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Abstract

Polymeric solar thermal flat plate collectors promise lower costs compared to conventional,
metal-based ones. However, due to their specific material properties (i.e. thermal con-
ductivity, pressure and temperature resistance), they not only require a special absorber
structure but also adjustments on the surrounding architecture of the solar thermal sys-
tem. In this context, so called drain back systems can make a meaningful contribution,
as the setup of such systems complement the material characteristics of polymeric solar
thermal flat plate collectors.

This thesis aims for a determination of the heat generation costs of drain back systems
with polymeric flat plate collectors for application in single-family homes. In contrast
to approaches described in scientific literature, which mainly utilise pre-fabricated, semi-
finished components (e.g. twin-wall or honeycomb plates) to build polymeric absorbers for
solar thermal collectors, a novel manufacturing process called Twin-Sheet-Thermoforming
was chosen for producing polymeric absorbers. Based on these polymeric absorbers, dif-
ferent collector prototypes were set up and tested regarding their efficiency. Subsequently,
these collector prototypes were implemented into a drain back system to determine both
the collector’s as well as the system’s behaviour under real operation conditions. Based
on the collector tests and the system measurements, a simulation model was developed
which is able to predict the annual performance of a drain back system with polymeric
solar thermal flat plate collectors. By means of the simulation model, the energy savings
were determined. Together with the system costs (i.e. investment and operation costs),
the heat generation costs of such drain back systems with polymeric flat plate collectors
were evaluated.

The results indicate that drain back systems with polymeric solar thermal flat plate col-
lectors can provide heat at competitive costs with respect to systems equipped with metal-
based solar flat plate collectors. Extending the application of polymeric materials to other
system components (i.e. the heat storage, pipes etc.) can yield further cost savings. Drain
back systems with polymeric collectors can therefore make a meaningful contribution to-
wards lower heat generation costs and subsequently to a further dissemination of solar
thermal systems.
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1 Background and Introduction

On December 12" 2015, the global community agreed on limiting the worldwide temperature
increase to not more than 2°C with regard to pre-industrial times (United Nations, 2015,
p. 2). In order to achieve this objective, it is necessary to reduce greenhouse gas emissions.
A significant portion of these greenhouse gases is emitted while generating electricity and
heat (Intergovernmental Panel on Climate Change, 2014, p. 9). It is therefore necessary to
find cleaner ways to meet these basic needs using renewable energies. The increasing per
capita energy demand as well as the increasing world population are additional challenges to
achieve this goal. By 2040, the world energy demand will amount to 7.48 x 10?° J (British
Petrol, 2019). Given today’s level (5.66 x 10?° J), this corresponds to an increase of almost
32 %",

Figure 1.1 shows the energy demand of Germany according to sectors and end uses. Most of
the energy is in the form of heat and occurs within the sectors private households, trade /
commerce / service and industry. As the energy demand is approximately equally distributed
over these sectors, the data shows that the largest energy demand in Germany is required
in the form of low temperature heat for space heating and domestic hot water (DHW)
preparation. To provide this energy demand, low-emission techniques for generating heat
efficiently are of major importance to reach the goals of the Paris Agreement.

Private households
2,429.5PJ

Trade / Commerce / Services
1,443.2PJ

Transport
2,755.5PJ

Industry
2,700.4PJ

0 10 20 30 40 50 60 70 80 90 100
Share in %

I Space heating 1 DHW [ Process heat and cold Il Air conditioning
3 Mechanical energy BBl ICT [ Lightning

Figure 1.1: Energy demand in Germany by sectors (Data source: Bundesministerium fiir
Wirtschaft und Energie, 2019, table 7a, 7b). DHW = Domestic Hot Water, ICT
= Information and Communication Technology.

Heat can be generated by several renewable energy sources. Solar thermal systems convert
the energy transmitted by the sun into heat for purposes such as DHW preparation or space
heating in private households. This is particularly advantageous, as the annual amount of
energy delivered by the sun (3.9 x 10** J, Quaschning, 2015, p. 36) is more than 5,000 times

1 British Petrol (2019) states a total energy of 13,511.17 x 10° toe in the year 2017. In the year 2040, the
study assumes 17,865.82 x 106 toe as the worldwide, total energy consumption. 1toe=4.19 x 10'°J.
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the projected worldwide energy demand for the year 2035. This fact clearly demonstrates
the enormous potential of solar energy and illustrates the necessity of sustainable and robust
solutions for utilising this source of energy. Although the sun provides energy free of charge,
solar thermal systems accounted for only 1.2% in 2013 (Mauthner, Weiss and Spork-Diir,
2015, p. 6) of the heat supply of buildings due to their relatively high heat generation costs.
Available solar thermal systems compete both with conventional (i.e. coal, gas, oil etc.) and
renewable (geothermal, heat pumps, PV) energy resources. To increase the market share of
solar thermal systems, the heat generation costs must therefore be reduced. As the costs of
solar thermal systems for private household application depend on numerous parameters (e.g.
size of the collector array, type of the collectors, location of the building, year of construction,
number of inhabitants etc.), the heat generation costs found in the literature vary widely from
7.5€-Ct/(kWh) to 62€-Ct/(kW h) (Peuser, Remmers and Schnauss, 2002, p. 319; Eicker,
2012, p. 94; Kaltschmitt, 2013, pp. 243; Bundesverband Solarwirtschaft e.V., 2012, pp. 61).
In comparison, the costs for heat generated by fossil fuels range between 13€-Ct/(kW h)
and 35.6€-Ct/(kW h) in case of condensing oil boilers and between 10.5€-Ct/(kW h) and
32.3€-Ct/(kWh) in case of condensing gas boilers (Kaltschmitt, 2013, pp. 41). These
figures illustrate that the heat generation costs of solar thermal systems for application
in households are still relatively high and have to be further reduced in order to become
competitive with fossil energy sources.

New materials can play an important role in achieving this goal, as they can contribute to
both cost reductions and / or increases in efficiency for solar thermal systems. For example,
polymeric materials, which are widely successful in various sectors including automotive,
construction, and packaging industry, appear as suitable candidates. Polymers offer several
advantages due to their positive engineering properties including low weight, freedom of
design, and a broad range of manufacturing techniques. In addition, polymers allow for
automated production processes, offering potential for reduced manufacturing costs. (Frick
et al., 2014, p. 44)

Collector array

Installation

Miscellaneous

Solar station
with controller

Storage with
heat exchanger

Figure 1.2: Cost distribution of small solar thermal systems (i.e. investment costs ranging
between 4,000 € and 5,000€) (Data source: Eicker, 2012, pp. 93).

As the collector array represents the largest system cost (cf. figure 1.2), several studies have
focused on utilising plastics for solar thermal collectors (Reiter et al., 2014; Frick et al.,
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2014). However, the application of polymeric FPCs in solar thermal systems is challenging,
as standard plastics are typically unable to resist the high pressure and temperatures that
typically occur during operation of solar thermal systems. Therefore, a new, holistic system
approach is necessary.

1.1 Conventional Solar Thermal Systems and Drain Back
Systems

Figure 1.3 shows the setup of a conventional solar thermal system. As soon as the temper-
ature sensor, connected to the solar thermal collector array, detects a higher temperature
compared to the heat storage (1), the solar controller (2) switches on the pump 3). Accord-
ing to Quaschning (2015, p. 105-106), typical (specific) volume flow rates for solar thermal
systems range between 81/(hm?) and 251/(hm?) (low flow systems) and between 301/(h m?)
and 801/(hm?) (high flow systems). Due to the incident irradiation on the collector (4), the
heat transfer fluid (HTF) temperature increases while flowing through the collector. An
expansion vessel and a safety valve (5) prevent damage from the system in case of high
pressure.

Figure 1.3: Setup of a conventional solar thermal system. (1) = heat storage, (2) = solar
controller, (3) = solar pump, (4) = collector array, (5) = safety armatures.



1 Background and Introduction

A well-known problem of solar thermal systems is stagnation, a condition in which the HTF
(usually a water-glycol mixture) evaporates. This occurs when a system has a completely
charged heat storage tank while high solar irradiation is still present. The pump in the col-
lector loop is switched off, causing the heat transfer from the HTF to come to a standstill.
The evaporation of the HTF causes high pressure inside the collector, which is especially in
combination with a high temperature load critical for polymeric collectors. Loads on metal-
based absorbers caused by stagnation are not critical in general. Polymer-based absorbers
usually have a volumetric channel structure to allow for an ideal heat transfer between ab-
sorber surface and fluid. However, such a volumetric, typically non-circular-shaped structure
has a lower pressure resistance. This can be attributed to the fact that the resulting pres-
sure within the system affects a larger surface area compared to a conventional, metal-based
collector. Another disadvantage of closed systems is the degradation of the HTF (better
known as 'cracking’) which necessitates regular inspections to ensure freezing resistance and
adequate fluid volume of the liquid. These problems can be overcome with the open, un-
pressurised architecture of a drain back system (DBS) (cf. figure 1.4).

Figure 1.4: Working principle of a DBS. Left: Operating mode. Right: Idle mode. (I) = heat
storage, (2) = solar controller, (3) = solar pump, (4) = collector array, (§) = drain
back volume.

During normal operation (cf. figure 1.4, left), a pump @) circulates the HTF through a
collector array (4). Afterwards, the HTF flows into a drain back volume (5), before the heat
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is transferred into the storage tank (I). As soon as the solar controller (2) switches off the
pump @) (cf. figure 1.4, right), the solar circuit comes to a standstill. Subsequently, the
fluid inside the collector array (4) drains into the drain back volume (5) due to gravity and
ambient pressure.

The DBS setup has several advantages over a conventional setup: Primarily, it does not
require an anti-freeze liquid, because the HTF (in this case water) remains in the drain back
vessel when not in operation. Moreover, water has more advantageous fluid properties (e.g.
heat capacity, viscosity) compared to a water-glycol mixture. The specific heat capacity of
water with cy-c = 4.19kJ/(kg K) (Verein Deutscher Ingenieure, 2010, p. 155) is about 10 %
higher than the specific heat capacity of a 38 % water-glycol mixture (cy-c = 3.77kJ/(kg K),
Verein Deutscher Ingenieure, 2010, p. 449). Due to the kinematic viscosity, the necessary
pumping energy for the circulation of the HTF in case of water (ns-:c = 1.00 x 1073 Pas,
Verein Deutscher Ingenieure, 2010, p. 157) is significantly lower compared to a 38 % water-
glycol mixture (ng.c = 4.56 x 1073 Pas, Verein Deutscher Ingenieure, 2010, p. 449). The
unpressurised system configuration allows for an utilisation of volumetric absorbers as well as
cost-efficient plastic pipes. Due to the special design, essential components that are needed
within conventional systems (e.g. expansion vessel, bleeder valve etc.) can be eliminated.
However, a DBS also has disadvantages. The most important is the increased installation
effort, which results from the fact that a proper inclination (typically > 10 mm/m, cf. section
2.2.2) of the pipes must be guaranteed in order to prevent any “water pockets”?. A detailed
overview of the advantages and disadvantages of DBSs will be given in section 2.2.2.

