distributed anisotropic diffuse sky radiance. The change of the optical efficiency
with varying skies allows for investigating to which extent the sky radiance anisotropy
influences the collector output. For this purpose, Type 154 distributes the sum of hori-
zontal sky diffuse irradiance (input from weather data reader) over the hemisphere ac-
cording to the model of Brunger and Hooper (1993), cp. section 4.1.2 for a description.
Ground reflected diffuse is treated isotropic. The model calculates the collector’s
IAMs K, K, and K,. separately and for arbitrarily shaped K;-curves provided in an in-
put text file. Figure 4.10 illustrates schematically the functions of Type 154.
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Figure 4.10: Simplified illustration of the functions of Type 154

Both in TRNSYS 16 and 17 the angular distribution of the sky radiance is not available
to the user. This is the reason why the input sum of sky irradiance on the horizontal has
to be anisotropically distributed over the hemisphere within Type 154. This distribution
is exclusively used to get a realistic value of K. The integral value of G; used for ener-
gy output calculation is still taken from the weather data processor, not from the
Brunger model. This allows an independent comparison of Type 154 to other models.

The approach for calculating K is explained based on Figure 4.3. The diffuse sky irra-
diance L (0, ¢p) is treated as beam irradiance of infinitesimal sky elements
dQ(6y, ¢r). The incidence angle of one element onto the collector aperture is calculated
and its radiance of dQ(8;, 6,) is multiplied with its individual 1AM K, (6;, 8;) and co-
sine losses cos 6(6;, 6;). Division of the sum of all IAM weighted sky irradiance by the
sum of sky irradiance onto the aperture (not weighted with IAM) gives a collector’s K
for the considered distribution of diffuse sky radiance.

Type 154 has three optical modes for the calculation of the IAM for diffuse irradiance
(cp. Figure 2.1):

e Mode 1: anisotropic calculation of the IAM from the sky K with Brunger dis-
tribution, isotropic calculation of K,

e Mode 2: calculation of separate IAMs for K K,

e Mode 3: manual input of the IAM for isotropic diffuse irradiance K, for the
whole collector hemisphere (no separation into K and K.).
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In Mode 1, K is calculated new for every time step, since K, depends on the current
sky radiance distribution. K. is calculated once per simulation for isotropic ground radi-
ance. Both K and K, depend on the collector’s IAM for beam irradiance K, and there-
fore also on the collector slope .

In Mode 2, K and K, are calculated once per simulation for isotropic sky and ground.
They depend on the collector’s IAM for beam irradiance K;, and therefore also on the
collector slope .

Mode 3 does not distinguish between sky and ground diffuse irradiance. In this most
simple case, the sum of diffuse irradiance is considered to originate from a 180° collec-
tor hemisphere of isotropic radiance. Only for this simplification, the IAM for diffuse
irradiance (sky and ground) K, is a constant collector parameter, which only depends
on the IAM for beam irradiance K,,. It is independent of g and of the current values of
Gy and Gp,. For B = 0, K; equals K, from Mode 2. All collector simulation models
described in section 4.2.1 calculate according to this approach, which is a very rough
simplification and source of uncertainty for most collector types, as will be shown in the
next sections.

The values of K, (8;, 6;) are provided by the user in an external text file and can origi-
nate from measurements or raytracing. Thus, the errors by applying the separation ap-
proach of (Mclintire 1982) are not made within Type 154 and it depends on the external
IAM file how exactly K, (0, 8;) is accounted for. Type 154 is the only collector model
allowing for biaxial, asymmetric 3D-IAM input.

Type 154 offers the following functions:

e Three optical modes to calculate the IAM for diffuse irradiance are provided.

e Input of biaxial, asymmetric 3D-1AM values is possible.

e The effective thermal collector capacity c, s is considered.

e Up to ten collectors can be connected serially, an unlimited number in parallel.
The outlet temperatures of all serially connected collectors T,,,. ; are provided

e When there is no mass flow, the stagnation temperature is calculated.

The modelling of Type 154 is described in detail in Appendix D. In Appendix D.1, an
overview on the modelling structure is given. Appendix D.2 contains all Inputs, Pa-
rameters and Outputs of the model. Therein, “inputs” are variables provided from links
to other TRNSYS types, “parameters” are constant user-input values and “outputs” are
variables calculated by Type 154 based on the inputs and parameters. The appendices
D.3to D.7 give detailed information on the optical and thermal modelling.

In the following, simulation results of Type 154 for RefleC and the flat-plate are given.
Their implications on the simulation of stationary solar thermal collectors are discussed.
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4.3 Simulation Results

4.3.1 Irradiation Distribution Diagrams

In section 2.4.3, it has been discussed from which sun positions beam irradiance can be
accepted by a stationary CPC concentrator (cp. Figure 2.34). The considerations related
to Figure 3.8 illustrated in principle the acceptance of a CPC for diffuse irradiance.
Ronnelid and Karlsson (1997) introduced irradiation distribution diagrams to optimize
stationary concentrators by projecting the sums of hourly beam irradiance from annual
weather data files into the north-south plane. They used the south projection an-
gle 8, ns, which would be located within the transversal plane of an east-west orientated
CPC trough (Ronnelid and Karlsson 1997, p. 193).

The new simulation model introduced additionally offers the exciting possibility to also
analyze the directional distribution of annual diffuse irradiation (isotropic and aniso-
tropic) onto a receiving plane. Figure 4.11 shows a diagram of this type. It was generat-
ed with TRNSYS Type 154 without thermal or optical losses. Type 154 was exclusively
used to generate Brunger distributions for every time step. Contrary to (Ronnelid and
Karlsson 1997), cosine-effects for diffuse irradiance were considered.
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Figure 4.11: Annual horizontal irradiation distribution diagram for Wirzburg, Germany
(latitude 49.48° N), showing the difference between isotropic and anisotropic modeling of
diffuse irradiance. In TRNSYS 16, for every simulation time step of 0.25 h, irradiation
froma TMY-2 file (annually ¢ = 1091 kWh/a, G, = 606 kWh/a, k = 0.55) has been
distributed over the hemisphere by Type 154 and classified into lune-shaped segments
(“bins”) of 10° south projection angle. Results were added up for a whole year. The sum
of diffuse is the same for isotropic and anisotropic modelling. The south projection angle
as used in this work is identical to the transversal incidence angle 8, of a collector with
azimuth y = 0° and slope 8 = 0° in Figure 2.8.
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The distribution of beam can be understood from Figure 2.33 and Figure 2.34 and cor-
responds very well to the results of Rénnelid and Karlsson (1997). It is not affected by
the diffuse irradiance model used. When looking at the distribution of diffuse, in case of
isotropic distribution only the cosine effect is visible, since in Mode 2, Type 154 dis-
tributes the sky radiance evenly over the hemisphere. The sums of isotropic irradiation
are mirror-symmetric between the northern and southern hemisphere. When distributing
it according to Brunger by Mode 1, the result is considerably different. Particularly from
directions with regular beam irradiance, a significant increase of diffuse irradiance can
be observed. This is expected to be caused by broad circumsolar diffuse irradiance. For
the simplified assumption of an isotropic sky, 70 % of the annual global irradiance orig-
inates from the southern hemisphere. This value increases to 77 % for more realistic
anisotropic modelling. It is found that for Wurzburg, isotropic modelling underestimates
the diffuse irradiance from the southern hemisphere by 20 %.

But how does this affect the irradiance onto the sloped RefleC collector? Figure 4.12
shows the same investigation as in Figure 4.11, but for the aperture plane of RefleC 6
GF sloped by g = 55°, and with a simplified transversal Kj,-curve indicated. To under-
stand Figure 4.12, it is again important that the annual sum G; is the same in the iso-
tropic and the anisotropic case, since Type 154 was only used to classify the directions
of irradiance into transversal intervals, not to calculate the irradiation itself. As in Figure
4.11, the anisotropic distribution causes significantly higher sky diffuse irradiation from
the segments with high beam irradiation. Correspondingly, less irradiance originates
from the north. Comparing Figure 4.12 to Figure 4.11 shows that for the isotropic case
the incident sky diffuse irradiance is as expected still mirror-symmetric to the surface
normal, when we consider that 8, = —35° represents a sky segment of only half the
width than its opposite segment 8, = +35°. This is because of the fact that for § = 55°
the horizon is within the interval 8, = —35° = [—40°; —30°], dividing it into two equal
lune shaped segments, of which the lower one already belongs to the ground.

The ground reflected diffuse irradiation is one order of magnitude smaller than diffuse
from the sky. There is also some ground reflected diffuse from 6, < —35°, since ground
irradiance from east or west has smaller projected transversal incidence angles (cp. Fig-
ure 2.8). Comparing the distributions of ground and sky diffuse irradiance gives clear
indication that the isotropic distribution of G, = G, + G, over the collector hemi-
sphere, as it is practice in standard simulation programs and possible with Mode 3 of
Type 154, is a very rough simplification expected to cause significant errors in simulat-
ed annual energy gain. This is relevant for all stationary collectors, we considered only
the irradiance on the tilted plane, and not yet the irradiation utilization by RefleC.

Figure 4.12 shows a clear maximum of beam irradiance from 6, = [20; 30]. For RefleC
sloped = 55°, this is also the maximum of K;,. So Figure 4.12 indicates that this slope
can be expected to be around the optimum for maximal annual gains.
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Figure 4.12: Annual irradiation distribution diagram for a sloped surface of § = 55° and
y = 0°in Wirzburg. In TRNSY'S 16 within every simulation time step of 0.25 h, hori-
zontal irradiation from a TMY-2 file has been calculated for the sloped surface by weath-
er data reader type 109 using the model of Perez et al. (1988) and ground albedo pg,-q =
0.2, resulting in G; = 1213 kWh/a, G5 = 560 kWh/a, G, = 47 kWh/aand k = 0.50
(annually). This irradiance has been distributed over the hemisphere by Type 154 and
classified into lune-shaped segments of 10° south projection angle. Mean 1AM values
K, (0, 8,) of RefleC are indicated for each interval (cp. collector picture in Figure 2.1 and
raytraced Kj-curve in Figure 2.11) (Hess and Hanby 2014, p. 95).
When distributed anisotropic, a significant increase of diffuse irradiation is observed in
the range of 6, = [—10° 40°]. For these incidence angles, the highest IAM values
K, (0, 8,) occur, so that a significant influence of the directional modelling of diffuse on
the annual gain is to be expected for RefleC. Before this, first the effect of anisotropic

sky radiance on the instantaneous 1AM for sky and ground diffuse irradiance is shown.

4.3.2 Anisotropy-Effect on the IAM

In the next Figure 4.13, the new simulation model Type 154 is applied to the low-
concentrating, stationary RefleC 6 GF collector. The working principles and effects of
the model’s three optical modes (cp. detailed model description in Appendix D) are il-
lustrated by a detailed look into the IAM simulation results for three very different days.

To calculate K, the raytraced Kj,-values of RefleC 6 GF given in Figure 2.11 were used.
From these biaxial raytracing results, an input-file containing K, (6;, 8;) was generated,
by calculating the values for intermediate angles with the separation approach of Mcln-
tire. In the isotropic Mode 2, K ;5, and K, are calculated once within the first time step
and the values remain constant. The isotropic IAM K, of the whole collector hemi-
sphere (for manual input Mode 3) was determined by calculating K ;5, in Mode 2
with g = 0°. For B = 0°, Type 154 can be used to perform the integration in Eq. 3.17.
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Figure 4.13: IAM values of Type 154 for beam, sky diffuse and ground reflected diffuse
onto a RefleC 6 GF collector (8 = 55°, y = 0°) in Wiirzburg for three days with highly
different irradiance (27 to 29 June in the TMY). If Mode 3 (manual input) is selected, the
sum G4 = G + G, 1S Weighted with a diffuse 1AM for the collector hemisphere K; =
0.66. In Mode 2, separate and S-dependent but still constant isotropic IAMS K ;5, =
0.81 and K, = 0.25 are calculated by the model. Only the values of K 4,5, Calculated
by Mode 1 respond to the actual instantaneous irradiance conditions (time step = 5 min,
A84;¢¢ = 2.5° for Mode 1 and 2) (Hess and Hanby 2014, p. 94).

The integration results for K ;5, and K, are highly differing from K, because of the
very incidence angle selective behavior of RefleC in the transversal direction (cp. Fig-
ure 4.12). At solar noon, K;, reaches values close to 1.4, since around summer solstice
angles of 8, = +30° are reached for § = 55° (cp. max. solar altitude in Figure 2.33).

For the first day shown, the TMY weather data file does not contain any beam irradi-
ance at all. A maximum diffuse fraction k =1 and a very low clearness index of
k. = 0.05 are observed, corresponding to a heavily overcast sky (cp. Figure 4.4). This
distribution is the one most close to isotropic offered by the Brunger model. In the
course of the day, k, increases to k; = 0.15, but k = 1 remains - the sky is still over-
cast. Thus, K 4,50 does not significantly change during the day. Why is it above Kj ;5,?
A close look into the Brunger distribution for heavily overcast sky reveals that it is not
ideally isotropic. The sky radiance around the zenith is about 50 % above that near the
horizon, which leads to a slightly higher value of K 4,5, also in this case.

By contrast, the third day is very sunny with a partly cloudy sky (cp. Figure 4.6) in the
morning and in the evening and relatively clear sky (cp. Figure 4.7) during the day.
These conditions cause a high anisotropy of the diffuse irradiance. In the morning after
sunrise, solar disk and thus circumsolar radiance are behind the collector (i.e. 8 > 90°).
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Since a share of the brightening around the sun is diffuse, in the morning of a clear day
the majority of sky radiance is in the northern hemisphere. At this time, for the RefleC
aperture, K 4niso 1S Smaller than for the isotropic assumption. With progressing sun
movement in the course of the day this changes, and around noon the solar brightening
is incident from 6, = +30°, where K, of RefleC is maximal. Due to these effects, varia-
tions of K 5,50 DY Up to ca. 25 %-points during one day are possible. Analyzing Figure
4.13, we can conclude for RefleC that constant, isotropic treatment of diffuse irradiance
from the collector hemisphere (i.e. K; in Mode 3):

e significantly overestimates the contribution of ground reflected diffuse, and
e highly underestimates the contribution of sky diffuse irradiance.

For RefleC, the impact of these errors is very high. K, reflects the character of the re-
flector: It shades the absorber for ground irradiance and increases the absorbed irradi-
ance from the sky. So another conclusion, proved by Figure 4.13, is:

e For RefleC, the calculation of a separate, but isotropic diffuse 1AM for the sky
(Mode 2) still underestimates the contribution of sky diffuse irradiance.

This is because relevant collector gains occur when sun and diffuse circumsolar have
small incidence angles onto the collector at high Kj-values. During these times, usually
K aniso > Ks iso 1S Observed (cp. Figure 4.13, days two and three). Qualitatively very
similar daily variations of K; 4,5, are predicted by Siala and Hooper (1990, p. 295).

4.3.3 Anisotropy-Effect on Collector Output

The results of annual energy output simulations of RefleC and its flat-plate receiver are
given in Table 4.2. Differences between the three optical modes of Type 154 are shown.
In terms of radiation acceptance, RefleC 6 GF and LBM 4 GF form two extremes: The
concentrating RefleC has a very incidence angle selective acceptance, while its non-
concentrating flat-plate shows a very good acceptance also for high incidence angles.