1.2 Research Question and Methodology

In contrast to previous and current research approaches within the solar thermal sector,
which mainly deal with improvements on collector level, this study aims for a holistic de-
termination of the heat generation costs of solar thermal DBSs with polymeric FPCs in the
context of single family homes. Here, the advantages of polymers and the system character-
istics of DBSs perfectly complement each other. The overarching research question of this
thesis addresses the issue whether DBSs with polymeric solar thermal FPCs can be a cost-
competitive alternative to conventional solar thermal systems. To answer this question, the
heat generation costs of such polymer-based DBS have to be determined and evaluated (cf.
figure 1.5, lowest entry). Therefore, two important factors have to be determined. Besides
investment, operating and maintenance cost, the thermal efficiency of each system has to be

identified.

The evaluated literature (cf. chapter 2) reveals typical dimensions and properties of poly-
meric FPCs. This information is taken into account for the development of a new setup of
a polymeric solar thermal FPC. In contrast to polymeric absorbers described in scientific
publications, typically utilising semi-finished components (e.g twin-wall sheets, pipes etc.), a
modern processing procedure was used for fabricating cost-effective, polymeric absorbers.

2 In case of a discontinuous inclination, residual water remains within the pipes during draining.
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These absorbers are the basis for the development
of collector prototypes, which were built-up and
subsequently tested regarding their solar thermal
efficiency (cf. chapter 3). The determined collec-
tor efficiencies were compared with data available
from scientific literature. To also determine the col-
lector efficiency of polymeric solar thermal FPCs
that have not been tested experimentally, a suitable
physical collector model was developed (cf. chap-
ter 4). The previously measured values serve as a
basis for validating the collector model. In addi-
tion to the solar thermal efficiency, typical temper-
atures (during operation and in case of stagnation)
were evaluated. Therefore, a typical solar thermal
DBS was developed and built-up (cf. chapter 5), in-
cluding the developed collector prototypes. Infor-
mation available from scientific publications (e.g.
inclination and diameter of the pipes, control al-
gorithms, size of collector array etc.) was taken
into account during planning of the system test.
The measured data are also used for validating the
aforementioned collector model in case of dynamic,
fluctuating boundary conditions. In the next step,
a system simulation model was developed (cf. chap-
ter 6). In this context, the measurement data ob-
tained from the tested DBS was used to validate

Literature Review
(Chapter 2)

A

Experimental Analysis
on Component Level
(Chapter 3)

Collector Simulation
(Chapter 4)

Experimental Analysis
on System Level
(Chapter 5)

v v

Simulation on
System Level
(Chapter 6)

Economic Evaluation
(Chapter 7)

Determination of the
heat generation costs

Figure 1.5: Research methodology.

the simulation model. The collector prototype’s efficiency (determined in chapter 3) was in-
corporated into the model to precisely predict the solar thermal yield of the tested collector
array. After validating the simulation model, it was used to predict the annual solar thermal
yield of a DBS with polymeric solar thermal FPCs. In this context, the influence of the solar
thermal system’s architecture as well as its location were evaluated. The aim of chapter 7 is
the determination of heat generation costs for the investigated types of DBSs with polymeric
solar thermal FPCs. Therefore, both the costs and the annual energetic yield of each system
(determined in chapter 6) were evaluated.

The most relevant outcomes of this thesis are summarised subsequently:

e Conception and metrological analysis of different polymeric solar thermal FPC proto-
types regarding their efficiency,

e Measurement- and simulation-based evaluation of polymeric solar thermal FPCs’s be-
haviour in case of operation and stagnation within DBSs,

e Determination of heat generation costs for DBSs with polymeric solar thermal FPCs.
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In this chapter, the current state of research is presented. As there is hardly any literature

regarding solar thermal DBSs with polymeric FPCs available, this review focuses both on
solar thermal FPCs and on DBSs.

2.1 Collectors

Solar thermal collectors convert the solar radiation emitted by the sun into heat. They have
been subject to scientific research for a long time. Hottel and Woertz (1942) were the first
who performed detailed experimental studies regarding the performance of solar thermal
FPCs (Duffie and Beckman, 2013, p. 287). Since then, solar thermal collectors have been
further developed and are currently used to provide heat for numerous applications (i.e.
DHW preparation, space heating / cooling, industrial process heat generation, solar thermal
power plants etc.) and temperature ranges (Kalogirou, 2004). Worldwide, FPCs account
for 22 %, whereas evacuated tube collectors (ETCs)? represent the majority (71 %) of solar
thermal collectors (Mauthner, Weiss and Spork-Diir, 2015, p. 7). In Europe, however, FPCs
account for 85 % of all solar thermal collectors (Mauthner, Weiss and Spork-Diir, 2015, p.
7).

2.1.1 Efficiency of a Solar Thermal Collector

Figure 2.1 provides an overview of the heat transfer mechanisms which are present at a
solar thermal FPC in case of steady-state conditions. The incoming solar irradiation hits
the glazing (1) and is divided into several parts. Depending on the optical properties of the
glazing, most of the irradiation (e.g. 90 %) can pass through the glazing. Another portion
of the irradiation (e.g. 8%) is reflected at the glazing, whereas the rest (e.g. 2%) gets
absorbed by the glazing, which yields a temperature increase of the glazing. According to
the law of conservation of energy, the portions of transmitted (7), reflected (p) and absorbed
(c) irradiation add up to one. (Quaschning, 2015, p. 115)

The transmitted part of the solar irradiation that hits the absorber (3) gets absorbed and is
partly reflected back to the glazing. The absorbed irradiation is converted into heat, which
is conducted to the HTF flowing through the channels of the absorber. Heat losses of the
collector are caused by convection, conduction and radiation. While natural convection is
present in the air gap (2) between glazing and absorber, both natural and forced convection
(e.g. due to wind) cause heat losses at the glazing, the backside (5) and the casing ().
Conductive and radiative heat losses occur if the FPC’s temperature is higher than the
ambient temperature.

3 Compared to FPCs, ETCs can typically provide higher temperatures and are therefore used for residential

or industrial applications with a high-temperature heat demand.
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Figure 2.1: Heat transfer mechanisms at a solar thermal collector according to Kaltschmitt
(2013, p. 186): Solar radiation (), Solar radiation, reflected (- +), Solar radi-
ation, absorbed (- +), Conduction (—), Convection + Conduction (—), Heat
radiation (—). (@) = glazing, (2) = air gap, (3) = absorber, (4) = backside
insulation, (5) = backside, (6) = side.
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The solar thermal collector’s ability to convert irradiation into heat can be expressed by the
solar thermal efficiency 7. It describes the ratio between utilised thermal output Q. and
incident irradiation @, (cf. equation 2.1):

Qout A- [I T — UL : (TAbs - TAmb)] TAbs - TAmb
— ot —roa- Uy DA T SAmb 2.1
Ui 0 i T-a—Up 7 (2.1)

m

n = Efficiency of the collector
A = Collector surface area in m?
I = Trradiation in W/m?

T = Transmittance of the glazing
«

= Absorption of the absorber

UL = Overall collector heat loss coefficient in W/(m?K)
T aps = Absorber temperature in K
T amb = Ambient temperature in K

The term 7 - a represents the optical efficiency of the solar thermal collector and is denoted
by 719. The second term of equation 2.1 represents the thermal losses of the collector to
the environment. As the temperature distribution over the absorber area is not constant,
the determination of T4 requires a significant amount of measurement data. Therefore,
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the absorber temperature is expressed as an average temperature difference between the
collector inlet and outlet and the collector efficiency factor F’. (Eicker, 2012, p. 97)

T ean_Tm
n:F/'T'Oé_F/‘UL'M—Ab

! (2.2)
T ean — TAm .
= oy — F/ - U - 24T 7 ’
where:
n = Efficiency of the collector
M0,cff = Optical efficiency of the collector
F’ = Collector efficiency factor
UL = Overall collector heat loss coefficient in W/(m?*K)
Thican = Average absorber temperature in K
Tamb = Ambient temperature in K

As the overall collector heat loss coefficient Uy, is temperature dependent, a linear relation
between Uy, and the temperature difference is assumed (cf. equation 2.3) (Eicker, 2012, p.
97).

F'. UL =a; —az- (TMean - TAmb) (23)
where:
a = Y-intercept in W/(m?K)
as = Slope in W/(m? K?)
Threan = Average absorber temperature in K
T Armb = Ambient temperature in K

Inserting equation 2.3 into equation 2.2 yields the correlation between collector efficiency
and temperature difference AT

TM ean — TAmb
I

o TMecm - TAmb (TMecm - jjAmb)2
_nO,eff_al'f_GQ' Ji

N ="MN0eff — [al —az- (TMean - TAmb)] :
(2.4)

The efficiency curve of a single glazed flat plat collector is shown in figure 2.2. Depending on
its purpose, the working range of a solar thermal collector varies (e.g.
0.02Km?/W - 0.06 Km?/W for DHW preparation, cf. figure 2.2). Eicker (2012, pp. 97-98),
Kaltschmitt (2013, p. 201) and Kalogirou (2004, p. 266) provide an detailed overview of
different collectors, their specific efficiency curves and working ranges.
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Figure 2.2: Efficiency curve of a single glazed FPC.

If Thiean = Tamp (i.e. intersection of the efficiency curve with the y-axis), no thermal losses
are present. Therefore, only optical losses (due to the optical properties of the glazing
and the absorption properties of the absorber) limit the maximum efficiency of the FPC
(Mmaz = Moeff). With increasing collector temperature, the thermal losses become more
important. At the intersection of the efficiency curve with the x-axis (i.e. 7 = 0), the
maximum temperature (also called stagnation temperature) is reached. The efficiency of
FPCs can be increased by various measures, such as novel absorber materials and designs
(e.g. bionic absorber structures) (Hermann, 2012), special coatings (Zhang et al., 2017) and
many others. However, the purpose of any solar thermal system is to minimise the heat
generation costs, therefore it can be advantageous to use less efficient collectors if their costs
are significantly lower (Duffie and Beckman, 2013, p. 238).

2.1.2 Polymeric Materials for Solar Thermal Collectors

Figure 2.3 (left) shows a sectional view of a typical FPC with a metallic absorber, commonly
made of copper or aluminium (Kalogirou, 2004, p. 243). Due to their high thermal conduc-
tivity (Aawminium = 222 W/(mK), Acopper = 388 W/(m K), Callister and Rethwisch, 2020, p.
A22), a variety of processing techniques (such as welding, soldering etc.) and semi-finished
products (e.g. pipes, metal sheets etc.), these materials are well suited for applications in
solar thermal collectors. The applicability of polymers as a suitable material for collector
components has been investigated over the past few years. Figure 2.3 (right) shows a sec-
tional view of a FPC with a polymeric absorber. Compared to the design of the metal-based
absorber, a polymeric absorber typically has rectangular flow channels instead of tubular
riser pipes.

10
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Figure 2.3: Setup of conventional vs. polymeric solar thermal FPC. Left: Conventional FPC
with metal absorber made of circular riser pipes bonded to a fin-shaped absorber-
sheet. Right: Flat plate collector with polymeric absorber made of volumetric
riser channels. A HTF enters the collector and flows into the first header tube /
manifold (1). Here, the flow gets separated into several risers (2). The purpose
of these risers is to conduct the heat absorbed by the absorber (3) to the HTF.
Afterwards, the separate flows converge at the second header tube (4). An insula-
tion (5) minimises the heat loses towards the backside (6). An air gap (7) between
the absorber and a transparent glazing reduces the heat losses towards the
front side. All parts are enclosed by a casing (9).

Table 2.1: Costs and mechanical properties of commonly used polymeric materials compared
to metals. Cysq: = material costs, p = density, £ = Young’s modulus, ¥ = Poisson’s
ratio, 0 = yield stress. Cost information according to Callister and Rethwisch
(2020, pp. A33-A35), mechanical properties according to Callister and Rethwisch
(2020, pp. A3-A15). Empty cells indicate that there is no information available.

Cuyat in €/kg! p in kg/m? Ein GPa v o in MPa

=z Aluminium  0.68 — 2.70 2,710 69 0.33 34

g'- Copper 5.86 — 9.01 8,500 115 0.33 96

7  Stainl. Steel 1.35 - 3.88 8,000 193 0.30 205
LDPE 0.90 — 2.48 923 0.17-0.28 0.33-0.40 9-15
HDPE 0.81 - 2.39 959 1.08 0.46 26 — 33
PMMA 0.72 -3.24 1,190 224 -324 037-044 54-73

- PP 0.63 — 2.34 905 1.14 - 1.55 0.40 3137

= PS 0.72 — 2.66 1,050 2.28 -3.28 0.33 25 - 69

(.BD PVC 0.72 — 2.30 1,300 - 1,580 2.41 —4.14 0.38 41 — 45

g

* PBT 0.81 - 2.75 1,340 1.93 - 3.00 57 — 60
pPC 0.72 - 4.78 1,200 2.38 0.36 62
PET 0.63 — 2.16 1,350 2.76 —4.14 0.33 59
PEEK 90.13 -252.37 1,310 1.10 91

L Callister and Rethwisch (2020) specified the raw material costs in $/kg (data collected in January 2015).
1€ = 1.11$ (average exchange rate in 2015) (European Central Bank, 2020).

11
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Table 2.2: Thermal properties of commonly used polymeric materials compared to metals.
Tsr / Trr = short / long term operating temperature in °C, A = thermal heat
conductivity, ¢ = heat capacity, § = coefficient of thermal expansion. Operating
temperature information according to Verein Deutscher Ingenieure (2010, p. 567),
thermal properties according to Callister and Rethwisch (2020, pp. A21-A26).
Empty cells indicate that there is no information available.

Tsr in°C  Tprin°C AinW/(mK) cinJ/(kgK) gin107%1/K

= Aluminium 222 0.90 24
% Copper 338 0.39 17
& Stainl. Steel 16 0.50 17
LDPE 70 — 80 60 — 80 0.33 2.30 180 — 400
HDPE 90 — 120 60 — 80 0.48 1.85 106 — 198
PMMA 85 — 100 60 — 90 0.17 - 0.25 1.46 90 — 162
~ PP 140 80 — 100 0.12 1.93 146 — 180
% PS 60 — 80 50 — 70 0.13 1.17 90 — 150
CBD PVC 80 70 0.15-0.21 1.05 - 1.46 90 — 180
=
? PBT 0.18 - 0.29 1.17 - 2.30 108 — 171
PC 135 100 — 120 0.20 0.84 122
PET 0.15 1.17 117
PEEK 72 — 85

On the one hand, this particular design allows for a better conversion of the incident irra-
diation into heat, as the normal thermal resistance of the rectangular riser pipes is lower
compared to the in-plane thermal resistance of an absorber sheet. On the other hand,
volumetric absorbers in combination with polymeric materials are of major importance to
compensate the lower heat conductivity (App = 0.12W/(mK), Callister and Rethwisch,
2020, p. A23) of these materials. While such a design can theoretically also be realised with
metals, the production costs would be higher compared to polymers. According to Bonnet
(2014, p. 72), polymers can be divided into three groups: Standard plastics (e.g. LDPE,
HDPE, PMMA, PP) can resist temperatures up to 100°C (cf. table 2.2) and cost between
2€/kg and 2€/kg. Engineering plastics (e.g. PA, PC, PBT, PPO) are able to withstand
temperatures up to 150°C and cost between 2.50€ /kg and 3.50€/kg. High-performance
plastics (e.g. PES, PEEK) can resist temperatures above 150 °C with prices ranging be-
tween 5 € /kg and 20 € /kg (and above). An overview of commonly used polymeric materials
for solar thermal applications together with their material costs and properties in comparison
to metals is shown in tables 2.1 and 2.2. Due to the variety of polymers and their man-
ufacturing techniques, different setups of polymeric collectors have been discussed in the
scientific literature. Subsequently, an overview of various aspects regarding such collectors
will be given.

12
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2.1.3 Scientific Investigation of Polymeric Solar Thermal Collectors

Martinopoulos et al. (2010) determined the efficiency of a polymeric solar thermal collector
(absorber surface = 1.252m?) both experimentally and by means of a computational fluid
dynamics (CFD) simulation. For the absorber, a transparent, UV-stabilised, honeycombed,
10 mm thick plate made of PC was used (cf. figure 2.4, left). The rear insulation also con-
sisted of a honeycombed, 10 mm thick sheet of PC. Here, a special nano-gel was used to limit
the heat losses to 0.018 W/(m?K). The glazing was made of a UV-stabilised, transparent,
3 mm thick plate of PC*. A circumferential, 30 mm thick PUR-insulation minimised the heat
losses to the side of the collector (A = 0.03 W/(m? K)). Black coloured water was used as the
HTF. The results showed a considerable accordance between the measured and simulated
values. The maximum efficiency of the investigated prototype was around 64 %. The (linear)
curve of thermal efficiency is shown in figure 2.5 (black curve).

The previously validated CFD-model of Martinopoulos et al. (2010) was the basis for the
work of Missirlis et al. (2014), who investigated the influence of different manifold con-
figurations to the collector efficiency. The highest efficiencies could be determined for a
configuration where both the inlet and outlet pipes are aligned to the orientation of the
extruded riser channels of the absorber. This setup yields a more uniform flow and tem-
perature distribution compared to other configurations, resulting in lower heat losses and a
higher efficiency, respectively. The (linear) curve of thermal efficiency for this arrangement
of inlet and outlet is shown in figure 2.5 (blue curve).

Ariyawiriyanan et al. (2013) investigated the efficiency of five different, unglazed polymeric
collectors. Three absorbers (made of PVC-B, PB and PP-R) had the same aperture arca
of 1.3m?, while the remaining absorbers (made of PVC-CB) had different aperture areas
(1.8m? and 2.0m?, respectively). The authors showed a relation between the thermal heat
conductance of the absorber material and the collector efficiency. Furthermore, a dependency
between the size of collector and its efficiency was found. The curve of the most efficient
polymeric collector is shown in figure 2.5 (grey curve). The maximum efficiency of this
prototype was 50 %.

Mintsa Do Ango, Medale and Abid (2013) performed CFD simulations of a polymeric solar
thermal collector with a 4 mm-thick absorber made of PC. The 0.2m-wide collector was
glazed with a transparent PC cover on the frontside. On the backside, a 30 mm-thick insula-
tion made of glass wool minimised the heat losses to the ambient. The authors investigated
the influence of several parameters on the efficiency of the collector. The study showed that
there is no relation between the length of the collector and its efficiency. This result con-
trasts with the study of Ariyawiriyanan et al. (2013), who found a dependency between the
area of a collector and its efficiency. Mintsa Do Ango, Medale and Abid (2013) identified
an optimal thickness of the air gap between the glazing and absorber (which is 10 mm).
Furthermore, the authors identified a correlation between the mass flow rate and the FPC’s
efficiency: Increasing the mass flow rate leads to a lower temperature difference between the
collector’s inlet and outlet and hence, ceteris paribus, to lower heat losses / a higher collector
efficiency.

4 The absorber plate, the backside insulation as well as the frontside glazing were made from LEXAN®, a

transparent PC material.
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Figure 2.4: Polymeric collectors described in scientific papers. Left: Transparent polymeric
collector prototype by Martinopoulos et al. (2010, p. 1508) filled with black
coloured water as a HTF. The photograph shows an unequal flow distribution in-
side the absorber structure. Right: Photorealistic representation of the SolarNor
collector described by Sandnes and Rekstad (2002, p. 64). The detail shows the
riser channels of the absorber filled with ceramic granulate.

Cristofari et al. (2002) developed a simulation model to identify the influence of several pa-
rameters (insulation thickness, mass flow rate and fluid layer thickness) on the efficiency of
a solar thermal collector with a PP absorber based on a 10 mm-thick twin-wall plate. For
the insulation thickness, the authors identified optimal values between 20 mm and 30 mm.
Furthermore, they proposed that the ideal fluid layer should be < 10 mm. Based on a system
simulation, Cristofari et al. (2002) report an ideal mass flow rate of 2.65 x 1072 kg/(m?s).
Compared to the volume of the storage tank (V' = 1501), this equals an hourly 12 % ex-
change of the storage’s volume. The authors estimate the costs for a 2m? collector to be
approximately €54 /m?5

Chen et al. (2015) utilised the concept of a twin-wall plate as basis for a polymeric absorber.
The investigated PC absorber had an absorber area of 1.16 m? and an overall thickness of
8mm. A 16 mm air gap is present between the absorber and the 4 mm-thick glazing made
of PC (twin-wall plate). In order to minimise the heat losses at the backside, a 20 mm
poly-foam insulation was used. In their study, the authors report about the disadvantages
which came along with the utilisation of twin-wall plates. Due to different thermal expan-
sion factors between the extruded absorber plate and the header tubes, leakages can occur
at high temperatures. Another aspect of this study dealt with the coating of the absorber.
As transparent twin-wall plates were used as an absorber, the authors investigated the ap-
plication of a black coating both on the top and on bottom surface of the twin-wall plate.
In the first case, the incoming irradiation hits the black top surface where it gets converted
into heat and conducted through the twin-wall plate into the collector fluid. In the second
case, the sun rays hit the upper side of the absorber (where they get partly absorbed) and
pass through the transparent collector fluid. The light is absorbed on the lower side of the
twin-wall plate and converted into heat. By comparing the solar thermal yields of both
concepts, the authors report that there is no significant difference between both concepts.
The (linear) curve of thermal efficiency is shown in figure 2.5 (green curve).

5 Cristofari et al. (2002) specified costs of $51/m?. 1€ = 0.95$ (average exchange rate in 2002) (European
Central Bank, 2020).
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Sandnes and Rekstad (2002) performed experimental investigations on a PV/T collector®
(absorber area = 0.48m?). A twin-wall plate made of a modified PPO was used as an
absorber. The individual channels of the twin-wall plate were filled with a ceramic granulate
in order to increase the heat transfer between the absorber and the HTF (cf. 2.4, right). The
authors used a 4 mm-thick front cover made of glass (7 =~ 0.9) at a distance of 12mm from
the absorber. The HTF was pumped to the upper header tube, where it flowed downwards
the absorber due to gravitational force. The (linear) curve of thermal efficiency of the tested
collector (pure solar thermal without PV) is shown in figure 2.5 (orange curve).
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Figure 2.5: Linear efficiency curves of scientifically investigated polymeric collectors according
to ASHRAE 93-1986 (pp. 11-12). In contrast to European testing standards (cf.
section 3.3), the American standard ASHRAE 93-1986 neglects the non-linear
heat losses of solar thermal FPCs (cf. equation 2.4, last term). The resulting
efficiency curve can therefore mathematically be described as a linear function.
Although the second-order polynomial formulation of the European standards
EN ISO 9806:2013 / DIN EN 12975-2:2006 allows for a more precise description of
a solar thermal FPC’s efficiency, the straight-line equation provided by ASHRAE
93-1986 can be found much more frequently in scientific publications.