The main market of Wagner & Co. Solartechnik is in Europe. To determine the effect of
different annual fractions of beam and diffuse irradiance on the gain of RefleC, the loca-
tions Wirzburg and Seville were selected for comparison. Wirzburg has moderate irra-
diance and a high diffuse fraction, while Seville has high irradiance and a small fraction
of diffuse. For Table 4.2, the irradiance was calculated by Type 109 from a TMY-2 Me-
teonorm file with the model of Perez et al. (1988). In Wiirzburg (49.48° N) at § = 55° it
is 1213 kWh/(m?a) with diffuse fraction k = 50 % (sky: 46 %, ground 4 %), in Seville
(37.25 N) at B = 45° it is 1955 kWh/(m? a) with k = 36 % (sky: 33 %, ground 3 %).

Annual collector output: Assessing the relevance of anisotropic sky modelling for
RefleC, the most important result of Table 4.2 is that the use of an isotropic K; (Mode
3), as it is state of the art, would underestimate the annual output of RefleC in Wirzburg
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by approx. 14 % at its desired operation with T;,, = 120 °C. Separating diffuse into iso-
tropic sky and isotropic ground (Mode 2) would reduce undervaluation to about 6.5 %.

The undervaluation by isotropic modeling depends on the operation temperature. It_in-
creases with increasing operation temperatures. This was expected, since the same er-
rors in IAM have a higher effect at low efficiency operation (i.e. at high temperatures,
cp. Figure 3.20). For high inlet temperatures, positive energy gain occurs only at times
with high irradiance and high values of K;,. At these times, the sky anisotropy and thus
the error of K is high (cp. Figure 4.13). As expected, the flat plate shows less sensitivi-
ty to how the IAM for diffuse irradiance is calculated. But the effect is still significant,
since operation temperatures up to 90 °C frequently occur, also in standard applications.
It also has to be considered that a glass-foil collector was simulated — for a standard flat
plate the effect is expected to be higher due to lower efficiency at high temperatures.

Table 4.2: Annual gain of RefleC 6 GF and its flat-plate receiver LBM 4 GF at constant inlet
temperatures with every positive temperature lift counted (cp. Kj-values in Figure 2.11). RefleC
gains are related to 1 m® flat-plate aperture to illustrate the additional gain by the reflectors.
Efficiency curves determined at Test Lab Solar Thermal Systems at Fraunhofer ISE for mean
fluid temperatures up to Tr = 163 °C (RefleC) and Ty = 138 °C (flat-plate); ¢, taken from
Solar Keymark test report of LBM 4. Simulation parameters in TRNSYS 16: Type 154 with
46, = 5° for Mode 1, constant mass flow of 25 l/mﬁp, ground albedo pgrq = 0.2,
time step = 15 min. Results for optimized tilt 5.

Wiirzbur .
(RefleC: 'Bgz 557 flse\zlfllle](e:: B = 45°; flat-plate: § = 32.5°)
flat-plate: 8 = 37.5°) '
Collector | Collector gain Collector gain
type and Mode 1a) Mode Za) Mode 3 ) Mode 1 9) Mode 2 ) Mode 3 )
T; (kWhmz?a") underv.” underv.” | (kWhmg?a®) underv.” underv.”
RefleC 6
40 °C 771 -2.8 % -9.3% 1397 -16% -38%
120 °C 271 -6.5 % -13.7% | 638 -38% -6.4%
Flat-
platec)
40 °C 645 -1.6 % -3.3% 1195 -09% -17%
120 °C 145 -5 % -7.5% 415 -2.7% -3.9%
Increased)
40 °C 19.6 % 18.1 % 12.2 % 17.0% 16.2 % 14.5 %
120 °C 87.0% 84.0 % 74.4 % 53.7 % 51.9% 49.7 %

2 Mode 1: anisotropic sky, isotropic ground; Mode 2: isotropic sky, isotropic ground; Mode
3: isotropic collector hemisphere (1 1AM for diffuse irradiance from sky and ground as in
state of the art simulations)

b) Undervaluation of collector gain compared to Mode 1
© Receiver flat-plate collector of RefleC with glass-foil double cover and without reflector

9 Increase of annual output due to the reflector per m? aperture of flat-plate receiver collector
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For Seville, qualitatively the same results as for Wiirzburg are observed. The relevance
of anisotropic modelling is lower here, since the diffuse fraction is lower and due to
higher ambient temperature and higher overall irradiance the collectors operate at higher
efficiencies. Also the lower latitude plays a role here, because it leads to a lower collec-
tor slope and thus to a larger share of the sky being within the collector’s field of view.

Effect of the reflectors at different Modes: The increase in annual collector output
due to the reflectors in percentage terms highly depends on the operation temperature,
as indicated in Figure 4.14. Seeing the RefleC collector as one unit, this effect can be
explained as follows: The conversion factor of RefleC is lower than that of its receiver
flat-plate but also its thermal losses are lower, i.e. it has a flatter efficiency curve. Be-
cause the 1AM influence increases at low-efficiency operation, the effect of the in-
creased 1AM by the booster is much higher at T;,, = 120 °C.

800
0,
+20% B Flat-plate LBM 4 GF
/ BRefleC 6 GF
600
400

+87 %

200 / E—

Collector gain [kWh / (m?%, a)]

0
T in=40°C T_in=120°C
Mode 1 Mode 1
(anisotropic) (anisotropic)

Figure 4.14: Increase in annual collector output by the boosters in Wiirzburg, calculated
with Type 154 for anisotropic sky (Mode 1, cp. Table 4.2). The annual output of the re-
ceiver flat-plate LBM 4 GF is blue, that of RefleC 6 GF (receiver with booster) red.
Comparing both investigated locations shows a high difference in the additional energy
gain by the reflectors. On the first view, as indicated in the table, the increase in per-
centage of flat-plate gain is much higher in Wiirzburg than in Seville. This can again be
explained by the considerations on low-efficiency operation. But comparing the abso-
lute gains reveals that the reflector increases the annual output at 120 °C in Wiirzburg
by 126 kWh and in Seville by 223 kWh (+ 77 %). Figure 4.12 illustrates that the reflec-
tor is very well directing beam irradiance onto the absorber (high beam irradiance at

high K-values). In Seville, beam has a higher contribution to the additional gain.

Furthermore, it is interesting to note that in Wirzburg and Seville the absolute addition-
al gains by the booster reflector are almost the same for both inlet temperatures, i.e. the
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absolute additional gains by the reflectors are largely independent of the fluid-
temperature. This confirms the observation of Perers and Karlsson (1993, p. 336).

Comparison of the results from the different Modes shows, that consideration of the sky
anisotropy is essential to predict the reflector-gains accurately (cp. Figure 4.15). At
T;n = 40 °C the simulated additional gain caused by the reflector increases by 66 %,
when instead of an isotropic collector hemisphere (Mode 3) an anisotropic sky 1AM K
is simulated. At 120 °C the difference is reduced but still significant. For Seville, the
deviations are again smaller since the contribution of diffuse is smaller here.

800
+ 66 % @ Additional gain reflector
OFlat-plate LBM 4 GF
T 600 —
E
<
2 400
c +3%
S
o
g +26 %
8 200 — - — —
3
+8 %
0 T T
T in=40°C T_in=40°C T_in=120°C T_in=120°C
Mode 3 Mode 1 Mode 3 Mode 1
(isotropic) (anisotropic) (isotropic) (anisotropic)

Figure 4.15: Annual output of RefleC 6 GF (blue plus red) and its receiver LBM 4 GF
(blue) in Wirzburg. The arrows separately indicate the increase in collector output by
both RefleC components (flat-plate and reflector) when simulated with anisotropic Mode
1 (new model) instead of isotropic Mode 3 (state of the art). Overall RefleC increase us-
ing Mode 1 instead of 3 is 10 % at T;;, = 40°C and 16 % at T;;,, = 120°C, cp. Table 4.2.
Seasonal analysis: Figure 4.16 and Figure 4.17 show the monthly RefleC collector
gains, on which the annual values of Table 4.2 are based, for T;,, = 120 °C. In Wiirz-
burg, from November to January there is almost no collector gain — neither from the
double covered flat-plate (8 = 37.5°) nor from RefleC (8 = 55°). At the low overall
irradiation level and the low ambient temperatures, almost no positive collector effi-
ciencies are reached for this constantly high inlet temperature. A closer look into Figure
2.11 reveals that the reflectors are not active during these months of the year, since most
of the day it is 8, < —10°, so in the morning and in the afternoon the flat-plate is also
shaded by the reflectors®. In February and October, the sun takes a glimpse above the
reflector, so at noon there is relevant contribution by the reflectors.

® For ground or flat roof installations with several rows, the ,,shading® of the flat-plate by the
reflector is no drawback, because in a collector field the flat-plates would shade each other.
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Figure 4.16: Monthly gains of LBM 4 GF and RefleC 6 GF in Wirzburg at
T;n = 120 °C. RefleC results given for the three modelling variants (Modes 1 to 3) of K,
and the undervaluation when simulated by Mode 3 is indicated (comparison base is Mode
1). Irradiance is valid for RefleC aperture. For simulation parameters cp. Table 4.2.
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Figure 4.17: Monthly gains of LBM 4 GF and RefleC 6 GF in Seville at T;,, = 120 °C.
RefleC results given for the three modelling variants (Modes 1 to 3) of K and the under-
valuation when simulated by Mode 3 is indicated (comparison base is Mode 1). Irradi-
ance is valid for RefleC aperture. For simulation parameters cp. Table 4.2.
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From March to May and from July to September, very high K, -values are reached, since
6, is in its optimum range — often during the whole day. In June the additional gain by
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the reflectors decreases, since the sun’s path is within the northern hemisphere of the
aperture at 8, > 30°. Incidence angles around this value are only reached at noon and
highly increase in the morning and the afternoon. Thus, around summer solstice the
optimal value of K, = 1.4 is not reached anymore. Figure 2.11 shows that K, is sharply
decreasing for 6, > 30°, which results in reduced additional gain. From March to Sep-
tember, the months with significant gain, the undervaluation of the RefleC output by
Mode 3 is in Wirzburg between 10 and 18 %.

In Seville, also significant collector gains are observed from November to February,
because of higher overall irradiance and ambient temperatures. Because of the lower
latitude and better weather conditions, the irradiance is also distributed more homoge-
nously over the year. The undervaluation of the RefleC collector output by Mode 3 is

between 0 and 10 %, which is significantly smaller than in Wiirzburg.

The undervaluation by isotropic modelling of diffuse does not directly correlate with the
amount of diffuse irradiation per month. This is because instantaneous beam irradiance
and sun position (i.e. the instantaneous Kj,-values) primarily determine, if any positive
gain can be achieved at T;,, = 120 °C. Figure 4.18 and Figure 4.19 show the same com-
parison for Wurzburg and Seville, but for T;,, = 40 °C. There, also in Wirzburg some
gains in winter are observed. Because gains occur also at low irradiance, the undervalu-
ation of RefleC by Mode 3 is more constant over the year; in Wirzburg it is between 7
and 11 %, in Seville between 0 and 7 %.

IBeam irradiation G_bt &9 Sky diffuse irradiation G_st
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Figure 4.18: Monthly gains of LBM 4 GF and RefleC 6 GF in Wirzburg at
T;,, = 40 °C. RefleC results given for the three modelling variants (Modes 1 to 3) of K
and the undervaluation when simulated by Mode 3 is indicated (comparison base is Mode
1). Irradiance is valid for RefleC aperture. For simulation parameters cp. Table 4.2.
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Figure 4.19: Monthly gains of LBM 4 GF and RefleC 6 GF in Seville at T;,, = 40 °C.
RefleC results given for the three modelling variants (Modes 1 to 3) of K and the under-
valuation when simulated by Mode 3 is indicated (comparison base is Mode 1). Irradi-
ance is valid for RefleC aperture. For simulation parameters cp. Table 4.2.

Optimal collector slope: Figure 4.20 shows a variation of the collector slope g to de-
termine the optimal collector position of RefleC and its flat-plate receiver for maximal
annual energy output. The gain of RefleC is much more sensitive for collector slope
variations than that of the flat-plate. Therefore, RefleC has to be positioned accurately.
This is because of its very distinctive radiation acceptance.
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Figure 4.20: Annual collector gain of RefleC and its receiver flat-plate collector in Wiirz-
burg for different collector slopes modes for the IAM of diffuse irradiance at T;;,, =
120 °C. For simulation parameters cp. Table 4.2.
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From comparing the curves generated by the three different simulation modes it can be
concluded that for both collectors the correct determination of the optimal £ is almost
not affected by the method of determining the 1AM for diffuse irradiance. This is be-
cause the incidence angles of beam irradiance during the year are the dominating effect
that changes the annual energy gain with varying collector slope g. Qualitatively the
same curves are observed for Seville. They are flatter, since beam irradiance is distrib-
uted more homogenous over the year. For T;,, = 40 °C, the identical optimal collector
slopes as for 120 °C were found. They were as well not affected by the diffuse |IAM
Mode.

It can be concluded that simplified, isotropic hemispherical modelling of a collector’s
diffuse-IAM (Mode 3) does not lead to a wrong optimal collector slope. Furthermore,
the optimal slope is independent of the operation temperature.

The other important results of this chapter can be summarized as follows:

e |t is expected that isotropic hemispherical modelling of a collector’s diffuse-
IAM significantly undervalues the diffuse utilization of all non-focusing collec-
tors, when this diffuse-1AM is determined from K -values out of raytracing sim-
ulations or steady-state collector tests.

e This undervaluation can be significantly reduced by simply generating separate
isotropic diffuse-1AMs for sky and ground irradiance. These IAMs only depend
on the collector slope g and are constant during the simulation. Their determina-
tion at the start of the simulation would not notably increase the simulation time.

e Simulation with a dynamic diffuse-IAM for anisotropic sky radiance (Mode 1)
especially increases the accuracy in instantaneous power output prediction of ST
collectors.

e Furthermore, it is expected to be essential for accurate prediction of the addi-
tional gains by booster reflectors.
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5 Pilot Plant

The final RefleC collector is demonstrated in an innovative solar thermal
process heat system. By monitoring of this installation, characteristic
annual system performance figures are determined and RefleC is com-
pared to its receiver flat-plate collector during real system operation.
Finally, the operational collector performance is assessed against the
theoretical expectations, also in regard to the IAM for diffuse irradiance.

5.1 Pilot Plant Description

5.1.1 Laundry Laguna

Laguna is a medium-sized laundry situated in Marburg an der Lahn, Central Germany.
About 12 regular staff members and approx. 30 disabled part-time employees treat ap-
prox. three tons of laundry per working day (mix of hospital, hotel and private laundry
as well as cleaning mops). Working hours are from 7:30 a.m. to 15:30 p.m. The laundry
is closed during weekends and short public holidays, but there are no company holidays.