Kim et al. (2016) investigated the utilisation of carbon nanotubes (CNT) in a solar thermal
collector with an absorber made of PC. Due to the high thermal conductivity of CNT
(Aent = 2,000W/(mK) - 6,000W/(mK)) and a very high aspect ratio (i.e. the ratio
between a CNT’s length to its diameter), even small amounts of this material (> 1.5%)
can have a positive effect on the heat conductivity of polymeric absorbers. The authors
compared the efficiency of both a polymeric solar thermal collector with and without a
2 %-concentration of CNT. Measurements with a solar simulator revealed a 2.5 times higher

6 A PV/T collector is a combination of a PV-module and a solar thermal FPC and is therefore able
to provide both electricity and heat. By circulating a HTF through an absorber-structure mounted
to the backside of a PV-module, the thermal losses of the PV-module can by utilised (e.g. for DHW
preparation or space heating). At the same time, the electricity production is increased due to lower
operating temperature of the PV-module.
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maximum efficiency of the CNT-impregnated absorber compared to the absorber without
CNT. Furthermore, the absorptivity of the investigated PC absorber filled with CNT was
more than three times higher compared to the absorber without CNT. The authors also
investigated the influence of the absorber length to the efficiency of the collector. The result
indicates a lower efficiency for longer absorbers, which can be attributed to a higher mean
temperature of the longer absorber, resulting in higher heat losses. The (linear) curve of
thermal efficiency is shown in figure 2.5 (ivory curve).

2.1.4 Commercially Available Polymeric Solar Thermal Collectors

The application of polymeric materials in the solar thermal energy sector has already been
successfully demonstrated. Most often, single components are replaced by polymers in order
to utilise their advantages. A typical application area of polymeric collectors is the prepara-
tion of hot water for swimming pools. In case of such unglazed collectors, the pool water is
directly pumped through the absorber without a heat exchanger. For this reason, the mate-
rials used for the absorbers must resist potential additives (e.g. chlorine) of the pool water.
The maximum achievable collector temperatures for unglazed pool absorbers range between
20°C and 30°C (depending on the area of the collector array and the environmental condi-
tions). As the system is open to the atmosphere, the maximum pressure is usually limited
to 1.2bar — 1.5 bar (K&hl, Meir and Papillon, 2013, p. 221). Due to the comparatively low
pressure and temperature in case of stagnation, commodity plastics (e.g. UV-resistant PP,
PVC, PE and EPDM) are suitable materials for unglazed pool heating absorbers. To prevent
frost damage on the absorbers, they must be emptied or disassembled during winter. Pool
heating absorbers are either rigid, volumetric (cf. figure 2.6, left) or flexible, mat-shaped
structures (cf. figure 2.6, right).

Figure 2.6: Unglazed polymeric collectors for pool heating. Left: OKU® absorber with inte-
grated header tube (Oku Obermaier GmbH, 2018). Right: SunStar pool heating
absorber (UMA Solar, 2016).

In addition to the pool heating absorbers described above, some solar thermal FPCs with
polymeric absorbers are commercially available for hot water preparation and space heating.
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The One Sun One World solar collector has a gross collector area of 0.95m? and uses
a honeycomb-structure as absorber. This structure is welded with two header tubes and
enables a volumetric flow throughout the absorber. The frame of this collector consists
of several welded plastic parts. A special characteristic of this collector is a transparent
honeycomb-matrix between the absorber and the glazing (cf. figure 2.7, left, pos. 38).

Figure 2.7: One Sun One World solar collector. Left: Exploded assembly drawing (Buchinger
and Barek, 2015, fig. 8). Right: Photo-realistic representation (Internationales
Design Zentrum Berlin e. V., 2015).

Hollands (1965) was the first one who investigated the utilisation of honeycomb-structures
to reduce convective heat losses. A further advantage of that matrix is the support of the
3mm thick glazing. The same type of honeycomb-structure is used behind the absorber (cf.
figure 2.7, left, pos. 39) to minimise the heat losses to the environment. A photorealistic
image of the One Sun One World solar collector is shown in figure 2.7 (right). The collector
efficiency curve of the One Sun One World collector was determined according to EN ISO
9806:2013 and is shown in figure 2.10 (black curve).

Figure 2.8: Fco Flare 3M collector. Left: General view. Right: Detailed view of the clasp
(Sessler, Waisman and Plaschkes, 2011, fig. 1 and 5).

The absorber of the Eco Flare 3M collector (absorber area = 2.25m?) consists of numerous
polymeric pipes (cf. figure 2.8, right, pos. 16). These pipes are arranged in a special clasp
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(cf. figure 2.8, right, pos. 34) and connect both manifolds, which have a rectangular cross-
section (cf. figure 2.8, left, pos. 12 and 14). The collector efficiency curve of this collector was
determined according to DIN EN 12975-2:2006 and is shown in figure 2.10 (blue curve).

The Norwegian manufacturer Aventa AS uses an extruded twin-wall plate made of PPS as
an absorber (Rekstad, 2012). A special feature of this collector (surface area = 2.65m?) is
the arrangement of hydraulic connections, which are both located at the lower part of the
absorber (cf. figure 2.9, top right, pos. 51 and 52). A twin-wall plate made of PC is used as
the cover (cf. figure 2.9, bottom right). The distance between the cover, absorber and the
backside insulation (mineral wool) is ensured by suitable aluminium profiles. The efficiency
curve of the collector was determined according to DIN EN 12975-2:2006 and is shown in
figure 2.10 (orange curve).

Figure 2.9: Aventa AS collector. Left: Top view (Rekstad, 2012, fig. 7). Right (top): Detail
view (Rekstad, 2012, fig. 8). Right (bottom): Cutaway model of the collector
(Aventa AS, 2016).

2.1.5 Overheat Protection

The main challenges for polymeric collectors are both high temperatures and pressures which
occur during operation. In this context, many research activities aim for a temperature
limitation of the collector. Typical stagnation temperatures for conventional, metal-based
FPCs range from 150 °C to 300 °C, depending on the type of coating (Duffie and Beckman,
2013, p. 311). According to Gladen, Davidson and Mantell (2014, p. 43), overheating-
protection measures can be classified in two categories: Measures of the first category try
to restrict the maximum temperature of the collector by increasing the thermal losses (e.g.
by using a cooling agent, venting the collector, utilising evaporative cooling mechanisms or
reducing the insulation thickness). Approaches associated to the second category aim for a
decrease of the incident radiation to the absorber.
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Figure 2.10: Efficiency curves of commercially available polymeric collectors (data source:
DIN CERTO, 2015, DIN CERTO, 2011 and DIN CERTO, 2014). The efficiency
of the One Sun One World solar collector was determined according to EN ISO
9806:2013, the efficiency of the Eco Flare 3M and Aventa AS according to DIN
EN 12975-2:2006. To compare the efficiency curves determined according to
different standards, the parameters 79, a; and ao were scaled by the ratio of the
aperture surface area to the gross collector area in the case of the Eco Flare 3SM
and Aventa AS collectors.

In order to assess the maximum temperatures, which arise during operation, Piekarczyk
et al. (2016) performed long-term measurements of polymeric collectors at three different
locations: Dessert Negev (Israel), Gran Canaria (Spain) and Freiburg (Germany). The
absorbers made of PP or PPS (fabricated from an extruded twin-wall plate) had a mineral
wool backside insulation and transparent frontside glazing (also an extruded twin-wall plate).
All parts were integrated into an aluminium frame. For more than 200 days, temperatures
were recorded at different locations of the polymeric collectors. The maximum absorber
temperatures at Freiburg were ranging between 120°C and 130°C. Within the monitored
period, these temperatures occurred between 50 h and 100 h. For the investigated material,
an absorber temperature of 85°C was considered as a critical temperature. Temperatures
>85 °C were recorded in 15 % (Freiburg), 16 % (Gran Canaria) and 27 % (Dessert Negev) of
the cases.

In order to limit the maximum collector temperature, Kearney, Davidson and Mantell (2005)
investigated how air vents at different positions affect the maximum temperature of a poly-
meric collector. Such air vents can be operated either actively (e.g. with actuator motors)
or passively (e.g. by utilising shape memory alloy springs, Kessentini et al., 2014) and can
be regarded as overheating-protection measure of category I. Depending on the location of
the air vent, the authors detected a decrease in the maximum collector temperature ranging
between 26 °C and 31 °C. The study also investigated the usage of a wetted pad (which is in
contact with the absorber) in combination with venting. In this case, a temperature decrease
of 79°C could be observed. Taking into account the maximum temperature of 149 °C of the
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investigated collector, only the application of a wetted pad in combination with venting
will drop the temperature below the maximum operating temperature of commonly used
plastics.

Hintringer, Richtfeld and Hauer (2014) as well as Thiir, Neyer and Streicher (2014) investi-
gated the behaviour of a heat exchanger which is placed behind (and outside) a polymeric
solar thermal collector (i.e. overheating-protection measure of category I). During normal
operation, this collector acts like a conventional solar thermal collector. In case of stagna-
tion, a valve bypasses the hot water to the heat exchanger behind the absorber. Here, the
heat is emitted to the environment. As a consequence, the HTF will be cooled and prevents
the collector from overheating. The heat carrier circulates due to the thermosiphonic effect
until the valve switches back to normal operation.

Thermotropic layers for limiting the maximum temperature of polymeric absorbers were
investigated extensively by Wallner, Resch and Hausner (2008), Resch, Wallner and Hausner
(2009) and Gladen, Davidson and Mantell (2015). These layers have the ability to switch
from a transparent state to an opaque state at a certain temperature. Their behaviour can
be regarded as an overheating protection measure of category II.

A further approach for limiting the incident irradiation (i.e. overheating protection measure
of category II) is the utilisation of prismatic structures (Slaman and Griessen, 2009), which
can be incorporated into the glazing. In case of direct irradiation, which causes the highest
temperature loads to the collector, the light rays are reflected by the prismatic structure.
In case of oblique incident irradiation, the energy emitted by the sun can pass through the
prismatic structure and is absorbed.

2.1.6 Summary

An overview of polymeric collectors described in scientific publications is shown in table 2.3.
The scientific publications presented above show that a lot of research has been performed
on collector level. Most studies aimed for an improved collector efficiency, trying to identify
the most influencing parameters. All concepts utilise pre-fabricated, semi-finished compo-
nents (e.g. twin-wall or honeycombed plates) to build polymeric absorbers for solar thermal
collectors. This approach was adopted by the few manufacturers of commercially available
polymeric collectors. The utilisation of semi-finished components has several advantages: As
they are widely used across many industries, twin-wall plates are fabricated on a large scale.
Furthermore, manufacturers of polymeric solar thermal FPCs can buy these components as
supply parts. Both facts yield low costs for such semi-finished components.

On the other hand, the usage of twin-wall plates for solar thermal applications is limited.
Several steps are necessary in order to transform such a twin-wall plate into a fully functional
absorber, requiring substantial effort by additional components and services for manufacture
and assemblage. As mentioned by Chen et al. (2015), merging other polymeric parts to a
twin-wall plate may cause leakage at higher temperatures due to different coefficients of
thermal expansion. Even more steps are necessary to transform such a polymeric absorber
into a solar thermal collector.
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Although the commercially available collectors use polymeric materials, they are not fully
taking advantage of the wide range of design / manufacturing opportunities that modern
plastic processing offer.

The overheating measures described in the scientific literature require additional measures
to ensure fail-safe operation of the collectors. Therefore it is questionable whether these
approaches can usefully contribute to cost-effective polymeric FPCs. An alternative solution
is to use less efficient collectors which do not risk critical temperatures.

The literature presented above reveals some typical dimensions for polymeric collectors. The
collector area ranges between 0.3 m? and 2.0m?2. Generally, either glass or UV-resistant PC is
used as a front cover, typically 3mm — 4 mm thick. The backside insulation (5mm — 50 mm
thick) usually consists of polymeric or fibre materials. The evaluated scientific publications
lack information concerning the collector costs (in terms of €/m?). In order to determine
these costs, detailed information about the manufacturing processes of a polymeric solar
thermal FPC is necessary. Furthermore, the review reveals that there are only a few inves-
tigations available on system level.
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Table 2.3: Overview of polymeric collectors described in scientific publications. Empty cells indicate that there is no information available,
crossed-out cells (—) indicate that the corresponding collector does not include the indicated component / property
= honeycomb-structure, T = Twin-wall plate, L1 = transparent plate, = transparent twin-wall plate).
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2.2 Drain Back Systems

A brief description of the functionality of a DBS is given in section 1.1. Compared to
conventional solar thermal systems, the main difference of the DBS is the open, unpressurised
architecture.

2.2.1 History and Application Areas of Drain Back Systems

The principle of solar thermal drain back systems has been known for decades. The MIT
Solar House #1 is one of the very first examples of a DBS (Hesselschwerdt, 1954). This
house was built to demonstrate the utilisation of solar thermal collectors for space heating
and hot water preparation. A total collector area of 37.2m? is connected to a 4,5001 storage
tank, which is horizontally placed below the roof of the building. In comparison to the net
floor area of the building (approximately 56.5m?), the large collector array could cover a
significant portion of the heat demand (ranging between 63 % and 100 % during October
1951 and April 1952).

An increasing interest in solar thermal systems, particularly in DBSs, arose after the Arab
oil embargo in 1973 (Botpaev et al., 2015, p. 43). During that time, an increasing number
of patent application both in the US and Europe could be observed, aiming for an effective
anti-freeze protection. Special drinking water regulations prohibiting the use of additives
within solar collector loops led to a widespread use of DBSs in the Netherlands (Bokhoven,
van Dam and Kratz, 2001, p. 349) in the mid of 1980s.

Initial efforts towards DBSs with polymeric collectors were made in the mid of 1980s (Kutscher
et al., 1984, p. 151). According to Botpaev et al. (2015, p. 44), DBSs in combination with
polymeric solar thermal collectors were further investigated in Norway in the 1990s. Rek-
stad et al. (2000) describe a DBS with polymeric collectors made of PPO. According to the
authors, the climate conditions in Norway require solar thermal systems which are able to
cover an increased space heating demand compared to the DHW demand. The relatively
low temperatures of floor heating systems (e.g. 30°C) enable the application of polymeric
solar thermal collectors. However, due to the lower efficiency of these collectors in combi-
nation with the cold climate of Norway, a relatively large collector array (i.e. 28.2m?) in
combination with a 2,0001 storage tank is necessary to provide a single family home (floor
heating area 180 m?) with heat. To minimise the costs, heat exchangers for separating the
solar from the floor heating loop were neglected, demanding pure water as the HTF.

Besides applications in single-family homes, large DBSs are nowadays used for providing
process heat. Bokhoven, van Dam and Kratz (2001, pp. 350-351) note that typical, small
DBSs for DHW preparation in the Netherlands use a storage volume of 1001 in combination
with a collector area of 2.75m?. Based on this ratio between collector area and heat storage
volume, a large scale DBS with a collector area of 2,400 m? consisting of large-area collector
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(LAC)s” and a storage volume of 95 m? was installed for generating industrial heat (cf. table
2.4-a).

Louvet, Botpaev and Vajen (2015) describe a DBS for hay bales drying. This system consists
of a 127 m? array of FPCs in combination with a 42 m? heat storage. Due to the unpressurised
setup of the system, cost-effective PP was used as the heat storage material.

DBSs are also used to provide larger buildings with heat. Engeler and Salerno (2006) describe
a system with 45m? collector array for hot water preparation of a combined residential
building and a workshop. The authors report total / specific costs of approximately 41,400 €
/ 920€/m?8.

2.2.2 Advantages and Disadvantages of Drain Back Systems

An extensive list of advantages and disadvantages of DBSs is presented by Botpaev et al.
(2015, p. 44). The most important advantages of DBSs with respect to polymeric solar
thermal collectors are:

e Unpressurised system architecture: As the typical pressure loads? are not present
within a DBS, polymeric materials with a low pressure resistance can be utilised
(e.g. for the collectors, pipes, heat exchangers etc.), enabling a cost saving poten-
tial. Pressure-related components like membrane expansion vessels and pressure relief
valves, which are typically used in conventional solar thermal systems, are unnecessary,
yielding further cost savings.

e Inherently fail-safe: If ambient temperature may cause freezing of the HTF, the system

controller will switch off the system. As a consequence, the HTF drains back into the
drain back storage, preventing the pipes and other components from frost damages.
If the collector / storage temperature exceeds a critical value (in case of high solar
irradiation in combination with no heat demand), the system controller also shuts off
the pump, preventing the HTF from boiling. In case of a defect (e.g. at the pump
and / or the controller), the HTF will also drain back into the drain back storage,
preventing damage of the system.
The self-draining of a DBS eliminates the need for a so called “gravity brake”, which
is a typical component in conventional solar thermal systems. Such a one-way valve
/ gravity break is necessary to prevent cooling of the heat storage during night time
due to a thermosiphonic flow within the solar collector loop (Eicker, 2012, p. 69).
Since the collector circuit is emptied during night time, this particular component is
unnecessary in case of a DBS, yielding an equivalent cost saving.

7 A LAC is significantly larger than a conventional solar thermal FPC (e.g. 10m? in case of a LAC vs.

2m? in case of a FPC). The major benefits of LACs over standard FPCs are lower specific installation
costs (in terms of €/m?) as well as the lower heat losses due to a better ratio between absorber area and
edge surfaces. A potential field of application for LACs are solar-assisted district heating networks.
8 Engeler and Salerno (2006) specified total / specific costs of 65,000 CHF / 1,437 CHF /m?. 1€ = 1.57 CHF
(average exchange rate in 2006) (European Central Bank, 2020).
Eicker (2012, p. 67) indicates a typical pressure level of 3 bar — 6 bar inside a solar thermal system. This
is consistent with information provided by Ko6hl, Meir and Papillon (2013, p. 36), who specify a working
pressure up to 7 bar for forced-circulation systems.
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e HTF: In addition to the aforementioned cost saving potentials, further benefits arise
from utilising pure water as a HTF. Typically, a water-glycol-mixture is used as a
HTF in conventional solar thermal systems to prevent frost damages. By comparison,
pure water is cheaper, has a lower environmental hazard potential and better fluid
properties (cf. section 1.1).

The most important drawbacks of DBSs are:

e Special requirements regarding system setup: To ensure a safe draining of the system,

a careful selection and installation of all relevant components is of major importance
for correct system functioning. Bokhoven, van Dam and Kratz (2001, p. 3) report
about a typical slope of 10 mm/m for the pipes to ensure a safe draining of the system.
Weiss (2003, p. 185) recommended a minimum inclination of 10 mm/m, preferably
15mm/m — 30 mm/m for the pipes, whereas Perers et al. (2015) observed safe draining
also in the case of almost horizontal pipes. Botpaev, Orozaliev and Vajen (2014, p.
2476) experimentally determined that safe draining is also feasible with horizontal
pipes. The formation of “water pockets” must be prevented, both within the piping
and the collector / absorber. As a consequence, harp-shaped absorbers should be
preferred over meander-shaped absorbers.
The pump must be able to overcome the static height difference between the water
level inside the drain back storage and the highest point within the system. In order
to remove the air inside the system, a pump-speed of 401/h — 801/h is recommended
during the startup of the system (Weiss, 2003, p. 187). The pump may not prevent a
backflow.

e Air ingress: The infiltration of the system with oxygen may yield corrosion in case of
steel components (Weiss, 2003, p. 186). However, this phenomenon may be of minor
importance for polymeric system components. As described in Botpaev et al. (2015,
p. 44), the formation of organic matter might prevent the system from functioning
properly. Furthermore, Bokhoven, van Dam and Kratz (2001, p. 351) report about
clogged pipes after operating a large DBS for approximately 6 months due to the
formation of Fe3O, (magnetite), which is assumed to be the result of a reaction of free
oxygen with the steel pipes.

e Operation: The increased effort for the installation of a DBS can cause higher costs
compared to a conventional solar thermal system. As the pump has to overcome the
height difference between the water level inside the drain back storage and the highest
point whenever the system re-starts, a higher power demand for the pump might be
required, yielding higher operating costs of a DBS. Botpaev et al. (2015, p. 44) also
mention a potential undesirable noise level as a result from the HTF flowing back into
the drain back volume.

2.2.3 Classification of Drain Back Systems

In contrast to solar thermal collectors, which are classified according to their efficiency,
different DBSs can be compared with respect to various factors. According to Kutscher
(1985, p. 1), DBSs can be distinguished between open and closed systems. They can further
be divided with respect to the location of the heat exchanger. In case of a load-side heat
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exchanger, the HTF is directly mixed with the fluid inside the storage tank (e.g. as shown
in figure 2.11, left), which is prevented in case of a collector-side heat exchanger (e.g. as
shown in figure 2.11, right). Botpaev and Vajen (2014a, p. 85) suggest another classification
regarding the position of the volume of the HTF when the DBS is shut down. In this
context, figure 2.11 (left) shows a system where the heat storage is also the drain back
storage, whereas figure 2.11 (right) represents a system with external drain back reservoir.
A detailed overview of different DBSs is provided by Kutscher et al. (1984) and Botpaev
et al. (2015).

Figure 2.11: Different types of DBSs. Left: Load-side heat exchanger. Right: Collector-
side heat exchanger. The pump (I) circulates the fluid through the collector
), before it flows into the drain back reservoir (3), either an internal (left) or
external volume (right). In case of a load-side heat exchanger (4) (left), the solar
fluid is identical with the fluid inside the heat storage. In case of a collector-side
heat exchanger (4) (right), the water inside the heat storage is separated from
the solar fluid.

The evaluation of several different DBSs indicates that load-side heat exchangers seem to be
more widespread in large systems (e.g. for industrial heat generation), whereas collector-side

heat exchangers are more common in smaller systems (e.g. single-family homes) (cf. table
2.4).
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2.2.4 Operation of Drain Back Systems

Botpaev et al. (2015, pp. 48-54) divide the operation of DBSs into three different phases:
Filling, operating and draining. As the solar controller switches on the pump, the water has
to overcome the elevation head. According to the conservation of energy, the elevation head
is defined by the difference in height between the highest point within the system and the
water level of the drain back reservoir. This energy must be provided by the solar pump (cf.
equation 2.5).