1 A ] A g |
W = .

Figure 5.1: Laundry Laguna with production and service building (front), boiler house
(left) and solar thermal installation. Picture: Wagner & Co. Solartechnik
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The laundry is either cleaned in one of the three drum washing machines or in an auto-
mated batch tunnel washer (cp. Figure 5.2). After washing, flat linen is finished in a
mangle, while shirts and outerwear are further treated in finishers and/or presses. The
other types of laundry are treated by dryers.

LR

N T

Figure 5.2: Unclean side with three industrial washing machines (left: 50 kg charging
weight; central background: two machines a 25 kg) and the batch tunnel washer (right
background) with its charging conveyor belt (front). All these devices are heated by
steam injection. Their outlet is on the clean side, where the laundry is dried and finished.
These heat consumers are all supplied by a steam network, which is fed centrally by
initially two gas-fired steam boilers (burner max. 1750 kW each). The boiler room is

shown in Figure 5.3.

The boilers can each produce up to 1250 kg/h saturated steam at 14 bar and 195 °C. The
steam is used indirectly (via heat internal exchangers) to heat the mangle, the air for the
dryers, as well as the finishers and the presses. But a share of the steam is also used di-
rectly (without heat exchanger). It is injected into the washing machines and into the
batch tunnel washer. Thus, the condensate return mass flow is only about 50 % of the
mass of produced steam. In a feed-water tank, the condensate is collected. Here, also the
necessary 50 % boiler make-up water is added and thermally degassed. The feed water
is then pumped through the economizers (heat recovery from boiler exhaust gas) and
back into the steam boilers.

Details on the water- and heat distribution network can be found in the final RefleC
project report (Eisenmann et al. 2011).
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5.1 Pilot Plant Description

Figure 5.3: Boiler room with one of the initially two steam boilers on the left hand side,
its gas burner (red, foreground), and the boiler control board (right). In the central back-
ground, a plate heat exchanger for solar pre-heating of the boiler feed-water is visible
(black insulated). Below is the changeover valve for solar pre-heating of the discharge
loop before the heat exchanger is flown through (red with red LED). A ladder (left) leads
to an intermediate story above, where the boiler feed-water tank is located.

5.1.2 Solar Thermal Installation

A quick impression of the system is given in Figure 5.6, where a simplified hydraulic
scheme includes the most important system parameters. A detailed scheme, also includ-
ing all monitoring sensor types and positions, can be found in the Appendix, Figure E.5.

RefleC Prototype and collector field: The collector field with an overall aperture
ead,, = 56.6 m” is shown in Figure 5.4. The only difference between the prototype
and the test sample R6 GF is that the prototype has twice the length of the test sample.
Thus, the receiver flat-plates have four glass panes instead of two. The field consists of
six such LBM 8 glass-foil collectors with A4, = 8.08 m? each. In each collector, four
meander absorbers are connected parallel by integrated header tubes. The field has two
rows, the first row consisting of two LBM 8 GF without reflectors, and the second of
four LBM 8 GF with reflectors (cp. Figure 5.5). Both rows are identically sloped
by g = 55° and orientated 21° towards east out of the south direction. The two rows
form three hydraulically parallel sub-fields with a mass flow of ca. m = 35 kg/(m?h)
in the whole field. Due to the risk of glare and radiation concentration in the surround-
ing, the ends of the RefleC trough were closed with vertical reflector metal sheets. To
conclude, the field is constructed in such a way that the RefleC trough can be compared
to its glass-foil receiver collectors directly during operation. Due to the identical slope
of the flat-plates, the effects of the reflectors can directly be measured.
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Figure 5.4: Collector field of the pilot plant from east direction. On the right, the eastern
of the two vertical RefleC trough closure reflectors (with revision opening) is visible.
Three pyranometers are located centrally in the field beside the front row. One of the

MIDs (magnetic inductive flow meters) can be recognized in the right field inlet pipe
(light blue cover). The vertical stakes belong to the lightning protection concept.

Figure 5.5: Computer graphic of the collector field on the laundry roof. The field is orien-
tated parallel to the edge of the roof and therefore turned 21° east from the south. The
colder return flow (RL) enters the three sub-fields on their outside; the hot supply flow

(VL) is collected centrally and leads back to the charging heat exchanger. The left (west-

ern) field of the RefleC trough is subfield 1, the right (eastern) one is subfield 2. In front

is the flat-plate subfield (cp. Figure E.5). Graphic: Wagner & Co.

Processes: When potential solar heat integration points were analyzed by Wagner &
Co. Solartechnik, their thermal load profile, technical integration effort, potential inter-
ference with existing processes, and of course their potential solar gains were assessed.
But also the objectives of the RefleC project played a role. So on the one hand, a pro-
cess with comparably high integration temperature had to be found to demonstrate the
RefleC concept as well as to optimize the operation strategies of the system for process
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heat generation at temperatures between 80 and 130 °C. On the other hand, the system
had to be commercially feasible, so also a low-temperature process ensuring high and
long-term solar gains had to be connected. The following Table 5.1 describes the three
heat integration points that were finally selected to discharge the solar plant.

Table 5.1: Thermal loads at the solar heat integration points calculated on the basis of measured
temperature levels and load mass flows. The demands of all integration points sum up to
389.72 kWh per working day (usually five working days per week).

Boiler make-up

Boiler feed water Washing machines

(supply level) water (process level)
PRy (supply level) P
Volume flow [m3/d] 4.6 3 1
Process return flow
temperautre [°C] < 20 =
Maximal integration
temperature [°C] 110 90 60
Demand [kWh/d] 103.26 240.39 46.07
Continuous during Approx. six intervals  Three washing machines
Demand profile working hours, perday a” 25 min. at  filled randomly approx.
P modulating up to constant mass flow of  once per hour for 30 s.
v =6001/h v = 20 1/min up to v = 300 I/min

On high temperature level, the boiler feed water was selected as a solar process heat
consumer. At Laguna, rather low feed-water inlet temperatures to the economizer of
approx. 90 °C were measured. Typical feed-water temperatures are about 103 °C due to
the thermal degassing. A solar discharge plate heat exchanger was installed between
feed-water tank and economizer (cp. Figure 5.3). The maximal charging up to 110 °C
results from the maximal storage temperature of 120 °C in the SPH system and also
from the intention not to affect the efficiency of the economizer. The feed-water de-
mand profile was not measured.

On low-temperature level, the solar heat integration points boiler make-up water and
washing machines were selected. The water for both is pre-heated by waste-water heat
recovery, but this only results in a temperature level of 20 °C, which is very favorable
for ST. The make-up water can be heated up to maximal 90 °C before it enters the feed-
water tank (cp. Figure 5.10). This tank has a fill-level control, which results in the de-
scribed demand profile.

The washing machines are filled with water within 30 seconds. The larger machine
needs 125 | per batch, the two smaller ones 62.5 | (cp. Figure 5.2). The temperature lev-
els vary between the washing programs from 25 to 75 °C. The machines mix their hot
and cold water inlet to reach the working temperatures and further inject heating steam,
if necessary. Using a plate heat exchanger to supply the very short profile of 30 s with
its very high power demand would not be reasonable. Thus, a solar pre-heating storage
is used for discharge (cp. Figure 5.7). Washing water for the hot connection of the ma-
chines always flows through this storage, regardless if it can be solar heated or not.
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Within the framework of the project, a comprehensive energy efficiency analysis or
process optimization at the laundry was not possible. But the comparably small size of
the SPH system (in relation to the heat demand of the connected processes), the integra-
tion on supply level, and the use of medium temperature collectors ensure that the sys-
tem would still work efficiently if the process return flow temperatures increased or the
mass flows reduced due to future optimizations or due to a decreasing laundry amount.

System concept: Figure 5.6 shows a simplified hydraulic scheme of the plant. As
mentioned above, the size of the system was rather determined by future perspectives
than by the heat demands. But also costs played an important role, since the prototypes
of the RefleC collectors had to be fabricated with high manual effort.

RefleC Boiler feed-
2x water
20,2 m? _ ° 90°C-110°C
46m3/d
Primary Boiler makeup-
store water
20°C-90°C
3m3/d
Washing
Flat-plates machines
(glass + foil) Secondary 20°C-60°C
16,2 m2 Stagnation cooler stores 1m3/d

Figure 5.6: Hydraulic scheme of the pilot plant (simplified). Left of the storages are the

switching valves for alternating charge; between primary storage and boiler feed water

discharge is a manual ball valve to activate or de-activate winter mode (for detailed hy-
draulic scheme with all sensor types and positions cp. Figure E.5).

The three parallel sub-fields work at a pressure of 6 bar and a maximum temperature of
130 °C. Either the primary storage or the parallel secondary storages are charged. The
storage circuit works at a pressure of 3 bar with a maximum temperature of 120 °C. In
“summer-mode”, the feed water is heated from the high-temperature primary storage,
while make-up water and washing machines are supplied from the secondary storages
(manual ball valve closed). In “winter-mode”, the feed water is not supplied and both
low-temperature processes are supplied by the primary storage. In this case, the return
flow always enters the secondaries; from their top it flows to the bottom of the primary.
The stores are connected serial in this case. The red switching valves visible in Figure
5.7 between primary (left) and the two hydraulically parallel secondaries (center) con-
trol alternated charging. Above the valves is the solar station (black insulated box), in-
cluding solar loop pump, charging heat exchanger, charging pump, non-return valves
and solar loop safety valve connection. The orange vessel on the right is the washing
water pre-heating storage. Left of it is the orange expansion vessel of the storage circuit;
the other smaller orange expansion vessel of the collector loop is barely visible behind
the pre-heating storage. On top and bottom of the primary the feed-water discharge
connection is visible; the pumps for make-up water and washing water discharge are in
the background on the right of the storage expansion vessel (black insulated).
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5.1 Pilot Plant Description

Charging control: The stores are charged by a so called “switchover threshold con-
trol”, prioritizing the primary storage. Priority (prio.) 1 is to charge the primary until its
top reaches the switchover temperature T;,.. = 60 °C. Prio. 2 then charges the secondary
storages until they also reach Tt,... Prio. 3 charges the primary until it reaches its maxi-
MUM Ts¢o max, Prio. 4 does the same for the secondaries. When, at prio. 2 or 4, the tem-
perature in the primary falls below the switchover threshold, short switch offs of the
charging pump (all 30 s.) allows to measure the available temperature within the collec-
tor loop to check if a switch back to primary storage charging is possible.

= _—oageemm
Figure 5.7: Centralized components of the RefleC pilot system with monitoring sensors.

Stagnation cooler: A stagnation cooler prevents the collector field from overheating
due to stagnation (e.g. at summer weekends). It was also very helpful during optimiza-
tion of the charging control strategy to effectively handle the incidence angle selective
power of RefleC. At 135 °C fluid temperature, the parallel connected device offers a
cooling power of 50 kW, at a power consumption of fan and pump of about 290 W
each. The cooler is activated when a collector field outlet exceeds Ty, rx = 125 °C.

num sheet metal coated feed and return flow pipes of the field are routed in a U-shape to
compensate thermal expansion. Above them, the rectangular sensor cable duct is visible.
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Discharging control: The feed water discharge pump is only activated, if the system
runs in summer mode, the feed water pump is on (external signal from boiler fill-level
control), and the temperature difference between top primary storage and feed water is
sufficient. In this case, the discharge loop is first pre-heated without mass flow through
the discharge heat exchanger (i.e. it is bypassed). This avoids undesired heat transfer
from the feed-water to the, at first, colder solar discharge loop (cp. detailed hydraulic
scheme in Figure E.5 and changeover valve in Figure 5.3).

The discharge to the make-up water is controlled as follows: When a magnetic valve
activating the make-up water mass flow opens (external signal from feed-water tank
fill-level control) and the temperature difference between solar buffer top make-up wa-
ter is sufficient, the discharge pump is activated. Due to the constant, very low return
flow temperature, the storages are discharged effectively and the collector loop operates
at minimal heat losses.

At discharge to the washing water pre-heating storage, this is not always the case. The
integrated smooth-pipe heat exchanger and the heating up of this storage over time
cause significantly higher return-flow temperatures to the buffer than the make-up wa-
ter. To prioritize the make-up water discharge, the washing water discharge is only acti-
vated if the temperature difference is sufficient and the top buffer storage temperature is
above a minimal temperature value (finally set to 50 °C).

Adaptive system operation: The discharge priority order make-up water, washing
machine storage and boiler feed water is always valid (with boiler feed water discharge
deactivated in winter mode) and also the switchover threshold charging control is the
same for winter and summer mode. Together, charging and discharging control aim at
only heating the storage volume currently needed. In winter mode, the low-temperature
heat consumers are supplied by the primary storage and only this one is heated until it
reaches Tpengq. This results in efficient system operation when the solar gains are signif-
icantly lower than the two low-temperature loads. In summer mode, the difference is
that in case the primary and the secondaries are charged up to T4, at prio. 3 operation
the primary can indeed supply the feed-water, if the current low-temperature demand is
below the solar gains. The hydraulic switch between summer and winter mode is done
manually by ball valves near the primary and secondary storages (cp. Figure E.5).

5.1.3 Monitoring System

When the solar thermal plant was constructed, in parallel the monitoring system was
installed. This system started operation on 2" June 2010 and measured the system per-
formance without interruption until it was dismantled on 27" October 2011. During this
monitoring phase, for 479 days 47 sensors were logged with a measurement interval of
30 seconds. The raw data volume is approx. 1 MB/day, while each of the automated
daily performance evaluation files had around 40 MB/day.
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The sensor types and positions are given in Appendix E, Figure E.5. For the whole solar
thermal installation, from collector field to charge, storage and discharge, the energy
flows were balanced. Pt 100 sensors were used to measure the fluid temperatures, (in
immersion sleeves except otherwise specified). The mass flows were determined by
magneto-inductive flow sensors (MID). The pressure in the solar loop was measured by
a piezo-resistive pressure transmitter to effectively detect stagnation.

The irradiance measurement devices are shown in Figure 5.9. The output of the solar
loop was determined at the charging heat exchanger by measuring inlet- and outlet tem-
peratures and mass flow. In the same way, the flat-plate subfield and the RefleC sub-
field 2 (east) were metered (flow of subfield 2 and cooler calculated from overall flow).

< 258

Figure 5.9: Positions of the three pyranometers applied for monitoring (2 CMP 11 and
1 CM 11, shadow band CM 121B). The hemispherical tilted irradiance G,was measured
in the aperture of the flat-plates (the RefleC aperture is in parallel and only centimeters
behind, since it starts at the edge of the booster reflectors). The two other pyranometers
measure horizontal hemispherical irradiance G and horizontal diffuse irradiance G;. The
axis of the shadow band was positioned east-west and the band was adjusted manually
twice per week to shade the sensor from beam during the whole monitoring phase.

Furthermore, ambient temperature and pressure in the field was measured. This way, the
instantaneous efficiencies of the three sub-fields and their dynamic behavior at varying
irradiance was determined. The direct comparison between RefleC and its receiver

without reflectors was of special interest in this regard. But also the energy annually
transferred to the charging loop and the collector field utilization ratio was determined.

Another objective of the monitoring was to analyze the dynamic system behavior and to
optimize the charging and discharging control concepts explained above. For this pur-
pose, the storages temperatures were measured at different heights to assess the charg-
ing and stratification status, also at phases of charge, discharge or stagnation. The heat
transferred to the three processes was calculated from temperature differences and mass
flows at the discharging heat exchangers. Additionally, the inlet and outlet temperatures
of the heated streams on the secondary side were measured to determine the operation
time profiles of the supported processes (cp. Figure 5.10).
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Figure 5.10: Plate heat exchanger for solar pre-heating of the boiler make-up water. Four
Pt 100 temperature sensors measure the temperature differences at the primary side (dis-
charge loop) and the secondary side (make-up water pipe) of the heat exchanger.
All sensor cables are brought together in the monitoring switch cabinet pictured in Fig-
ure 5.11. The data were automatically transferred to a monitoring server and from there
to the project server. For detailed analyses and daily performance figures, one xls.-file
per day was generated. An overall performance analysis file imports the daily results.

Figure 5.11: Monitoring switch cabinet with cable ducts opened. The large box at the cab-
inet door (right) is a multiplexor, logging sensor signals. The Linux-PC placed on top of
the control cabinet processes the signals and transfers the daily data file to a monitoring
server of Fraunhofer ISE via the hardware-firewall ASA (Advanced Security Appliance)

placed inside at the bottom of the control cabinet.

All sensors were calibrated at Fraunhofer ISE according to the standards of the Test Lab
Solar Thermal Systems. The relative measurement uncertainties of all sensors as well as
the different maximal uncertainties of the calculated heat amounts resulting from linear
error propagation are reported in (Klemke 2011, p. 145 and p. 75).
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5.2 Monitoring Results

5.2.1 System Performance

Exemplary weekend: In the following Figure 5.12, the system operation over a week-
end is discussed based on daily energy balances.
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D Heat content primary storage end of day O Heat content secondary storages end of day
B Heat supply to boiler feed water B Heat supply to washing machines

D Heat supply to boiler makeup-water

Figure 5.12: Exemplary weekend with daily balances of monitored energies for irradia-
tion, heat charged and discharged as well as energy content and temperature (top) of the
storages at the end of the day (last data point 23:59:30 p.m.). The switchover charging
was not optimized this time (charging changed frequently between the storages). The sys-
tem was in winter mode, except for Monday, when summer mode (discharge to feed wa-
ter) was manually activated at 7 am and de-activated at 9:15 a.m.

During the week, the system was discharged to the low-temperature heat consumers, so
Friday night the energy content of the stores is relatively low. During Friday, the low
storage bottom temperatures had caused a relatively high solar loop utilization ratio of
around 50 % (cp. orange to yellow column). On Saturday and Sunday (laundry not op-
erating), the only discharge is the compensation of the thermal losses of the washing
machine’s per-heating storage. Due to the increasing storage temperatures, the tempera-
ture level of the solar loop is high and the solar loop utilization ratio is low (only 30 %
on Sunday). On Sunday evening, the stores are almost maximally charged. Thus, on
Monday besides the low-temperature processes, also the boiler feed water can be
charged. In spite of the high solar gains, the loads are sufficient to cool down the stor-
ages again for effective operation — on Monday and during the whole week. The heat
rejector was not active during this weekend.

Monthly operation overview: In Appendix E, the monthly energy gains and supplies
are shown for all sixteen months of the monitoring in Figure E.1 to Figure E.4. In the
captions, information on failures, control configurations and on winter/summer mode
operation are given. In these graphs, the heat rejection by the stagnation cooler has a
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higher uncertainty than the other energies, because it had to be determined indirectly via
the re-cooling temperature sensor and the collector loop energy balance.

Annual solar fractions: From the 16 months of monitoring (06.07.10 to 27.10.11) re-
sulted 476 daily data files. Among these days, there were 335 working days with heat
demand; the other days are weekends and public holidays. To get annual performance
figures, a reference year from 01.10.2010 to 30.09.2011 was defined. For this time
frame, gap-free monitoring data are available and the system control was usually close
to standard-operation. Among the 365 days of the reference year, there was heat de-
mand on 256 working days. The following Table 5.2 shows the results.

Table 5.2: Annual system performance figures of the reference year. The demand of the work-
ing days (cp. Table 5.1) without weekends and public holidays was considered.

Boiler feed water Boiler make-up water  Washing machines

(supply level) (supply level) (process level)
Demand within
reference year [kWh 26,435 61,540 11,739
Share of demand [ %] 26.5 61.7 11.8
Solar heat
supplied [kWh] 115 18,549 4,490
Share of solar heat
supplied [ %] 0.5 80.1 194
Solar fraction [ % ] 0.4 30.1 38.1*
Overall solar 23.2

fraction [ % |

* The solar fraction of this process is overestimated, since the discharge to the pre-heating
storage on weekends is not included in the heat demand, but correctly counted as heat supplied.

The overall solar fraction was 23.2 %. If only the two low-temperature-processes are
considered, 31.4 % of their demand was supplied.

Annual utilization ratios, gains and losses: Within the reference year, the irradiation
onto the overall aperture was 66.13 MWh. The collector field was able to convert 49.7
% of this into heat (measured between the subfields inlet and outlet, 32.87 MWh). Of
this heat, 3 % had to be rejected by the stagnation cooler; 14.7 % were lost via the solar
loop (piping, heat exchanger). The remaining 82.3 % of the heat generated in the collec-
tor fields was transferred to the charging circuit of the storages (27.05 MWh). This is
the basis for the solar loop utilization ratio, which was 40.9 %. The thermal losses of
charging circuit, storages and discharging circuits amount to 14.4 %. In sum, 70.4 % of
the heat generated by the collectors (calculated from the temperature lift between collec-
tor inlet and outlet) was transferred to the processes (23.15 MWh, cp. Table 5.2). Com-
paring this useful energy with the irradiance on the aperture gives the performance of
the plant within the reference year. This system utilization ratio was 35.0 %.

When interpreting these values, the framework conditions reported in Figure E.1 to Fig-
ure E.4 as well as the special characteristics of the system and the collectors must be
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considered. During the first months of operation, the system control and sensor posi-
tions were adapted to high temperature operation of the RefleC collector. Due to minor
leakage of a defective cap valve, between 21.04.2011 to 24.06.2011, the maximum stor-
age temperature was restricted to 95 °C and the cooler was activated at Ty, rx =
110 °C. This significantly reduced the effective storage capacity and made summer
mode operation (discharge to the feed water) impossible. In correlation with the ex-
traordinarily good weather conditions during this spring time there was a significant
surplus of solar heat, which had to be re-cooled especially on weekends.

The comparably low losses of charging circuit, storages and discharging circuit can be
explained by the high room temperatures around the storages. Summer mode was only
activated rarely to optimize the high temperature operation of collectors and system. A
compromise between solar gain maximization and control strategy development for
potential future projects had to be found. For Laguna, the discharge to the boiler feed
water is not attractive in its current form. Since Ty, max = 120 °C is only little above
the integration temperature of 90 °C, the effective storage capacity to support this load
is small and so are the operation times of this discharge circuit.

5.2.2 Collector Performance

The following Figure 5.13 shows diurnal variations of the system operation for Satur-
day, 21.08.2010. This day was selected because it shows high-temperature operation at
transversal incidence angles which are advantageous for RefleC. As explained above,
the three subfields are parallel and all tilted 55°. This allows for direct performance
comparison between flat-plate subfield (aperture area A,, = 16.18 m?) and the RefleC

subfield 2 (increased A,,, = 20.22 m?* due to reflectors, same number of flat-plates).

High temperature operation: In the morning, the storage top temperature was already
around 80 °C, since Friday had been very sunny. The switchover temperature of the
charging control was set T, = 110 °C to prioritize boiler feed water discharge and to
demonstrate high temperature operation. So in the morning of this Saturday, the primary
storage is charged up to Ty, (Prio. 1). Since there is no significant process load, the
primary reaches T;,, already at 10:40. From then, the secondaries are charged (Prio. 2).
Every 30 min. the control checks if charging can switch to the primary again (jumps of
collector field temperature due to short switchoffs of the charging pump). Prio 1 is in-
deed shortly activated to compensate the heat losses of the primary. At 13:00, also the
secondary storages reach T,.., so after then it is aimed to charge the primary up to
120 °C (Prio 3). This is not fully achieved, since at 13:55 RefleC reaches the stagnation
cooler activation temperature T,, rpx = 125 °C. The cooler is activated four times, with
one longer phase between 14:10 and 14:25 (cp. higher mass flow in both fields). From
14:40 to 15:10 the system operates regular again, after 15:10 the collector temperatures
resulting from the current irradiance levels are too low or further storage charging.
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Figure 5.13: Diurnal variation of the pilot plant operation on Saturday, 21.08.2010. In the
legend, the identification numbers of the sensors are given (cp. hydraulic scheme with
sensors in Figure E.5). The eastern RefleC subfield 2 is compared to the flat-plate sub-

field. At RefleC, the mass flow in was 13.3 kg/min or 39.5 kg/(m3,h), while in the flat-

plate subfield it was 7.3 kg/min or 27 kg/(m3,h). For the time period indicated by the
grey arrow, the collector power output is analyzed in detail in Figure 5.15.

In the following, the RefleC performance in comparison to its flat-plate receiver is ana-
lyzed for this day. Therefore, Figure 5.14 illustrates the solar incidence angles onto the
apertures and the resulting 1AM values of both collector types. The sun is within the
collector hemisphere from 05:30 to 17:19 (6 < 90°). Due to the field azimuth y = 21°
towards east, the sun reaches positive angles 6, onto the apertures at 06:30 already.

Figure 2.11 shows the IAM values Kj, of both collectors along their transversal and lon-
gitudinal axes. Since the IAM is influencing collector efficiency directly, the increase in
RefleC power output is a factor of 1.4 between 6, = 0 and it’s maximum K, at
6, = 25° (true only if 8;, thermal losses and K,; were identical). When comparing the
field outlet temperatures in Figure 5.13, in addition to K, also the different field mass
flows (RefleC factor 1.9 higher than flat-plates) and the different thermal losses (cp.
Figure 3.7) have to be considered. From 09:00 to 11:45, T,,,; of the flat-plates is higher
than of RefleC. This is because in the morning T;, is comparably low (resulting for the
flat-plates in a spread of approx. 15 K between T}, and T,,,;), but also due to shading of
the analyzed RefleC subfield 2 by its end reflector for irradiance from ¢ < 0°. From
11:45, due to the higher inlet temperatures (increased thermal losses), the higher trans-
versal incidence angles, and the gains by the end reflector, T,,; of RefleC is higher
(temperature spread of the flat-plates decreases down to 8 K due to reduced efficiency).
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Figure 5.14: Solar incidence angles onto the collector field of the pilot plant on Saturday,
21.08.2010 with resulting current IAM values for beam irradiance of both collector types
(green). The incidence angles have been calculated based on Duffie and Beckman (2006,
pp. 12-20) for the collector slope of all sub-fields of 8 = 55° and their azimuth y = —21°
with the exact coordinates of the collector field in Marburg Wehrda of 50.8440° N,
8.7655° E. For angle conventions cp. Figure 2.7. The grey arrow indicates the time period
analyzed in detail in Figure 5.15.

Figure 5.14 shows in the resulting Kj,-values during this day, both for RefleC and the
flat-plates. For the flat-plate subfield, K, (6;, 8;) was calculated by Eq. 3.15 from the
raytraced values given in Figure 2.11. For the RefleC subfield, K, (6, ¢) was interpolat-
ed more accurately from a raytraced 3D-IAM. This 3D-IAM was generated for irradi-
ance from the “western” part of the hemisphere of RefleC subfield 2, i.e. for incidence
directions 8 = [0°;90°] and ¢ = [0°180°] in a resolution of 5°. The longitudinal
curve taken from this IAM is shown in Figure 2.39 — its flat shape reveals the additional
gains by the eastern trough closure reflector. Since the raytracing of such a 3D-1AM is
very time consuming, only K, -data for this half collector hemisphere were generated.
Thus, Figure 5.14 only shows the resulting K, (6, ¢) for incidence from ¢ > 0°, i.e.
from directions where the end-reflector is reflecting irradiance onto the absorber and not
shading it (after 11:30 with 6, > 0°).

After September 2010, the mass flows of the sub-fields were usually related to the aper-
ture area. So the RefleC sub-fields finally have a mass flow of i ~ 35 kg/(m?h), be-
ing factor 1.25 higher than that of the flat-plate subfield. Since the system supplies
mainly the low-temperature loads, this proved to be a good compromise for adjusting
T,.: of RefleC to that of the flat-plates during day and year. But the data still show that
the output of RefleC is much more varying seasonally and during the day than that of a
flat-plate due to its unique IAM curve. For a plant exclusively equipped with RefleC
collectors, a variable speed pump is recommended for solar loop and charging circuit to
achieve constant outlet temperatures for process heat supply.
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Chapter 5: Pilot Plant

Measured vs. calculated power output: In Figure 5.15 the measured RefleC and flat-
plate power outputs are compared to the theoretical output calculated based on efficien-
cy curve tests and raytracing results.

The “measured” power outputs of the fields were determined by multiplying Eqg. 3.1
with the field-apertures. The temperature lifts are AT = T,,; — T;- The mass flow m is
the MID-measured volume flow v multiplied by the density of the fluid py, at the MID-
position, represented by T;,, of the field. The fluid in the solar loop is a mixture of 40 %
propylene glycol and 60 % water. From the supplier of the glycol, tabulated values of
density and specific heat capacity ¢y, ¢, from 10 °C to 100 °C in steps of 10 °C were pro-
vided to Wagner & Co. They were fitted as follows (Eisenmann 2009):

pr1(Tin) = 1048.7667 — 0.4447 - Ty, — 0.0027 - Tyy>  With Ty, [°C]  (5.1)
Cpr1(Tr) = 3.6060 + 0.0038 - Ty with Ty [°C]  (5.2)

The “calculated” power output was determined by Eq. 3.12 (cp. also Eq. 3.9) for the
same instantaneous Ty and m as used for the “measured” values. In addition to the val-
ues above, the sensor outputs for ambient temperature T, as well as global irradiance
onto the aperture G,, and diffuse irradiance onto the horizontal G,; were used.
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——Measured power RefleC Calculated power RefleC (K_d_hem = K_b)
—— Measured power flat-plate subfield Calculated power flat-plates (K_d_hem = K_b)
Calculated power RefleC (K_d_hem isotropic) - - - Calculated power flat-plates (K_d_hem isotropic)

——Transversal incidence angle theta_t

Figure 5.15: Comparison of measured and calculated power of RefleC subfield 2 and flat-
plate subfield (both identical number of flat-plates) on Saturday, 21.08.2010. The harsh
drop in power output after 13:00 was due to a cloud passing by. For calculation variant
K4 nem = Ky, all hemispheric irradiance G, onto the aperture is considered to be beam

and weighted by Kj,; for variant K, ., isotropic, the beam irradiance on the tilted plane

Gy, is indicatively approximated from subtracting the measured horizontal diffuse G4
from the tilted hemispheric G;. This Gy, is then weighted with Kj,, while G4, is approxi-
mated by G, and weighted by the IAM for an isotropic collector hemisphere Ky pep,. The
analyzed time period is indicated in Figure 5.13 and Figure 5.14 as grey arrows.
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5.2 Monitoring Results

Analyzing the measured power output in Figure 5.15 shows that within the selected
time period the RefleC field had a significantly higher power output than the flat-plates.
This is due to lower thermal losses at high working temperatures, but also due to the
higher K, -values caused by the reflectors at beneficial transversal incidence angles ;.
Table 5.3 gives details on the subfield performances.