PPump = T =m- g- (hTop - hWateT) (25)
where
Ppymp = Power in W
Epy = Potential energy in J
t = Time in s
m = Mass flow rate of the fluid in kg/s
g = Gravitational acceleration, i.e. 9.81m/s?
hrop = Position of the highest point within the system in m
hw ater = Position of the water level in m

As shown in figure 2.11, there is a potentially larger difference in height in case of systems
which utilise the heat storage as the drain back reservoir (exception: the heat storage is
located close to the collector array, e.g. below the rooftop of the house). In order to
minimise the power consumption of the solar pump, it is preferable to place the drain back
reservoir at the highest possible point inside the frost-protected building envelope. The
height difference is of major importance in the selection of the solar pump, as it defines
the necessary pressure of the pump. Besides its capability to overcome the height difference
during the startup phase, the pump must be sufficiently powerful to remove all air inside the
piping. Kutscher (1985, p. 1) describes two different types of operation modes for circulating
water within a DBS:

e Trickle flow (cf. figure 2.12, left): In this case, the pump is not able to completely
displace the air inside the pipes, as the volume flow rate speed of the pump is too low
for establishing a full siphon. As a result, the pump constantly has to overcome the
height difference and has therefore a higher power demand compared to a closed loop
system.

e Siphon flow (cf. figure 2.12, right): In this case, the pump is able to completely flush
the system. According to Kutscher et al. (1984, p. 58), a minimum flow rate of 0.21 m/s
is necessary to maintain a siphon flow in a 12.7mm copper pipe. Perers et al. (2015,
p. 301) experimentally determined a velocity between 0.3 m/s and 0.5 m/s to establish
a siphon. Other studies also examined necessary velocities for different pipe diameters
to establish a siphon flow, described in detail by Botpaev et al. (2015, p. 49).
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Figure 2.12: Trickle vs. Siphon flow. Left: Trickle flow. Right: Siphon flow.

Louvet, Botpaev and Vajen (2015) evaluated the electric energy demand for both trickle and
siphon flow. In case of the trickle flow, the pump has to continuously overcome the difference
in height, therefore, the electric energy demand is 108 % higher compared to a siphon flow.
However, the ratio between necessary electric energy for operating the pump and energy gain
delivered by the collector array is relatively small (0.8 % in case of a siphon and 1.6 % in case
of a trickle flow). This indicates that minimising the electrical energy demand of the solar
pump is of minor importance if the heat delivered by the collector array can be maximised.
It is worth mentioning that the power demand of the pump (i.e. 280 W) is slightly lower
during filling compared to normal operation (285 W) (Louvet, Botpaev and Vajen, 2015).
These results are in contradiction with Weiss (2003, pp. 187-188), stating that the power
demand of the pump during operation should be lower compared to the filling phase.

After start-up of the system, the behaviour of a DBS can be explained with Bernoulli’s
equation (cf. equation 2.6). According to Bernoulli‘s principle (which is a special form
of energy conservation), the total energy between two points along a streamline remains
constant:

2 2

H=C 2 2 P (2.6)
29 P9 29 p-g

where:

H = Total energy head in m

v = Velocity in m/s

g = Gravitational acceleration, i.e. 9.81m/s?

P = Pressure in Pa

0 = Density of the fluid in kg/m?

z = Height in m

hr, = Head loss in m

Figure 2.13 shows a cut-out from a DBS with external drain back reservoir. Bernoulli‘s
equation applies between the highest point of the system (1) and the transition into the
drain back reservoir (2). As the drain back reservoir is open to the atmosphere, atmospheric
pressure (pagn) is present inside the volume. Assuming a constant velocity, equation 2.6
simplifies to 2.7. As the height z; is greater than z,, the pressure at point (1) is lower than
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the atmospheric pressure at point (2).

ﬂ+21:pAtm+Z2+hL

P g P g (2.7)
P1=Datm — P g (21— 22+ hyp)

Figure 2.13: Pressure conditions within a DBS. (I) = highest point of the system,
(2 = transition into drain back reservoir, (3) = opening to atmosphere.

As mentioned by Kutscher et al. (1984, pp. 42-43), the resulting vacuum point (2) causes the
water to boil within the system at temperatures below 100°C (depending on the ambient
atmospheric pressure). The volume expansion inside the system caused by the boiling of the
water yields an increase in the system’s overall pressure. As a result, the collector efficiency
decreases due to the lower mass flow rate. Furthermore, the siphon flow can be disturbed.
To solve these problems, the authors suggest to either pressurise the system periodically or
to utilise a vacuum breaker'?.

Boiling of the HTF was also observed by Louvet, Botpaev and Vajen (2015) during mea-
surements within a large DBS with a 127m? collector array. Due to the boiling, the authors
noticed a reduction in the volume flow rate of 0.0281/(sK) for temperatures higher than

83°C.

Botpaev and Vajen (2014b) experimentally investigated the filling and draining process of
DBSs. Therefore, two different types of systems were built up in the laboratory. Both
systems had a 1301, unpressurised heat storage made of PP with a transparent front plate,
allowing for a view inside the storage tank. The meander-shaped, transparent absorber made
of a PVC-tube was placed 6 m above ground. For the first setup, the collector could directly
drain back into the heat storage (cf. table 2.4-g), whereas the second setup included an
external, 241 transparent drain back reservoir (cf. table 2.4-h). For the first system, the

10 A vacuum breaker enables the surrounding air to enter a hydraulic system in case of a pressure below
atmosphere. Vacuum breakers can be controlled either passively (e.g. by utilising a spring) or actively
(e.g. by externally triggering a solenoid valve) and are typically used to stop a siphon flow within hydraulic
systems.
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difference in height between the water surface and the highest point within the system was
4.7m. During operation, a total pressure of 60 kPa (i.e. 40kPa below ambient pressure) was
measured at the highest point of the system. In the second system, the maximum difference
in height was 2m. For this setup, a total pressure of 83 kPa (i.e. 17kPa below ambient
pressure) was measured at the highest point (Botpaev and Vajen, 2014b; Botpaev et al.,
2015). The results experimentally prove the linear correlation between the level of under-
pressure at the highest point of a DBS and the maximum distance between this location and
the drain back reservoir (cf. equation 2.7).

As soon as the solar controller switches off the pump, the DBS starts to drain. During
draining, the flow direction gets reversed (so called siphon draining), experimentally observed
e.g. by Botpaev, Orozaliev and Vajen (2014). The time required to drain the whole system
depends on the pipe length and diameters / cross-sections within the system. According to
Kutscher et al. (1984, p. 51), pipes with diameters greater than 10 mm can empty themselves,
whereas pipes with smaller or equal diameters are not able to drain independently due to
the surface tension. Self emptying of a vertical, 1 m pipe with a 14 mm diameter took 12s,
whereas a 3m pipe with 14 mm drained within 29s. This indicates a nearly linear relation
between pipe length and draining time. On the other hand, a vertical 1 m pipe with a 10 mm
diameter did not drain at all (Kutscher et al., 1984, p. 51).

Botpaev, Orozaliev and Vajen (2014) experimentally investigated the draining of DBSs both
with an external (241) and an integrated drain back reservoir (1301). Both systems needed
approximately 40 s for draining. However, in case of draining into an external reservoir, due
to the lower difference in height (maximum difference in height = 2m), the velocity of the
volume drainage was much lower (51/min in case of an external drain back volume compared
to 101/min in case of directly draining into the heat storage).

The transition between the flow pipe and the drain back vessel (either as separate reservoir
or integrated into the heat storage) has been subject of many different patents (Botpaev
et al., 2015). In the simplest case, the fluid directly flows into the drain back reservoir,
e.g. shown in figure 2.11. Although this approach is easy to implement and enables reliable
draining, the resulting noise level due to the splashing water might be unacceptable for a
commercially available system. Depending on the fluid level and the velocity, an ingress of
air bubbles into the system can be a further consequence of the splashing water (Botpaev
and Vajen, 2014b, p. 7). Engeler and Salerno (2006, p. 9) report about such an ingress of
air into the system, yielding a noise generation within the solar pump. However, the proper
functionality of the system was not affected. In order to minimise the noise generation, the
difference in height between the pipe and the free water surface should be reduced. Botpaev,
Orozaliev and Vajen (2014, p. 10) report about successfully draining a DBS with a difference
in height of only 10 mm. However, if the distance between pipe and water level is too small,
the rising water level in the reservoir may block the pipe, preventing further draining of the
system (Perers et al., 2015, p. 310). As a consequence, the remaining fluid inside the pipe
can be pressed up or sucked into the collector, yielding freeze damages during winter / cold
nights. ASHRAE 1990 (p. 43) suggests the drain back reservoir should be filled between
3/4" —7/8" in case of switched-off systems and 1/8” — 1/2" during regular operation.

More advanced approaches utilise pipes which end below the water level of the drain back
reservoir (Botpaev et al., 2015, p. 12). To initialise draining, additional valves (or other
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components) are necessary, opening the system to atmosphere in case of a pump shut-off.
Although these approaches may be able to overcome problems like noise generation or air
ingress, additional components yield further costs and potential of malfunction.

2.2.5 Reliability and Control of Drain Back Systems

Thornton and Shannon (1984) performed a study among 122 solar thermal systems for DHW
preparation, including 24 DBSs. Two different categories were defined for problems regarding
solar thermal systems. Category 1 problems cause a major defect to the system due to a
problem with one of the main system components (controller, pump etc.) or problems that
lead to a frost damage. Furthermore, any defect causing replacement costs higher than 50 $
was also assigned to category 1. Problems of category 2 were defined as minor defects to
the system, e.g. due to a leaking fitting or a failure of less important components like air
vents or control valves. The evaluation of different solar thermal systems (like closed loop,
drain back or drain down) reveals that DBSs had the highest reliability (i.e. least amount of
category 2 problems) out of all types of solar thermal systems. The majority of defects can
be traced back to installation problems. To overcome these problems, Perers et al. (2015, p.
310) emphasise the importance of installer training.

The evaluation of several scientific publications reveals different strategies to control a DBS.
At the MIT Solar House #1, a special control algorithm was applied to switch on / off
the solar pump: Besides the collector array, an additional, identical (dry) collector was
installed on the south-facing roof, hydraulically not connected with the rest of the collector
array. Whenever the temperature difference between the dry collector and the storage tank
exceeds a threshold of 5 °F, the solar pump was switched on. This setup was chosen to reduce
the heat capacity loss of the overall collector array. (Hesselschwerdt, 1954, p. 99)

Louvet, Botpaev and Vajen (2015, p. 8) used a temperature differential controller with two
temperature sensors to control the system. If the difference between collector and storage
temperature exceeded 12K, the pump started. If the difference between the two sensors
dropped below 3 K, the pump was switched off. The authors mention that finding the correct
parameters for a control strategy is difficult: If the switch-on condition / temperature is too
low, the collectors may be cooled down by the HTF, yielding unstable fillings of the systems.
If the switch-on condition is too high, the risk of (partial) boiling increases.

Gaspar and Michalconok (2016, p. 146) emphasise that a control algorithm for DBSs should
be capable of detecting and preventing oscillations of the pump. Such an oscillation can occur
if the pump is shut off. As a result, the collector heats up significantly (dry stagnation). If
the controller switches on the pump, the fluid might evaporate as it comes in contact with
the heated up collector / pipes. The temperature of the hot steam may be detected by a
sensor, yielding the next shut-down of the pump. The hot steam occurring during these
oscillations can harm the collectors and / or reduce their lifetime. The authors suggest the
installation of an irradiation sensor in addition to temperature sensors (located at the flow
and return of the collector array, inside the storage tank and on the shadowed side of the
collector to detect the ambient temperature) and a flow sensor. Access to meteorological
forecast data and the possibility of changing controller parameters during runtime may be
a further enhancement.