Table 5.3: Conditions and collector performance on Saturday, 21.08.2010.

* K, n  RefleC subfield
surplus yield
factor (absolute)

Time Gt k* fd** Tin Subfield Tout (:Iout**
[hh:mm] [W/m?*] [-] [-1 [°C] [°C] kw] [-] =1

Flat-plate 100.3 86 099 0.7
11:30 938 0.12 0.10 83.2 1.7
RefleC 99.3 140 125 0.75

Flat-plate 119.5 59 097 042
13:25 916 0.26 0.27 107.3 2.3
RefleC 1226 135 1.38 0.76

Flat-plate 116.8 33 096 0.24
13:50 797 0.19 0.19 1101 3.6
RefleC 1234 11.8 140 0.68
* fraction of diffuse on horizontal (horizontal diffuse S003 devided by horizontal hemispheric S002)
** fraction of diffuse on aperutre (indicative estimation; S003 devided by hemispheric on aperture S001)
*** measured power output

At 11:30, the mean fluid temperature was T =~ 92 °C in both fields. Gains and efficien-
cy of RefleC were higher, since 6, already caused a high value of K, and the fraction of
diffuse f; was low. The flat-plate subfield had also a high efficiency. At 13:25, the
higher working temperatures caused a decrease in efficiency of the flat-plate, while at
RefleC the increase in K;, compensated the higher thermal losses. Until 13:50, the irra-
diance onto the aperture had considerably decreased. But RefleC was at its maximal
IAM K, = 1.4 and thus still worked at very satisfying efficiency of n = 0.68. The flat-
plate efficiency collapsed, since lower irradiance and constantly high working tempera-
tures (Tr =~ 113 °C) highly increased the thermal losses. At these conditions, the power
output of RefleC was finally 3.6 times higher than that of the flat-plates.

The collector performance values used to calculate the power output are given in the
following. The thermal efficiency curves had been determined outdoor at the test la-
boratory. For the flat-plates, the curve measured at i = 35 kg/(m?h) was taken, while
for RefleC the curve measured at mh = 72 kg/(m?h) was used, since the curve at
35 kg/(m?h) had not been fully determined (cp. Figure 3.12, no deviation between
both mass flows measured for RefleC). The 1AM values for beam irradiance K}, of both
collectors are shown in Figure 5.14 (for RefleC, as stated above, a raytraced 3D-1AM
was used, accurately representing the trough closure reflector effects). The effective
thermal capacity of the flat-plates is ¢, r, = 4.696 kJ/(m?K). The factor Cesy IS relat-
ed to the aperture, but at RefleC and the reflectors are not thermally connected to their
receiver flat-plates. Because of that, the value c.sfr = Ceffrp/1.25 = 3.757 was used.
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Chapter 5: Pilot Plant

The day selected for the exemplary comparison between measured and calculated col-
lector field output in Figure 5.16 is one with high hemispherical irradiance and highly
anisotropic diffuse irradiance. The unshaded pyranometers shown in Figure 5.9 deter-
mine the hemispherical irradiance onto horizontal G and aperture G;. Measurement of
diffuse irradiance on the horizontal G, is done by the shadow band pyranometer and
thus less accurate. Neither a pyrheliometer, to determine the exact diffuse irradiance
onto horizontal and aperture (by subtracting G, from DNI-measurement from the re-
spective hemispherical values), nor an albedometer to distinguish between sky and
ground reflected diffuse irradiance onto the aperture was available.

Having in mind these limitations, two variants to calculate the power output for a com-
parison to the measured performance were applied. The variant “K; po, = K)p,” treats
all irradiance onto the aperture as if originating from sun direction. At the very high K-
values occurring within the investigated time period, this overestimates the influence of
diffuse. On the other hand, the measured G, accurately accounts for the diffuse irradi-
ance from sky and ground received by the collector. Furthermore, due to the high sky
anisotropy (cp. horizontal diffuse fraction k in Table 5.3) the major share of diffuse is
expected to be brightening around the sun. The variant “K .., isotropic” aims at
distinguishing between beam and diffuse. At the pilot plant, this in principle right inten-
tion has the drawback that the diffuse irradiance onto the aperture is not measured. The
simplification of using the inaccurately measured horizontal diffuse instead induces
very high uncertainties both for G4, and the G,; calculated with it. Since furthermore
the distribution of diffuse over the sky dome is not known, the common isotropic ap-
proach was taken for comparison to variant “K; pe,, = Kj,”. Therefore, for both collec-
tors the IAM for isotropic diffuse irradiance Kg ., from the whole collector hemi-
sphere was needed. For both, the identical values as from the energy gain simulations
were used. For the flat-plate, this is K per, = 0.82; for RefleC it is Ky per, = 0.66. As-
suming an endless RefleC trough slightly overestimates K, .., of the pilot plant, but the
raytraced 3D-1AM of the RefleC subfield 2 was only valid for the half collector hemi-
sphere with ¢ > 0° and could therefore not be used.

The first 15 min in Figure 5.15 are most suitable for the comparison because of the qua-
si-stationary conditions (almost constant irradiance and T, cp. Figure 5.13). For the

conditions of this time period, variant “K p.,, = K}, predicts the measured power
very accurately. At the flat-plates, the measured energy gain of this period is about
0.5 % below the calculated, while for RefleC the measured gain is 0.2 % above. When
the time frame is extended to unstationary operation, the deviations are slightly higher.
For the flat-plate, IAM values for the whole day are available, so a time period symmet-
ric around ¢ = 0° from 09:15 to 13:45 can be used. Here, the measured output is 2 %
below the calculated. For the RefleC subfield 2, where no full-day IAM values are
available, from 11:30 to 13:45 the measured output is even 2 % above the calculated.
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5.2 Monitoring Results

When applying variant “K .., isotropic”, at the flat-plates almost no difference in cal-
culated output compared to the other variant is observed. This is because at the flat-
plates the IAM values for beam and isotropic diffuse are not highly differing and the
fraction of diffuse is small (see f; and cp. K4 pemn = 0.82 t0 K}, in Table 5.3). Only at
13:25, because of the higher f;, the power calculated by variant “K ., isotropic” is
slightly below that calculated by “Kj p., = Kp”. For RefleC, there is a high deviation
between the variants. The undervaluation by “Kj p.n, isotropic” increases with increas-
ing f; and K;,. This is because K4 perm = 0.66 is highly differing from K;,, so the ac-
ceptance of diffuse is indeed highly influencing the calculated value.

The comparison of the raytracing simulations with measured 1AM values at the test la-
boratory under a very similar incidence angle had already indicated that the isotropic
approach significantly underestimates the contribution of diffuse to the output of RefleC
(cp. Figure 3.19). Having in mind the measurement uncertainties of the sensors at pilot
plant and test laboratory, but also the uncertainties of the raytracing simulations, the
calculated power correlates very well with the measured. Further considering that at the
pilot plant the uncertainties of the irradiance determination for calculation variant
“Ka nem isotropic” are identical for RefleC and the flat-plates, the presented comparison
between measured and calculated power confirms that the isotropic approach underes-
timates the power output of RefleC. Furthermore, the comparison shows that RefleC
and flat-plates work as theoretically expected also at a real installation.

Annual additional gains by the reflectors: Figure 5.16 gives a monthly overview on
the mean daily irradiance as well as specific flat-plate and RefleC gains of the whole
monitoring period. To calculate the additional gain by the reflectors as shown, the
measured monthly gross-energy gain of the RefleC subfield 2 was directly compared to
that of the flat-plate subfield. In summer 2011, the solar irradiance was low compared to
2010 due to bad weather periods (cp. e.g. variation for July). The additional gains show
a sinus-like characteristic — high and stable additional output is observed from April to
September. The additional gains in percentage terms mainly depend on the annual sun
path; they are fairly independent of the absolute irradiance. This is proved when com-
paring the additional gains in August, September and October 2010 to the almost identi-
cal values in 2011. The reflectors were installed on 9 July 2010, so the values given for
this month should not be compared to July 2011. In June and July 2011 the sinus-like
shape of the additional gains flattens a bit, since around noon 6, is often above 35°,
which leads to a decrease in K}, (i.e. the mirrors do not direct beam to the receiver but
reflect it back into the sky above the flat-plates).

To allow an indicative comparison between the annual performance of RefleC and its
flat-plate at the pilot plant, the reference year from 1 October 2010 to 30 September
2011 as defined above is used. At this comparison, for RefleC again only the measured
gains of subfield 2 are used since this subfield had its own mass flow sensor.
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Figure 5.16: Overview on the whole monitoring period of 16 months with irradiance,
specific gains of flat-plates and RefleC subfield 2 as well as monthly additional energy
gains due to the reflectors. In Dec. and Jan. the flat-plate subfield had higher absolute
gains than RefleC because of albedo and shading of the RefleC receiver flat-plates by the
front row. But since the absolute gains at this time were very low, these marginal “nega-
tive additional gains” are not displayed in the graph.

In the reference year, at field inlet temperatures T;, > 80 °C the measured cumulated
additional gross energy gains of the RefleC subfield 2 were 78 % higher than the gains
of the flat plate subfield. When all inlet temperatures are considered, RefleC was still
39 % better. Aperture-specific, these cumulated additional gains were 42 % at T, >
80 °C and 11 % over the whole year. A comparison of these measured gains to the an-
nual simulation results in chapter 4 is not admissible because of the following reasons:

e The simulations are valid for a typical meteorological year in Wirzburg with a
collector field orientated south; the monitored field is located in Marburg with
collector azimuth y = —21° and exposed to current weather and irradiance.

e The monitored flat-plate sub-field is not tilted for maximal energy gain (cp.
B = 55° at the pilot plant vs. optimized § = 32.5° in the simulations.

¢ In the simulations, the field was operated at constant mass flow and inlet tem-
peratures over the whole year and all positive gains were counted. At the pilot
plant, the inlet temperatures were highly variable and mass flow through the
field was only activated when a sufficient temperature lift was reached.

To conclude, the monitoring of the pilot plant proved the suitability of the RefleC con-
cept to significantly increase the energy output of double covered flat-plates at working
temperatures above 80 °C. The measured annual additional gains by the reflectors will
be lower for optimally orientated flat plates, but the detailed look into the monitoring
results above revealed that RefleC performs as theoretically expected.
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5.3 Economic Assessment of RefleC Boosters

The anisotropic simulations discussed above showed that the additional gain caused by
the RefleC booster reflectors is much higher than predicted by isotropic, state of the art
modelling (cp. Figure 4.15). This can be of high practical relevance for the ST industry,
because it positively influences the cost/performance ratio of the boosters.

Taking the anisotropically calculated booster gains into account, this section aims to
estimate up to which investment costs per unit reflector area boosters may be economi-
cally attractive for applications similar to the RefleC pilot plant. This estimation starts
from the expression of solar heat generation costs K;,; (VDI 2004, p. 66):

Kiny - fa + Kinain

KSOl = Q ; + Kop ( 53 )
SO

Therein, K;,,,, is the overall investment costs, f, is the annuity factor accounting for the
annual capital costs, Kp,q:n and K, are the annual maintenance and operational costs,

and Qg,; is the annual solar gains. The annuity factor f, is calculated from the capital
interest rate p and the service life T of the boosters (VDI 2004, p. 66):

_ @+p)Top

= Tap =1 (54)

fa

At the RefleC pilot plant, the reflectors are not cleaned and therefore do not cause addi-
tional operational or maintenance costs compared to a system of flat plate collectors
without reflectors. Thus, because only costs and gains related to the reflector shall be
analyzed, K,, and K;,,;, do not have to be considered and eq. 5.3 can be written as:

Ksol ' Qsol
fa

First, the additional annual gains by the booster reflectors Q.,; have to be quantified.
This must be the difference between an optimized system with double-covered flat-
plates and a system with RefleC collectors. It was discussed at the end of the last section
5.2.2 that the additional gains measured at the pilot plant do not represent this differ-
ence. But because the monitored system worked as theoretically expected, the simula-
tion results for RefleC 6 and LBM 4 GF can be used. These simulations revealed that
the absolute additional collector gain caused by the boosters depends on the location,
but is similar for both simulated inlet temperatures of 40 °C and 120 °C (cp. Figure 4.14
and Table 4.2). For the following assessment, it is assumed that these temperatures
mark the expected working temperature range of stationary collectors with boosters. It
is further assumed that the additional gains by the boosters are temperature-
independent, so that a mean value of the simulated additional gain can be used. This is
in Wiirzburg 126.0 kWh mg? a~* and in Seville 212.5 kWh mg? a~* (cp. Table 4.2).

Kiny = ( 5.5 )
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These values do not yet represent the useable heat Q,;, because the simulation results
in section 4.3.3 give only the collector gain and do not consider losses within a SPH
system. At the RefleC pilot plant, 70.4 % of the heat produced by the collector field was
transferred to the processes (cp. p. 134). This measured system efficiency accounts for
the whole spectrum of operation temperatures (30 °C up to 130 °C), for the losses
caused by the stagnation cooler, and for the non-optimized system control during the
first months. Although the system efficiency might be higher at larger SPH systems
with boosters, the value of the RefleC pilot plant is used here. Based on this conserva-
tive system efficiency and the simulation results, the calculated additional energy sup-
ply to the processes caused by the reflectors is in Wurzburg Q,,; = 88.7 kWh mf‘p2 a’l

and in Seville Q5 = 149.6 kWh mg? a™.

To calculate a minimal selling price for the reflectors by eq. 5.5, acceptable solar heat
generation costs K,; for the useful energy from the reflectors have to be estimated. Be-
cause the RefleC pilot plant is a laundry, conventional heating costs from the laundry
sector are used as a basis for comparison. Beeh and Hess (2014) collected data of 20
laundries, most of them located in Germany and having a gas-fired steam network.
When losses of 20 % for heat generation and distribution are taken into account, the
typical conventional heating costs at these laundries are about 0.06 EUR/KWh (Beeh
and Hess 2014, p. 13). As an example, the following assessment assumes that the appli-
cation of booster reflectors might be attractive if they generate useful solar heat at two
thirds of this price, i.e. K;,; = 0.04 EUR/KkWh. To estimate the capital costs, an interest
rate p = 4 % and a lifetime of the system of T = 20 years are assumed. With eq. 5.4
this results in an annuity factor of f = 0.0736.

From the estimations and framework conditions discussed above, the resulting invest-
ment costs K;,,, i.. the minimal selling price of the reflector for one m? of flat-plate
receiver aperture can be calculated by eq. 5.5. If the same framework conditions are
assumed for both locations, the result is for Wirzburg K;,,, = 48 EUR/mﬁp and for Se-
ville K;,,,, = 81 EUR/mgp. The RefleC collector as applied at the pilot plant uses the
flat-plate collector LBM 8 of Wagner & Co. Solartechnik with four glass panes as re-
ceiver. This flat-plate has an overall aperture area A,, = 8,15 m? and is equipped with
an overall reflector area of 12,57 m? (Kramp 2010).

The exemplary calculation above gives a minimal reflector price for Wirzburg of
K;n, = 31 EUR/m? (or 393 EUR per LBM 8 equipped) and for Seville of K;,,, =
53 EUR/m? (or 663 EUR per LBM 8). For the customer this would mean a static pay-
back period of approx. nine years (calculated from dividing the investment for the
boosters by the annually saved gas costs). It has to be stressed that other framework
conditions can result in highly different values. Especially the interest rate has a very
high impact on reflector price and amortization period.
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6 Conclusions and Perspectives

The findings of this work are summarized and discussed against the state
of the art. Suggestions for further research are made.

6.1 Low-Concentrating, Stationary Collectors

External reflectors can highly increase the gain of stationary ST collectors. Boosters
between collector rows offer better roof area utilization and acceptance for diffuse irra-
diance than reflectors on both the upper and lower sides of a collector. CPC reflectors
have a higher acceptance angle than flat reflectors. But when reflecting on flat-plates,
this advantage is partly compensated by lower transmittance of the reflected rays
through the cover(s). CPC reflectors also cause local concentration on the absorber.
This reduced the collector efficiency factor F” of the flat-plates tested. The booster of
RefleC approximates a half CPC by flat segments, which avoided this decrease.

Simulation results revealed that the RefleC booster increases the annual output of the
double-covered flat-plate in Wirzburg by 20 % at a constant inlet temperature of 40 °C
and by 87 % at an inlet of 120 °C. The absolute increase is largely temperature inde-
pendent. Simulating with a varying, anisotropic diffuse-1AM is considered to be essen-
tial for realistic modelling of instantaneous collector gains and for accurate assessment
of the cost-benefit ratio of stationary reflectors. Isotropic modelling undervalued the
additional gains from the RefleC booster by 40 % at 40 °C and by 20 % at 120 °C.

Accurate efficiency curve and IAM determination is of special importance for medium
temperature collectors. Extrapolation of an efficiency curve to values of AT /G higher
than tested overestimates the collector efficiency. Therefore, one operation point with
efficiency below 20 % is recommended for collector efficiency tests. The influence of
the 1AM on efficiency and annual gains increases with increasing thermal losses.

It was shown that the efficiency curve of a stationary collector with external reflector
can be estimated without measurements, when the efficiency curve of the collector and
raytracing of the receiver-booster combination are available, and when F” does not
change. This can be used to assess the effect of optimized external reflectors for existing
collectors by annual energy gain simulations. Thus, future work in this field could in-
clude theoretical assessments of the performance increase of e.g. standard evacuated
tube collectors or evacuated flat-plates due to optimized external booster reflectors.
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6.2 IAM for Beam and Diffuse Irradiance

Diffuse irradiance originates from the whole 180° hemisphere of a sloped ST collector,
except of a solid angle of approx. 6° diameter around the sun, from where pyrheliome-
ters detect beam. The diffuse radiance is not isotropic, and its anisotropy changes with
varying meteorological conditions. The influence of both the IAM for beam and diffuse
on efficiency and annual gain increases with increasing thermal losses, so accurate IAM
values are of increased relevance for medium temperature collectors.

Beam-1AM curves determined from steady-state outdoor-tests at hemispherical irradi-
ance are considered to describe the IAM of low-concentrating collectors sufficiently
within their concentrator acceptance angle, if the diffuse fractions during the test inter-
vals are similar. For irradiance from outside the acceptance angle or for highly different
diffuse fractions, “correction” of the diffuse influence as applied in this work is recom-
mended. Such a correction was shown under the simplifying assumption of isotropic
diffuse irradiance. A comparative correction calculation with diffuse-lIAM values that
may reflect the hemispheric anisotropy during the test led to the conclusion that the ac-
curacy of the correction could in the future be improved by considering this anisotropy.

A hemispheric, isotropic diffuse-IAM determined from steady-state outdoor-tests is
underestimating the annual diffuse utilization of all ST collectors. Quasi-dynamic tests
have not been performed in this work. Such tests identify the diffuse-IAM from meas-
ured collector output. Although this is also done assuming an isotropic hemisphere, the
identified diffuse-lIAM value is expected to better represent the annual diffuse utiliza-
tion of a collector, since its value also reflects the anisotropic irradiance during the test.

Considering the varying anisotropy of diffuse sky radiance in collector simulation mod-
els by a varying, anisotropically calculated diffuse-1AM is considered to be essential for
realistic modelling of instantaneous collector gains and for accurate assessment of the
cost-benefit ratio of stationary reflectors.

In future research, to determine beam and diffuse 1AM data from outdoor measure-
ments, a pyrheliometer and an albedometer should be applied. These two sensors allow
for accurately distinguishing between beam, sky diffuse, and ground reflected diffuse
irradiance onto the aperture. This makes instantaneous clearness index calculation pos-
sible, so that the sky radiance could be anisotropically distributed according to the
Brunger model. With this, the instantaneous 1AM of a collector for anisotropic diffuse
irradiance can be calculated as introduced in this work. Following the test value “cor-
rection” approach given, the contributions of the three irradiance components to the
measured output and thus the three IAMs of the separated irradiance components could
be determined iteratively from a set of incidence angles tested. Highest relevance is ex-
pected for stationary, incidence-angle selective collectors like RefleC.
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6.3 Simulation Model

Existing collector simulation models do not consider the effect of the varying anisotro-
py of diffuse irradiance on the diffuse-lAM. They calculate with a constant IAM for
isotropic diffuse irradiance. Furthermore, they all use one 1AM for diffuse irradiance
from the 180° collector hemisphere, not distinguishing between sky and ground.

In the TRNSY'S simulation software, the radiation processor considers the sky anisotro-
py e.g. by applying the Perez-Model to calculate irradiance on a tilted plane from
weather data files. But the radiation processor only gives the correct sum of the irradi-
ance, not its distribution. That is why existing collector models can not consider the
anisotropy of sky irradiance. The collector simulation model presented in this work cal-
culates separate IAMs for sky diffuse irradiance and ground reflected diffuse irradiance.
It uses the model of Brunger and Hooper to generate an anisotropic sky based on the
current fraction of diffuse and the clearness index. To calculate an anisotropic diffuse-
IAM for sky radiance, the model divides the sky into segments and weights their irradi-
ance with raytraced beam-1AM values for the individual incidence angles of these seg-
ments. This is done once per time step. The Brunger distribution is exclusively used to
calculate the diffuse-IAM for anisotropic sky irradiance. The IAM for diffuse ground
irradiance is calculated with an isotropic approach and is constant during the simulation.
The model is also capable of calculating a diffuse-IAM for an isotropic collector hemi-
sphere (state of the art) or separate isotropic diffuse IAMs for sky and ground irradi-
ance. The sums of sky and ground reflected diffuse irradiance onto the aperture are in-
put to the model and taken from the radiation processor as usual.

The model was applied to RefleC and its flat-plate receiver for constant inlet tempera-
tures of 40 °C and 120 °C in Wiirzburg and Seville. At the anisotropic calculation, in
Wiirzburg for RefleC a daily variation of the diffuse IAM of up to 25 % was observed.
Separate 1AM calculation for anisotropic sky and isotropic ground instead of the hemi-
spherical isotropic calculation resulted for RefleC at 40 °C inlet in 10 % increased annu-
al gains; at 120 °C the gains were 16 % higher. The flat-plate without reflectors showed
an increase of 3 % at 40 °C and 8 % at 120 °C. The undervaluation by isotropic model-
ling was reduced to about 6.5 % (for RefleC at 120 °C), when separate diffuse-1AMs for
sky and ground were calculated. In Seville, due to a lower diffuse fraction, the under-
valuation in percent was lower than in Wirzburg.

The results indicate that the diffuse-utilization of all non-focusing collectors is under-
valued by existing simulation models, when isotropic diffuse-IAMs calculated from
raytracing or steady-state tests are used. This is concluded from the irradiation diagram
shown and because underestimation was also found for the flat-plate, which is the least
incidence angle sensitive collector type. The optimal collector slope was not affected by
the anisotropic diffuse-1AM modelling, so current models are sufficient in this respect.
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In the future, the simulation comparison between annual output with constant isotropic
and varying anisotropic diffuse-IAMs should also be performed using isotropic diffuse-
IAM values from quasi-dynamic collector tests. In this case, the error of isotropic mod-
elling is expected to be smaller. Such comparisons for different common collector types
would allow assessing the individual relevance of anisotropic diffuse-IAM modelling.

The developed simulation model itself should be further improved. Currently, the spe-
cific fluid heat capacity is a constant parameter. Its temperature-dependency must be
included to compare simulated output temperatures to measured values accurately. The
annual output should be much less sensitive for this. Furthermore, the missing parame-
ters of the dynamic collector model of Perers could be implemented. The model has not
been validated yet, and also the reported differences between isotropic and anisotropic
modelling results were not determined independently, since the same model was used
for both. Future work should therefore first compare the different diffuse-IAM modes of
the new model to existing collector simulation models.

The simulations given in this work were only determined for constant collector inlet
temperatures and constant mass flow, and every positive gain was counted. Future
works should compare this simplified collector gain simulation to more realistic cases
by applying the new model for in simulations of complete ST systems.

For a real validation of the model, a setup as described at the end of the last section 6.2
is recommended. The measured irradiance and collector test data could be used as mod-
el-input, so that the modeled collector output temperatures could be compared to the
measured ones for the variety of sky radiance conditions covered by the Brunger model.

At RefleC and similar collectors, the undervaluation of the annual sky-diffuse utiliza-
tion by the isotropic IAM might be partly compensated by an overvaluation due to the
application of the simplified beam-IAM separation approach of Mcintire. This means
that it is possible that the undervaluation of real annual gains by the existing simulation
models might in reality be smaller than resulting from this work. So, future work should
determine the error of this separation approach for RefleC and other stationary collector
types by 3D-raytracing and annual simulations. The collector model presented is very
suitable for this purpose, since it can directly use a 3D-1AM.

The use of raytraced beam-IAM curves in energy gain simulations has a general limita-
tion. They only represent a collector’s IAM correctly, when the thermal loss mecha-
nisms do not change with the incidence angle. Such changes can e.g. be caused by a
varying F’ resulting from local concentrations varying with the incidence angle.

In the short term, the accuracy of standard simulation tools could be significantly in-
creased by implementing a separate calculation of constant isotropic diffuse-IAMs for
sky and ground, as documented in this work. Since such a calculation has to be done
only once per simulation, no effect on the simulation time of standard tools is expected.
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6.4 Pilot Plant

Process heat generation with the RefleC collector is demonstrated at a laundry in Ger-
many with an innovative, monitored ST system. The system supplies hot water for the
washing machines, boiler makeup-water, and boiler feed water. A trough of RefleC col-
lectors was directly compared to a row of double-covered flat-plates without reflectors.
For a reference year, the annual solar fraction of the system was determined to be
23.2 %, the solar loop utilization ratio was 40.9 %, and the system utilization ratio was
35 %. The system utilization ratio is particularly satisfying compared to other monitored
process heat systems. For future collector fields with booster reflectors, adaptive varia-
ble speed pumps are recommended to account for the very incidence angle dependent
power output and to avoid too high outlet temperatures.

Comparing all gains within the reference year at inlet temperatures above 80 °C, the
RefleC boosters increased the gain of the double-covered reference flat-plates by 78 %.
During the whole year, the gain of RefleC was 39 % above that of the double-covered
flat-plates. The basis of this comparison is a unit area of flat-plate receiver.

A comparison between measured and calculated collector output showed that the flat-
plate as well as the RefleC collector work as theoretically expected. For a representative
day with a clear sky, the calculated collector output of RefleC was significantly beyond
the measured, when a diffuse-IAM for an isotropic sky was used. Calculation with a
diffuse-IAM value increased to the beam-1AM (which is expected to be more realistic at
clear sky conditions) reproduced the measured collector output correctly.

During the monitoring sequence analyzed, the influence of the diffuse-IAM on the cal-
culated output of the flat-plate was low, because the values of beam- and diffuse-IAM
did not differ much. Thus, anisotropy effects on the flat-plate output could not be clear-
ly reproduced yet and might be within the measurement uncertainty range. But for Re-
fleC the comparison clearly indicates an undervaluation by the isotropic approach. For
the calculation of the RefleC output, a raytraced 3D-IAM was used, so that errors of the
Mclintire interpolation approach can be excluded.

For future monitoring projects with similar collectors, a dedicated analysis tool coupled
with a monitoring database is recommended. To effectively analyze the utilization of
diffuse irradiance by a collector from monitored data, a pyrheliometer and an albedome-
ter, as discussed in section 6.2 above, should be applied. While test stand measurements
only allow for a validation at certain irradiance situations and fluid temperatures, a clas-
sification of annually monitored data into intervals of operation temperatures and
Brunger distributions would allow for a comprehensive validation of the simulation
model discussed within this work.
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A Collector Variants
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A.2 Flat-plates
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B Collector Test Results

B.1 RefleC
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B.2 Flat-plates
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Efficiency Test Plots

1 T T T T T T T T T T T T T T T T

0.9 I eta 0 =0.729 ‘ ]
| ; | | a_(1a) = 1.996 Wmi2’K |

08 o ......................... ......................... ...................................... a_(za) ....... = 00128W/mA2*KA2 .......... -
j i j ‘ A = 4.380 m"2 ‘

o7k e .mp  =T2Kghm2 ]

’ i ; i Zeitraum = 05. Nov. 2007 - 05. Dez. 2008

06 |

05 -

04

03

Wirkungsgradn (Aperturflaeche)

02

0.1 |

0
-0.01 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15 0.16
(tm-ta) /G [Knf/W]

Figure B.1: Efficiency test results (outdoor, standard) of RefleC 1
at m = 72 kg/(m?h)
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Figure B.2: Efficiency test results (outdoor, MTTS) of RefleC 2 G
at rn = 300 kg/(coll - h)
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Figure B.3: Efficiency test results (outdoor, MTTS) of RefleC 2 GG
at m = 300 kg/(coll - h)

1 T T T T T T T T T T T T T T T
s | i | ‘ ‘ 1 fag :=1 790 W/(m K)
®osbk | @y =00054WKm*K? . |
5 ‘ ‘ ‘ ) =254 m? :
o] —— ‘mp = 185.6 kg/h i
A | S Mppe, =730 Kg/mPh) T
© {Zeitraum : 6.8.2009 bis 18.8.2009 i
8 06 | ,,lKommentar,,Outdoor—,,Messung, USSR
& 05
°
©
—
o 04 |
D
o
c
3 03 3
~
=
= 02 1
01 .
T SN N RN SN RN SN SN SN SN SN SN SN SO

0
-0.01 0 0.01 0.02 003 0.04 005 0.06 0.07 0.08 0.09 0.1 0.11 0.12 0.13 0.14 0.15 0.16
2
(t=t,)/G [Km?/W]