31



2 Literature Review

Rekstad et al. (2000, p. 267) describe a solar controller for a DBS with a polymeric FPC. The
authors suggest a combination of an irradiation sensor and a collector temperature sensor
to compensate the poor thermal conductivity of the polymeric material.

Perers et al. (2015, p. 310) mention that an adopted control algorithm is necessary for
DBSs. During startup, the pump should be operated at a higher velocity to reliably flush
out the air inside the system. After establishing a siphon flow, the pump speed may be
reduced to decrease the pump‘s power demand. The controller should further be capable of
detecting the ambient temperature to prevent the system from starting at extremely cold
temperatures. The authors emphasise the correct mounting of the collector temperature
sensor, as its proper function is of major importance for the whole system.

In order to prevent the system’s startup at very low temperatures, Engeler and Salerno
(2006, p. 10) included an ambient temperature sensor into the control algorithm of the
DBS. If the temperature dropped below 15°C, the system could not start.

2.2.6 Commercially Available Drain Back Systems

A detailed overview of commercially available DBSs is given by Berner (2012). According to
Botpaev and Vajen (2014a, p. 87), 86 % of commercially available DBSs are equipped with
FPCs. The majority (96 %) of the systems utilise a centrifugal pump.

The major distinction is the position of the drain back reservoir, either an external volume
or directly integrated into the storage tank. In case of external drain back reservoirs, man-
ufacturers of DBSs often try to merge the drain back reservoir with other parts (e.g. pump,
solar controller, safety valves etc.) into one unit, aiming at cost savings during installation
(cf. figure 2.14).

Figure 2.14: Commercially available external drain back reservoirs. Left: PAW GmbH & Co.
KG (2017). Centre: STT Solar-Technologie-International GmBH (2017). Right:
Vaillant GmbH (2017).

Further cost savings can be realised by installing the drain back reservoir close to the collector
array (e.g. in the frost-protected attic of the building). Due to the small difference in height,
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the power demand of the pump can be minimised during the start-up of the system. Another
advantage is that the necessary slope of the pipes has to be ensured over a shorter distance,
yielding lower installation costs. Disadvantages of external drain back reservoirs result from
the fact that these systems may suffer from higher heat losses compared to storage-integrated
drain back reservoirs.

In case of integrated drain back reservoirs, two approaches are widespread. One option is
to integrate an over-sized heat exchanger or an additional volume into the heat storage.
As soon as the pump stops, the water drains back into the storage tank and replaces the
air inside the heat exchanger. This approach has several advantages: Compared to closed,
pressurised systems, the additional effort is limited to the increased material demand of the
over-sized heat exchanger. Furthermore, the system can be installed without any additional
parts. Depending on the difference in height between the drain back reservoir and the
collector array, this type of system may require a high power demand of the pump. Another
disadvantage is the limited volume of the drain back reservoir which can limit the size of the
collector array.

The second type of integrated drain back reservoirs requires unpressurised heat storages,
enabling direct draining into the storage tank (cf. figure 2.11, left). Due to the non-required
pressure stability of the heat storage, cost-effective materials can be used (e.g. polymers),
yielding lower investment costs. Furthermore, the lower weight of such a heat storage may
contribute to lower installation costs. However, the greater difference in height between the
heat storage and the collector array yields an increased power demand of the pump during
start-up of the system.

2.2.7 Summary

A summary of DBSs described in literature is shown in table 2.4, revealing information about
typical collector array areas, inclination and diameters of pipes etc.. The evaluation of the
examined literature shows that there has been much progress in understanding fundamental
processes of DBSs. In addition, successful implementation and realisation of DBSs were
described by several authors. Although the publications provide valuable information (e.g.
regarding necessary pipe diameters, typical operating pressures within the system), gener-
ally applicable statements regarding the economic performance of these systems compared
to conventional, pressurised solar thermal systems are lacking. This includes particularly
information regarding investment, installation, maintenance and operating costs.
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Table 2.4: Overview of DBSs described in scientific publications. Empty cells indicate that there is no information available. Orientation:

0° = North, 90° = East, 180° = South, 270° = West. Control algorithm: AT = Temperature differential based controller,
I = Irradiation based controller.
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Table 2.4: Overview of DBSs described in scientific publications. Empty cells indicate that there is no information available. Orientation:
0° = North, 90° = East, 180° = South, 270° = West. Control algorithm: AT = Temperature differential based controller,
I = Irradiation based controller. (Continued)

93

(f)

—~
o)
N~—

=
S~—

(i)

= =27 =27 z g
=i $8< s8< s %
N P oo P oo 5 7
A oR i ©E 2 o =
o o <7 o <7 O
= = = S B
& N = o= S &
= a a >
type of DBS
type FPC FPC, unglazed  FPC, unglazed @ FPC
Q size 28.2m? approx. 1.2m?  approx. 1.2m?  45m?
2 tilt angle 27° variable variable 30°
¢ orientation 180° 180°
HTF water water (colored)  water (colored) — water
purpose DHW + heat experiment experiment DHW
storage size 2,0001 1301 1301 3x 1,2501
& DB storage size = heat storage = heat storage 241 901
Z  pipe diameter 9mm / 19mm  9mm / 19mm  22mm
E  pipe inclination
AH 4.7m 2m
control algorithm AT /I AT

MOTADY 9INYRINIT T



3 Experimental Analysis on Component
Level

Scientific publications presented in chapter 2 show a variety of concepts and prototypes
of polymeric solar thermal FPCs. In contrast to other manufacturing approaches, which
most often assemble polymeric absorbers from semi-finished components (cf. chapter 2), the
absorbers described below were produced by utilising the twin-sheet-thermoforming (TST)
process. With this manufacturing process, semi-finished products like plates or films are
processed by means of pressure and temperature. Potential materials are both amorphous
(e.g. PS, ABS, PMMA, PC etc.) as well as semi-crystalline thermoplastics (Hopmann and
Michaeli, 2015, pp. 243-244).

3.1 Manufacturing and Testing of Polymeric Absorbers

The TST process enables a highly scalable, automated production of polymeric absorbers.
Compared to other manufacturing processes for mass production of polymeric components
(e.g. injection moulding, extrusion, blow moulding, single-sheet-thermoforming), the major
advantages of TST are the low unit costs and both the tool and machine reliability (Ehren-
wirth et al., 2016¢, p. 27). The necessary steps for producing a polymeric absorber using
the TST are described in figure 3.1. To enable the process, a tool with an upper and a lower
mould half is necessary. At the initial position, the upper and lower parts of the tool are
open (cf. figure 3.1-a). In the first step, two sheets are clamped to a mount, covering both
the upper and lower half of the tool (cf. figure 3.1-b). Afterwards, two radiators heat up
both polymeric sheets (cf. figure 3.1-c), yielding a change of their mechanical properties. As
soon as the sheets reach the necessary processing temperature, the radiators are removed
from the TST machine to not impede the moulding halves (cf. figure 3.1-d). In the next
step, a vacuum is applied both in the upper and lower half of the tool (cf. figure 3.1-e, blue
marked zones), yielding the heated sheets to be aspirated into the mould halves (cf. figure
3.1-f). While the plates are still hot, the two halves close and seal together the upper and
lower sheet (cf. figure 3.1-g). After opening both halves and cooling down the final part (cf.
figure 3.1-h), surplus material is removed from the absorber (cf. figure 3.1-i). By assem-
bling a backside insulation and a frontside cover to the absorber, the solar thermal FPC is
completed (cf. figure 3.1-j). Photographs of the TST process are shown in the appendix (cf.
figure A.1).

In order to obtain a high thermal efficiency as well as a minimum pressure drop, a uniform
flow distribution inside the polymeric absorbers is of major importance. To evaluate the flow
distribution, one polymeric absorber was heated to constant temperature of approximately
70°C. Subsequently, cold water was suddenly fed into the absorber. The resulting cooling
sequence was recorded by means of a thermography camera. The results of the thermography
measurements (cf. figure 3.2) show a uniform flow through the absorber.
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Figure 3.1: Necessary steps during manufacturing of a polymeric solar thermal FPC with the
TST process according to Ehrenwirth et al. (2016¢, p. 25).

The HTF is divided equally at the transition between the lower header and the riser channels.
The cold water enters the absorber on the lower right part connector (cf. figure 3.2-a). At
that time, the temperature in the centre of the collector is 58.9°C. 77s later (cf. figure
3.2-b), the lower part of the absorber already cooled down compared to the upper part, the

37



3 Experimental Analysis on Component Level

temperature in the centre reports a value 51.5°C. Another 74s later, the temperature in
the centre of the absorber is 46.4°C (cf. figure 3.2-¢). In the end of the measurement (cf.
figure 3.2-d), the temperature is uniformly distributed across the absorber at a temperature
of approximately 43.1°C.
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Figure 3.2: Visualisation of the flow distribution inside a polymeric absorber at four different
time steps by means of a thermography camera.

In addition to the flow distribution, the pressure drop of the absorber was experimentally
evaluated. Therefore, the pressure was measured by means of a differential pressure sensor
connected to both the inlet and outlet of the absorber (cf. figure 3.3-a). The volume flow
rate was varied in increments of 501/h up to 4001/h. The pressure drop was evaluated for
different inlet temperatures (20.2°C, 28.4°C, 40.2°C and 59.9°C). Following the experiment,
a mathematical model of the absorber was developed with MATLAB / Simscape, accounting
for the different components of the absorber (e.g. nozzles, diffusers, pipe segments). Every
component is represented by a local hydraulic resistance (cf. figure 3.3-b), taking into account
the local flow phenomena and the pressure loss coefficients (¢-values), which are described in
scientific literature (e.g. Idel’cik, 1996). The mathematical model accounts for transitional
effects from laminar to turbulent flow as well as temperature dependent material properties
of the fluid (density, viscosity). The parameters of the tested absorber are shown in table 3.1,
the results of both the experimental and simulated pressure drop determination are shown
in figure 3.4.
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Figure 3.3: Schematic model for the theoretical determination of the pressure drop. @) =
inlet , (2) = header, (3) = transition to riser channel, (4) = riser channel, (§) =
outlet.

The pressure loss relates inversely proportional to the inlet temperature (cf. figure 3.4). This
can be attributed to the decreasing viscosity of the HTF (in this case water) with increasing
temperature (Verein Deutscher Ingenieure, 2010, p. 154).

Table 3.1: Characterisation of the tested polymeric absorber. The indicated cross-sectional
areas can be found in figure 3.3.

Sensor accuracy

%.? overall width 560 mm
2 overall length 1,050 mm
£ surface roughness k 2.5x107°m

number of header channels ny,cqder 2
g length of header channel [j,cqqer 0.45m
2 cross-sectional area inlet and outlet A, jouuer D / B 254 mm?
7 cross-sectional area header channel Ajqger ® 688 mm?

number of riser channels n,;ser 8
& length of riser channel [, 0.92m
§ cross-sectional area transition to header Ay.ansition header @) 9mm?

cross-sectional area riser channel A, ;.. (4 180 mm?