Figure B.4: Efficiency test results (outdoor, standard) of RefleC 5 V2
at m = 72 kg/(m?h)
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Figure B.5: Efficiency test results (outdoor, standard) of RefleC 5 V2
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Figure B.7: Efficiency test results (sun simulator, MTTS) of EURO C 20 AR
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Figure B.8: Efficiency test results (sun simulator, MTTS) of EURO C 20 AR GG
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C Raytracing Results
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Figure C.1: Raytraced IAM curves of the test samples R1 G, R2 G, R6 GF with end loss-
es. For comparison, also C20 G is shown. The longitudinal IAM curves of R1 G,

R2 G and R6 GF are symmetric within the longitudinal plane of 8, = [-90°; +90°]. To
improve the graph’s clarity, they were displayed for positive incidence angles only. The
transversal plane of RefleC is identical to that of the flat-plates (cp. Figure 2.8). Compar-
ing the longitudinal IAMs to that in Figure 2.38 shows the influence of the end losses.
R1 G and R6 GF have two glass-panes, R2 G only one.
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06 / / AL

os ) / i\
0.2 /\ / \\\
ST \

-90 -80 -70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 50 60 70 80 90
Longitudinal or transversal incidence angle 6,, 6, [ ° ]

IAM for beam irradiance K, [ -]

——RefleC_5 GF (trans) - RefleC_5 GF (long) —— Flat plate C20 GG (trans)
RefleC_2 GG (trans) RefleC_2 GG (long)

Figure C.2: Raytraced IAM curves of the test samples R2 GG and R5 GF with end losses.
For comparison, also C20 G is shown. The longitudinal IAM curves of R2 GG and R5
GF are symmetric within the longitudinal plane of 8, = [—90°; +90°]. To improve the
graph’s clarity, they were displayed for positive incidence angles only. The transversal

plane of RefleC is identical to that of the flat-plates (cp. Figure 2.8). Comparing the lon-
gitudinal IAMs to that in Figure 2.39 shows the influence of the end losses. Cy,, 0f R2
GG is higher, so the end losses are higher than at R5 GF.
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(a) Perspective view of the setup at 6, = 20° (b) 6, = 0°

©) 6, = 10° (d) 6, = 20°

(€) 6, = 30° (f) 6, = 40°

Figure C.3: Screenshots from transversal raytracing analysis of RefleC prototype R6 GF
(reflector approximated to acceptance half-angle 6, = 35°). Simplified setup in Opti-
CAD to illustrate the path of reflected rays and local concentrations on the absorber. The
radiant power onto the constant aperture area (projected area of flat-plate aperture and re-
flector, cp. (b)) is constant during the simulation. The resulting transversal IAM K, is to
be found in Figure 2.11.
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D Collector Simulation Model Type 154

D.1 Structural Overview
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Neon = EQ. D.17 OF e = 01 76(6) = 0

End

Figure D.1: Overview flow chart of TRNSYS Type 154 with its calculations per time
step. The numbers 100 to 400 refer to sections of the Fortran code which can be ad-
dressed by jump commands (cp. “Goto 400”). A list of inputs, parameters and outputs is
given in Appendix D.2. The modelling is discussed in Appendices D.3to D.7.
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D.2 Model Inputs, Parameters, Outputs and External Data

Table D.1: Input values of Type 154

Nr.  Symbol Unit Description Range Default
1 T; °C Inlet temperature [-273.15; o] 25
2 M kg/h Inlet mass flow (absolute) [0; 0] 72
3 T, °C Ambient temperature [-273.15; 0] 25
4 G kJ/(m?h)  Global irradiance (horizontal) [0; 0] 0
5 G, k]/(m?h)  Extraterrestrial irrad. (horizontal) [0; o] 0
6 G, kJ]/(m%h)  Beamiirrad. (horizontal) [0; o] 0
7 Gy kJ/(m?h)  Diffuse irrad. (horizontal) [0; 0] 0
8 Gyt kj]/(m%h)  Beamiirrad. (tilted plane) [0; o0] 0
9 Gyt kJ]/(m?h)  Diffuse irrad. from sky (tilted plane) [0; o] 0
10 Gt kJ]/(m?h)  Diffuse irrad. from ground (tilted plane) [0; o0] 0
11 B ° Collector slope [0;90] 0
12 y ° Collector azimuth [-180; +180] 0
13 6, ° Solar zenith angle [0; 180] 0
14 o ° Solar azimuth angle [-180; +180] 0
15 0 ° Solar incidence angle [0; 180] 0
Table D.2: Parameters of Type 154
Nr.  Symbol Unit Description Range Default
1 Neoll — Number of collectors (serial) [1;10] 1
2 Meon — Number of collectors (parallel) [1; o] 1
3 Agp m? Aperture area of one collector [0; 0] 2.521
4 Cpfl ]/ (kg K) Specific heat capacity of collector fluid [0; o] 4190
5 Mo — Collector conversion factor [0; 1] 0.695
6 ot W/(m2K)  Collector heat loss coefficient [0; oo] 2.119
7 Cy W/(m?K)  Collector heat loss coefficient [0; oo] 0.0073
8 Coy I/K Erfgeﬁ';i\ﬁutir&eégwnileﬁ%pacity (one collector [0; 0] 9503.4
9 Miong _ L\leggglr ?ilielongltudmal IAM values in [2; 00] 10
10 ngans _ ?X%Er::gglr ]E)Ill‘ etransversal IAM values in [2; 00] 19
11 Dpode - Mode to calculate IAM for diffuse [1;3] 1
R e
13 Kyman - 1AM for diffuse (manual input Mode 3) [0; oo] 0.647
14 LU_IAM - Logical unit IAM [10;999] 30
15 LU.a0 — Logical unit a0 [10;999] 31
16 LU.al — Logical unit al [10;999] 32
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Nr.  Symbol Unit Description Range Default
17  LU_a2 - Logical unit a2 [10;999] 33
18 LU_a3 - Logical unit a3 [10;999] 34
Table D.3: Output values of Type 154
Nr.  Symbol Unit Description Range Default
1 Tout °C Outlet temperature [-273.15; 0] 25
2 M kg/h Outlet mass flow (absolute) [0; 0] 72
3 Ouse w Thermal collector output [—o0; 0] 0
4 Neoll - Collector efficiency [0; 0] 0
5 10(0) - Collector conversion factor at 6 [0; 1] 0
6 Gusr  W/O) Clicinied by the Brunger Model | el 0
K, - IAM for beam irradiance [0; o] 1
K, — IAM for sky diffuse irradiance [0; o] 0.8
K, — IAM for ground reflected diffuse irrad. [0; o] 0.4
10 k - Fraction of diffuse irrad. (horizontal) [0;1] 0
11 k. - Atmospheric clearness index [0;1] 0
12 a, - Brunger coefficient a0 [—o0; 0] 0
13 a; - Brunger coefficient al [—o0; 0] 0
14 a, - Brunger coefficient a2 [—o0; 0] 0
15 as - Brunger coefficient a3 [—o0; 0] 0
16 1(6;, a3) - Function within Brunger model [0; o0] 0
17 0, ° Projection of 8 into longitudinal plane [—180; +180] 0
18 0, ° Projection of 6 into transversal plane [—180; +180] 0
19 Saved for later use
20 Saved for later use
21 Toutn °C Outlet temperature first collector (serial) [-273.15; o] 25
22 Tout2 °C Outlet temperature second collector (serial) [-273.15; 0] 25
23 Toue3 °C Outlet temperature third collector (serial) [-273.15; o] 25
24 Touta °C Outlet temperature fourth collector (serial) [-273.15; 0] 25
25 Tout s °C Outlet temperature fifth collector (serial) [-273.15; o] 25
26 Touts °C Outlet temperature sixth collector (serial) [-273.15; 0] 25
27 Tout,7 °C Outlet temperature seventh collector (serial)  [—273.15; o] 25
28 Touts °C Outlet temperature eighth collector (serial) [-273.15; 0] 25
29 Touto °C Outlet temperature ninth collector (serial) [-273.15; o] 25
30 Tourto °C Outlet temperature tenth collector (serial) [-273.15; o] 25
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Table D.4: External links of Type 154

Nr.  Description Default
1  Which file contains the values of IAM K},? —
2 Which file contains a0? a0.dat
3 Which file contains al? al.dat
4 Which file contains a2? a2.dat
5  Which file contains a3? a3.dat
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D.3 100 - IAM for beam irradiance K,

Input file: The IAM values of an investigated collector are provided to Type 154 for
TRNSYS in a tab-spaced text file. This file must be named “filename.dat” and must
have the following structure:

-90 -80 -72.5 ... 90 !n long longitudinal angle component of nodes
-90 -85 =80 ... 90 !n trans transversal angle component of nodes
Value 1 !i long =1 (-90); i trans =1 (-90)

Value 2 !i long =1 (-90); i trans = 2 (-85)

Value 3 !i long =1 (-90); i _trans = 2 (-72.5)

Value n_trans !i long =1 (-90); i trans = n_trans (90)
Value n_trans+l !i long = 2 (-80); i trans =1 (-90)

Value n trans*n long !i long = n_long (90); i trans = n_trans (90)

The first two rows contain the incidence angles 8, and 6, for which nodes with 1AM
values are contained in the file. Along both collector planes, values from [—90°; +90°]
have to be provided (regardless of the IAM type or shape, cp. section 3.2.2). They do
not have to be equidistant. The incidence angle conventions are shown in Figure 2.8 on
page 29. From the third row on, each row contains one node K, (ilong, itmns) for each
combination of the incidence angles listed in row one and two. Thus, the file allows for:

e biaxial, asymmetric shapes of K,
e athree-dimensional grid of node values K, (6;, 6;) (3D-IAM)

For convenience, the IAM files should be generated within a spreadsheet and then saved
as .dat-file. Within the spreadsheet, the values of K, (ilong, itmns) can be determined in
two ways:

e approximation by separation approach of Mclntire (Eq. 3.15)
(if only values Ky (ijong,0) and K (0, izrqns) are available)
e use of exact 3D-IAM from raytracing

Realization in Type 154: In case there is solar irradiance onto the aperture
(Go > 0.1 W/m? A G > 0.1 W/m?) and the sun is visible for the collector at the same
time (8 < m/2), K, is determined for the solar incidence angle components 8, and ;.

In TRNSYS, the programme DynamicData calls the file “filename.dat” and imports all
provided values Kj(ijong, icrans) iNto an array. The searched value K, (6, 6,) is then

linearly interpolated between the four nearest available nodes K, (ilong' itmns). Dynam-
icData is explained in (Klein et al. 2012b, pp. 7-98 to 7-100).
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D.4 200 - IAM for diffuse irradiance from the sky K

Via parameter D,,,, 4., the user selects one of the three variants to determine K. In Mode
1, K, is re-calculated every time step. Thus, it is the most time consuming mode.

210 - Mode 1 - Anisotropic Sky (Brunger): First, the horizontal diffuse irradiance
G4is distributed over the whole sky as shown in Figure 4.3 using the Brunger distribu-
tion. To generate this distribution, k and k, are calculated and classified into intervals,
so that the representative Brunger coefficients a; to a; can be imported from an external
file. This procedure is explained in App. D.5. With this, the function (6, a3) for the
Brunger model is calculated by Eq. 4.7. Then, the Brunger distribution L(6;, ¢5) (cp.
Eq. 4.3) can be generated. The sky radiance L(8y, ¢5,) of an infinitesimal sky element
dQ is located by its angle 8;, from the zenith and its azimuth angle ¢y,.

The approach for the following calculation of K can be understood when considering
the diffuse sky irradiance L (6;, ¢5,) as beam irradiance with a certain incidence angle
and weighting it with its individual 1AM K, (8, ¢) and individual cosine losses
cos (6, ¢y,). This is formulated in Eq. D.1 and D.2 (cp. Figure 4.3):

K = fQ Ky (6n, @1 - L (B, dp) - cos 0(0p, ¢p) df2
’ [ L (61 1) - c0s 0(6y, by) A2 (D.1)
with d2 = sin 6, d6;, d¢;,; for 6 [0;90°]

[27 17 Ky (00O ), 0O 1)) - L (B, ) - 05 6(6p, b1 - sin B, 6, depy

K, = -
fozn JZ L (6n, 1) - cos 8(Op, dy) - sin 6y, d6), depy, (D.2)

for 8 [0;90°]

The incidence angle of df2 on the collector is 8(6y, ¢1). The absorbed diffuse irradi-
ance from the visible collector hemisphere (6(6;, ¢) < 90°) in the numerator is the
integral of the irradiance of all visible sky elements d2 weighted with their individual
IAM K, (6}, ¢5) and their individual cosine losses cos 6 (6}, ¢,). Division by the over-
all sky diffuse irradiance onto the aperture gives the IAM for anisotropic diffuse irradi-
ance. The incidence angle 6(6y, ¢5) of df2 onto the collector aperture can be projected
into the collector planes 6,(6y, ¢y) and 6, (6;, ;) by Eq. 2.14 and 2.15, since the co-
ordinates of the sun (6, ¢5) and of d2 (6;, ¢;) have the same horizontal basis (zenith
and south direction). The width of df2 increases with sin 8, (cp. Figure 4.3). In Type
154, the integration of Eq. D.2 is solved numerically using the following equation:

n ng .
Ziflh Z]-:}ll Ky (60, 014j) - Lij(Onij dnij) - €08 0:;(Onijr Pnij) - Sin 6y ;00,0
s — n ng .
Zijf ijlli Lij(6nij» Pnij) - €0S 0:j(Opij Pnyij) - Sin O ;A0 Ay (D.3)
for 611 [0, 900]
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A model parameter A64;¢r, Which is a user input, defines A8, and A¢,, for the numerical
integration. The default angular width of one sky element is Afy;¢s = ABy, = Agy, = 5°.
For the integration, a double counting loop with the loop variables i and j is used, as
shown in Figure D.2. Note again that 8, and ¢, are coordinates of sky elements on a
horizontal basis (cp. Figure 4.3).

— AB 4; .
eh - R eh,ij = % + ([ - 1)A9diff d)h,ij = (l - 1)A9diff
j=1
Abaifr
ERyEY
; diff j ABuite [
; i=K
_____________ ] - neh l n¢h 1= 1 L= 2
__________________________ R b =0
on=0 v
(@) Numerical integration steps along 6, (b) Numerical integration steps along ¢,
(Tlgh = 18 for ABgifr = 50) (n¢h = 72 for ABsisr = 50)

Figure D.2: Numerical integration steps to calculate the IAM for diffuse irradiance from
the sky K. The coordinate system is based on the horizontal, i.e. the azimuth angles ¢,
are coincident with the horizontal plane, the angle 8, = 0 is the zenith perpendicular to
the horizontal. The calculation of 8, ;; and ¢y, ;; as shown ensures that the coordinates
represent the center of the considered sky element. Adapted from (Raucher 2009, p. 49).

The addition limits ng, and ng, are:

m
e, =75 ABgifr (D.4)

n¢h =n9h -4 (D5)

To calculate Eg. D.3, in every loop run (i.e. for every sky element considered) the fol-
lowing values are calculated chronologically:

e 0Oy and ¢y ;;, the spherical coordinates of sky element as shown in Figure D.2

e 0;,0:;and 6;;;, the incidence angles of the sky element onto the collector, are
calculated substituting 65 and ¢s by 6,;; and ¢,;; in Eq. 2.13 to 2.15.
If 6;; > 90°, the current loop run ends and the next is started.

e K, (6, 0,,;) as described in Appendix D.3

* ¥(8;,¢:i) byEq. 46
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o L(6n;j, ¢n;). i.e. the radiance of the sky element when the known horizontal
diffuse irradiance Gg, is distributed according to the Brunger Model by Eq. 3.31.

* K num= Ksnum + current numerator of Eq. D.3 (adding up the numerator)

® K gen= Ksaen + current denominator of Eq. D.3 (adding up the denominator)

The loop abortion criterion 6;; > 90° ensures that only the sky visible for the collector
aperture is considered. The numerical addition is performed along 6, ;; and ¢y, ;; until
the integration limits j = ng, and i = ng, are reached.

Finally, after all loop runs, the IAM for anisotropic sky diffuse irradiance is
Ks = Ks num / Ks,gen- The denominator from Eq. D.3 gives Gy g, i.e. the sky diffuse
irradiance calculated with the Brunger model from summing up the sky elements with
6;; < 90°. This value is only informative and used to calculate Kj; for calculation of the

collector output, always the current value of G,; from the weather data reader is used.

To conclude, anisotropic determination of K by Eq. D.3 in the way described needs
1296 loop runs per time step (18 runs in direction 6, and 72 in direction ¢;). This is
highly increasing the simulation time, so Af4;¢ and STEP must be chosen carefully.

220 — Mode 2 - Isotropic Sky: K; for an isotropic sky is independent of the actual ir-
radiance, it only depends on the Kj-values and on g. This allows for a major difference
compared to Mode 1: Its calculation is performed only once per simulation, within the
first time step. This is extremely reducing simulation time.

For convenience, Mode 2 follows the calculation procedure of Mode 1, solving Eq. D.3
as well. For the numerator and denominator, a constant value of Lij(eh,ij, ¢h,ij) =
1 W/(m?sr) is used, since the generation of the Brunger distribution can be omitted in
the isotropic case. The scan width is set to AB4ir = ABy, = Ay, = 2.5°, which results in
ng, = 36 and ng, = 144 (i.e. 5184 loop runs). Because of this high resolution, the val-
ue of K represents a collector’s acceptance for isotropic sky radiance very accurately, if
Kj,-values of high resolution are provided.

230 — Mode 3 — Manual Input for Collector Hemisphere: Mode 3 represents the sim-
plest case to account for a collector’s acceptance for diffuse irradiance. No difference
between G; and G, is made, so K, is independent of the collector orientation and thus
can be assigned to the collector as a constant parameter. In collector test reports, this
parameter is called K, the acceptance for irradiance from an isotropic collector hemi-
sphere.

Within Type 154, K; mqn IS an input value, which is only used when Mode 3 is active.
To assure the desired behaviour, in the first simulation time step it is set that K, = K, =
K4 man, SO the collector output calculations do not have to be changed.
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D.5 Brunger Coefficients

Input files: For each of the Brunger coefficients a,, a,, a, and as, an individual input
file “a0.dat”, “al.dat”, “a2.dat” and “a3.dat” must be placed in the same folder as the
simulated TRNSYS deck. These files contain the values of the Brunger coefficients
shown in Table 4.1 on page 103. The structure of the four files is identical to the exter-
nal IAM file. To give an example, “al.dat” looks like this:

0.05 0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 'k t
0.15 0.25 0.35 0.45 0.55 0.65 0.75 0.85 0.95 'k
0.3360 'k t =0,05 k =0,15

0.3417 'k t =0,05 k = 0,25

0.3162 'k t =0,05 k =0,35

0.3162 'k t =0,45 k = 0,35

0.2822 'k t = 0,45 k = 0,45

0.2816 'k t = 0,45 k = 0,55

0.2713 'k t =0,45 k = 0,65

0.2019 'k t =0,45 k = 0,75

0.2060 'k £t =0,85 k = 0,95

Brunger and Hooper provide 49 sets of coefficients. They are valid for all combinations
of k and k, which occurred during model calibration (Brunger and Hooper 1993, p. 56).
It is ensured that the simulation does not stop in the potentially rare case a combination
should occur, for which no coefficients are provided. Therefore, to generate the coeffi-
cient input files, the Brunger table was completely filled (81 sets). This was done by
inserting the nearest available coefficient set in k,-direction, when none was given (e.g.
the value 0.3360 in the third line above is originally given for k = 0.15 and k, =0.65).

Realization in Type 154: To read the coefficients out of these files, the same proce-
dure as for reading the K, -file (cp. section D.3) is used. Prior to that, the appropriate set
out of the 49 sets of coefficients is identified, i.e. the current k and k, are classified into
the Brunger categories by Eq. D.6 and D.7. The result is e.g. k = 0.45 := [0.4; 0.5[. To
achieve this, a rounding down-function resulting in the next smaller integer-value is
used in the following classification functions:

110 - k] + 0.5

k=—ar— (D.6)
|10 - k,] + 0.5

k, = T (D.7)

This classification before reading avoids that DynamicData interpolates the values to be
selected.
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D.6 300 - IAM for ground reflected diffuse K,

The part of the visible collector hemisphere located below the horizon is assumed to
have an isotropic radiance. Thus, K, is calculated similar to the isotropic K, (i.e similar
to Mode 2 in Appendix D.4). K, is as well independent of the current irradiance, it only
depends on the Kj,-values and on S. It is calculated once per simulation using the coor-
dinate system shown in Figure D.3.

4 i A6y ] X
On =0 Onij=5-— —( — 1DAG,
0p =0 / 0p =0
p=1\T T T A L="ngr
T 4 2.5°
2 2
)
4
i
__/
v
25 #=0
. T . ) "
, bnij =5+ +@-DAP,
ph=0N j=1
(@) Numerical integration steps along 6;, (b) Numerical integration step along 6;,
(ng; = 36, with A6, = /36) (ng; = m/App = 72, with Ay, = 2.5)

Figure D.3: Numerical integration steps to calculate the IAM for isotropic diffuse irradi-
ance from the ground K,.. The coordinate system is sloped by g from the horizontal,
i.e. it is based on the collector aperture. Its zenith angle 6;, = 0 is orientated normal to the
collector aperture and ¢, = 0 perpendicular to it. The orientation of zenith and azimuth
is the same as in Figure 4.3. The calculation of 6, ;; and ¢y, ;; as shown ensures that the
coordinates represent the center of the considered ground element. Adapted from

(Raucher 2009, p. 57).
Based on the considerations which resulted in Eq. D.3, K, is numerically integrated
using Eqg. D.8 below. In order to provide the same accuracy as the calculation of K with
Mode 2, the width of a considered ground element should be 2.5°. But since the basis of
the coordinate system depends on the user input £, which can be an odd number, it must
be ensured that in direction 6; the ground irradiance is represented by equal, integer
segments, covering exactly 65, [90°;,90° — B]. This is realized by setting the integration
steps to ng; = 36 and ng: = 72. The orientation of zenith and azimuth is the same as in

Fig. 4. For the numerical integration, the angular width is set to A¢; = 2.5° (72 seg-
ments) and A@;, = /36 (maximum 2.5° for 8 = 90°).
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n(b* "o}, * * : * * *
Zioy Xj-1 Ky(6¢j,61,i) - c0s 0;5 (601, ;) - sin Oy, 1,00, Ay,
= nd)* Ng* B . ] . . .
Tt 2].:’; cos 0;; (6 i, 1) - sin 6y, ;A0 Ay, (D.8)

T
for 9;;_'1']' [0, 900]

With the coordinate system of Figure D.3 the incidence angle of a ground element is:

0ij = On,ij (D.9)
Its transversal and longitudinal components are calculated according to Eq. 2.17 and
2.18 as follows:

0., = —tan '[tan 6 - cos ¢y, ;] v 6, € 1-90;4+90[ (D.10)

6,;; = —tan '[tan @}, ;; - sing; ;] V0, € 1-90; +90[ (D.11)

To calculate K,- from numerically integrating Eq. D.8, in every loop run (i.e. for every
ground element considered), the following values are determined chronologically:

e 05, and ¢} ;;, the spherical coordinates of sky element as shown in Figure D.3
e 0;,0.;and 6,;; according to Eq. D.9to D.11

* K,(6j,0,,;) as described in Appendix D.3

* K um= Krnum + current numerator of Eq. D.8 (summing up the numerator)

® K gen= K; gen + current denominator of Eq. D.8 (summing up the denominator)

A loop abortion criterion 6;; > 90° is not necessary, since the calculation of 6;;; and
¢n,; already ensures that only radiance from the hemispheric segment covered by the
ground is considered. After all 2592 loop runs, the 1AM for isotropic diffuse irradiance
from the ground is K, = Ky num / Kr.den-
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D.7 400 - Outlet Temperature, Energy Gain, Efficiency and Stagnation
Temperature

Thermally, Type 154 allows for calculation of the outlet temperature T,,,; of up to ten
serially connected collectors (n.,; = [1; 10]). An unlimited number of collectors can
be connected in parallel (m.,; = [1; o]). Optically, the model does not account for any
interference between collectors or collector rows (shading, reflections).

Following the flow chart in Figure D.1, the first check of every time step is if the specif-
ic mass flow rate through the collector field 71 < 0.1 kg/(m?h). If this is the case, the
stagnation temperature of the collector field Ty, is calculated (discussed later below).
If not, the outlet temperatures T,,,.; of the collectors in series and the field outlet tem-
perature T,,,; are calculated. From equating Eq. 3.1 and Eq. 3.12 we get:
.- . dr

m:Cprr- (Tout — Tin) = Qgain — Ceff d_tf (D.12)
The change of the arithmetic mean fluid temperature T with the overall thermal capaci-
ty of the collector ¢, can for finite time steps At be described as:

Tout + Tin _ _
ar, 5 Ty (t — Aty (D.13)

~

dt At

Solving equation D.12 for T,,,; gives:

1 Cppi Tin — 21{ Tm+qgam eff ‘Tr(t = Ab)

(D.14)

Tour =

Ceff
m- Cpfl+2At

The specific solar gains g4, calculated by Eq. 3.9 depend on the mean fluid tempera-
ture T in the current time step, while T,,,, of the current time step depends on the mean

fluid temperature of the last step T¢(t — At), as seen from Eqg. D.14. Thus, the calcula-

tion of T,,,; IS an iterative process and it takes a few steps, until realistic collector per-
formance is reached.

The outlet temperatures T,,,.; of n.,, serially connected collectors are calculated at
every time step by a loop with the loop variable i. At the start of a simulation, the start-
ing fluid temperature for the loop Tf g4 IS Set to 25 °C and the collector inlet tempera-

ture for the loop calculation Ty, is set to the field inlet temperature T;,,. Within a time
step, the loop runs until i > n,; as follows:

®  {gain, IS calculated for Tf g4, DY Eq. 3.9
o Toue is calculated for Ty s¢qr¢ Y EQ. D.14 USING Gggin,

i Tf,end = (Tout,i + Tin,l)/2
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® Tfstare = Tfena (Mean fluid temperature for next loop run, i.e. for next serial
collector)
o Tini = Toue,; (inlet temperature for next loop run, i.e. for next serial collector)

Herein, only T,,,; are model output values. The other variables mentioned are exclu-
sively used within the loop calculations. After i > n.,;; is reached, i.e. the outlet tem-
peratures T, ; Of up to 10 serially connected collectors are calculated, the field outlet
temperature is set to the outlet temperature of the last collector To; = Touen,,,- NOW
the useful field output Q,., conversion efficiency n,(6) and the overall efficiency of
the field n.,;; considering optical and thermal losses can be calculated:

Quse =M- Cpfl” (Tout — Tin) (D.15)

th ' Kb (91, Ht) + Gst : Ks + Grt : Kr
Gpe + Ggp + Gy

M0(8) =1m0(61,60) = 1o - (D.16)

Quse
(th + Gst + Grt) ' Aap *Meoyr ncoll)

Ncott = (D.17)

Herein, M is the overall absolute mass flow rate of the field.

In the case of m < 0.1 kg/(m?h), i.e. in case of no mass flow, the collector field stag-
nation temperature T4, has to be determined. For this purpose, the collector field out-
let temperature T,,; is calculated with the same loop described above, but independent
of how many collectors are connected serially. In stagnation mode, a defined specific
mass flow of n = 0.1 kg/(m?h) is used, and the number of loop runs is set to i = 10.
At the end, it is set Tsqq = Toyue10- The 10 collectors in series and the selected mass
flow ensure that mathematically 7,.,;; = 0 is reached before the 10" collector is reached,
so that T,,.; cannot increase further and indeed the output of the last collector is the
stagnation temperature.

If the collector field outlet temperature is below inlet or the irradiance on the tilted plane
is below G, < 0.1 W/m? or in case of m < 0.1kg/(m?h), Quse, 10(8), and n.,y; are
set zero.
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E Monitoring Scheme and Results
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Figure E.1: Monthly system energies calculated from monitoring (July to October 2010).
Collector gains logged from 03.07.10, all other energies from 06.07.10. Reflectors in-
stalled on 09.07.10. For 15./16.07.10 no gains counted because of system tests. Solar loop
pipes insulated from 22.07.10. Frequent changes of control parameters. Usually winter
mode, summer mode with feed water discharge rarely activated on Mondays (manually).
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Figure E.2: Monthly system energies calculated from monitoring (Nov. 2010 to Feb.
2011). From 27.10.10 to 10.02.11 the collector pump was only started at AT = 45 K be-
tween coll. outlet and storage bottom (pump off at AT = 40 K). From 01.11.10 discharge

to make-up water was prioritized among the low-temperature loads; discharge to the
washing machines storage only activated at buffer storage top temperatures above Ty, >
50 °C. In November 2010 the process-supply was higher than the heat transferred to the

buffers. This is due to the fact that there is heat transfer from the indoor air (approx. 30 °C
at working hours) to the buffer storage water. From 11.02.11 on, normal operation with
collector pump on at AT = 4 K, pump off at AT = 2 K. Exclusively winter mode.
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Figure E.3: Monthly system energies calculated from monitoring (March to June 2011).
On 21.04 a defect of a cap valve occurred at the solar station. Thus, from 21.04. to
24.06.11 the max. temperature Ts¢, ;mqy OF all buffers was limited to 95 °C (before prima-
ry 115 °C, secondary 110 °C), and the turn-on threshold of the heat rejector was de-
creased from 125 °C down to Ty, rx = 100 °C (increased heat rejector losses). On
24.06.11 the defect cap valve was replaced and the old control parameters were restored.
Exclusively winter mode.
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Figure E.4: Monthly system energies calculated from monitoring (July to Oct. 2011). On
19.07.11 the bottom of the buffer storages has been insulated, which reduced storage
losses (especially in summer mode). From 25.06.11 to 24.08.11 exclusively winter mode
because of bad weather conditions. From 25.08. to 19.09. exclusively summer mode. On
31.08. the switchover threshold of the secondary was changed finally from 50 °C to 60 °C
(secondaries are charged higher to also effectively support the washing machines). From
20.09.11 winter mode. On 28.10.11 the monitoring system was removed.
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