According to figure 3.4, the simulated pressure loss is higher than the measured one for low
flow rates. With increasing flow rate, the difference between measurement and simulation
becomes smaller. Furthermore, the results indicate a higher deviation between simulated
and measured values in case of higher fluid temperatures. The recorded data show that the
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differential pressure sensor used in the experimental setup displays values close to 0 Pa for
volume flow rates smaller than 1001/h. Therefore, the difference between measurement and
simulation is attributed to a potential inaccuracy of the sensor.
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Figure 3.4: Experimental determination of the pressure drop of a polymeric absorber.

According to Eicker (2012, p. 70), pressure losses for conventional collector arrays smaller
than 10 m? typically are lower than 2,000 Pa, yielding a specific pressure loss of 200 Pa/m?.
Assuming a typical flow rate of 401/(hm?) (Quaschning, 2015, p. 106) and a gross area
of the investigated absorber of 0.59m? (cf. table 3.2), a specific pressure loss lower than
100 Pa/m? can be determined by simulation. The pressure loss of a real 10 m? collector array
strongly depends on the hydraulic setup (either serial or parallel) and the final dimensions
of one individual collector. Nonetheless, a cost saving potential can be concluded from these
results, as the lower pressure loss of the collector array allows for the selection of a smaller
pump (assuming that the pump is able to overcome the initial height difference during the
filling phase, cf. section 2.2.4). As a consequence, both investment and operating costs can
be reduced.

3.2 Setup of Polymeric Collector Prototypes

Based on the polymeric absorbers described above, different prototypes of polymeric collec-
tors were set up (cf. table 3.2). Typically, market available solar thermal FPC have gross
areas ranging between 2.0m? and 2.4 m?(Wesselak et al., 2013, p. 313). Scientific literature
shows typical dimensions of polymeric solar FPC of 0.3m? — 2.0m? (cf. table 2.3). Due to
the high tool cost related to the TST process, two batches of small-scale absorbers were pro-
duced. The first batch of absorbers was manufactured in 2016. A PP absorber (gross area =
0.59m?) with eight volumetric riser channels was the basis for six different prototypes. Type
and thickness of the backside insulation, the glazing material and the air gap thickness were
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3 Experimental Analysis on Component Level

changed to determine their influence on the efficiency curve. For the backside insulation,
two different setups were defined: On the one hand, a 70 mm thick insulation made of EPS
was used to minimise the backside losses (cf. table 3.2-a and figure 3.5-a/b). On the other
hand, a 30 mm thick glass wool layer in combination with a 10 mm wooden plate was used
(cf. table 3.2-¢ and figure 3.5-c). The wooden plate is not intended to minimise the heat
losses but to mechanically stabilise the collector. To investigate the influence of the air gap
thickness (the distance between the absorber and the glazing), an additional, 28 mm thick
wooden frame was placed between the polymeric absorber and the glazing (cf. figure 3.5-b
and figure 3.5-b).

(c) Glass wool variant (d) PUR variant

Figure 3.5: Photographs of the collector prototypes.
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Table 3.2: Overview of tested polymeric collectors. Material properties of PP according to Domininghaus et al. (2012, pp. 226, 228).

Material properties of ABS according to Bonten (2014, p. 199) and Domininghaus et al. (2012, pp. 374-375). Material
properties of EPS, glass wool and PUR according to Spitzner et al. (2007, pp. 9-10, 23). Thermal properties of PMMA
according to Domininghaus et al. (2012, pp. 485-486), thermal properties of glass according to Verein Deutscher Ingenieure
(2010, p. 611). Transmission properties of PMMA and glass were experimentally determined by means of a spectroscopy
measurement, cf. appendix (chapter C).

( ) EPS variant (b) EPS variant with additional frame (c) glass wool variant (d) PUR variant
1 |
] T — B e

overall width 560 mm 560 mm 560 mm 880 mm
overall length 1,050 mm 1,050 mm 1,050 mm 1,500 mm
overall height 41 mm 41 mm 41 mm 51 mm
number of riser channels 8 8 8 11

? riser width 58 mm 58 mm 58 mm 68 mm

€ thickness (plate) 3mm 3mm 3mm 3mm

g thickness (fluid) 3mm 3mm 3mm 3mm

" material PP PP PP ABS
operating temperature ~ 100°C ~100°C ~ 100°C 95°C — 105°C
heat conductivity 0.22W/(mK) 0.22W/(mK) 0.22W/(mK) 0.18 W/(mK)
specific heat capacity 1.7kJ/ (kg K) 1.7kJ/ (kg K) 1.7kJ/ (kg K) 1.3kJ/(kgK)

5 thickness 70 mm 70 mm 30mm + 10 mm 50 mm

£ material EPS EPS glass wool + wooden plate PUR

% heat conductivity 0.035W/(mK) - 0.040 W/(mK) 0.035W/(mK) - 0.040 W/(mK) 0.035W/(mK) - 0.0456W/(mK) 0.024W/(mK) - 0.030 W/(mK)

£ specific heat capacity 1.5kJ/(kgK) 1.5kJ/(kgK) 0.84kJ/(kgK) - 1.00kJ/(kgK)  1.40kJ/(kgK) — 1.50kJ/(kg K)
thickness 4mm 4mm 4mm 4mm

~ Material glass / PMMA glass / PMMA glass / PMMA glass

S transmission 89.7% / 91.7% 89.7% / 91.7% 89.7% [ 91.7% 89.7%

% heat conductivity 1.00W/(mK) / 0.19W/(mK) 1.00W/(mK) / 0.19W/(mK) 1.00W/(mK) / 0.19W/(mK) 1.00W/(mK)
specific heat capacity 0.75kJ/(kgK) / 1.5kJ/(kgK) 0.75kJ/(kgK) / 1.5kJ/(kgK) 0.75kJ/(kgK) / 1.5kJ/(kg K) 0.75kJ/ (kg K)

£ air gap thickness 20 mm 48 mm 20 mm 20 mm

& year of manufacture 2016 2016 2016 2017

[9A97 Jusuoduro)) Uo SISA[RUY [RJUSWLIOAXH ¢



3 Experimental Analysis on Component Level

A second batch of absorbers was manufactured in 2017. Compared to the absorber described
above, this second generation of polymeric absorbers has a gross area of 1.32m? and eleven
riser channels (cf. table 3.2-d and figure 3.5-d). The absorbers made of ABS were equipped
with a 50 mm thick PUR insulation and a 4 mm thick glass cover. Reviewing the properties of
the different prototypes such as absorber, insulation and glazing with information available
from scientific literature (cf. table 3.2) reveals a comparable setup of the prototypes tested,
ensuring comparability of the results.

3.3 Description of the Test Rig for Determining the
Collector Efficiency

To quantify the efficiency of different collector prototypes, an indoor solar simulator accord-
ing to the standard EN ISO 9806:2013 was used. The purpose of such a solar simulator is to
determine the difference between inlet and outlet temperature at a fixed irradiation to the
solar thermal collector. The resulting instantaneous efficiency can be determined according
to equation 3.1. A photograph of the solar simulator can be found in the appendix (cf.
figure A.7). 228 lamps provide a uniform level of irradiation ranging between 600 W /m? and
1,100 W/m? with a light spectrum comparable to the sunlight. A solar thermal FPC (max-
imum possible dimensions 1.4m (width) x 2.3m (height), not shown in the photograph)
is placed below the lamp field at an angle of inclination of 45°. Fans above the lamp field
provide an airflow to prevent the lamps from overheating. During operation, the test rig
demands an electric power of approximately 30 kW.

Vopey (T =T

U] 11 (3.1)
where:
n = Instantaneous efficiency of the collector
1% = Volume flow rate in m?/s
) = Density of the HTF in kg/m3
p = Specific heat capacity in J/(kg K)
Tout = Collector outlet temperature in K
T, = Collector inlet temperature in K
A = Collector gross area in m?
I = Irradiation in W/m?

The standard EN ISO 9806:2013 (pp. 52-53, 58-69) specifies both the setup (cf. figures A.7
and 3.6) of such a solar simulator as well as the testing procedure. The efficiency of each
collector has to be determined at four different inlet temperatures, evenly distributed over
the operating temperature range of the collector.
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3 Experimental Analysis on Component Level

Figure 3.6: Schematic layout of the solar simulator. (I) = pump, (2) = collector prototype,
(3) = heat exchanger, @) = volume flow meter, (5) = collector inlet temperature
sensor, (6) = collector outlet temperature sensor, (7) = ambient temperature sen-
sor, (8) = pyranometer, (9) = external reservoir.

In case of an indoor test, at least two measurements have to be performed at each inlet
temperature, yielding a minimum of eight data points. Table 3.3 shows the requirements of
the testing standard with respect to the physical quantities.

Table 3.3: Testing conditions for liquid FPCs according to EN ISO 9806:2013 (pp. 59-60, 65).
The last column indicates the accuracy of each sensor to be achieved.

Physical quantity Measurement value Fluctuation range Sensor accuracy
Mass flow of HTF ~ 0.02kg/(sm?) +/-1% +/-0.5%
Collector inlet temperature +/-0.1K +/-0.1%
Collector outlet temperature +/- 05K +/-0.1%
Ambient temperature +/- 15K +/-05%
Collector surface area +/-0.3% +/-0.3%
Global irradiation > 700 W /m? +/- 50 W/m? +/-2.0%
Wind speed 3m/s +/- 1m/s

To quantify the collector‘s efficiency, the mass flow rate is evaluated with an electromagnetic
flow meter (4). Both the collector inlet and outlet temperatures (5) / (6) as well as the
ambient temperature @ are measured with appropriate sensors. A pyranometer detects
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3 Experimental Analysis on Component Level

the incident irradiation on the collector. In deviation from the testing standard, an external
reservoir (9) is integrated into the test rig. This reservoir ensures that there is no overpressure
that can damage the polymeric collector. As the reservoir is open to the atmosphere, the
static height defines the maximum internal pressure inside the system.

The determination of each data point is associated with a certain measurement error, which
is caused by the uncertainty of the sensors. The incident irradiation is measured with
a pyranometer fulfilling the secondary standard classification according to ISO 9060:1990.
The uncertainty of such pyranometers is affected by the calibration accuracy, the ambient
temperature, the spectral sensitivity of the sensor, the orientation of the sensor and further
effects. In case of high quality pyranometers, the World Meteorological Organization (2012,
p. 1.7-12) specifies the achievable uncertainty (within a 95% confidence level) for a daily
measurement to 2% (cf. table 3.3). This figure is in accordance with values published by
Myers et al. (2002, p. 50) (2.5% — 3 %), Reda (2011, p. 15) (4.1 %) and Myers (2013, p. 34)
(3% — 5%). PT100 resistance thermometers are used for measuring the ambient, inlet and
outlet temperatures. The error of such a temperature sensor is composed of a temperature-
independent and a temperature-dependent part. Depending on the achievable uncertainty of
the sensor, the standard DIN EN 60751:2009 (p. 13) specifies different accuracy classes. For
determining the ambient temperature, a 1/3 class B sensor is used. For a theoretical maxi-
mum ambient temperature of 35°C, the measurement error is smaller than 0.5% (cf. table
3.3). In case of the inlet and outlet temperature sensors, two 1/10 class B sensors are used.
Assuming a theoretical maximum inlet and outlet temperature of 80°C, the uncertainties
are less than 0.1% (cf. table 3.3). As both sensors are used for determining the difference
between collector inlet and outlet, the uncertainty has to be determined for the temperature
difference. A maximum difference of 8 K between inlet (19.17°C) and outlet (27.17°C) was
measured for the PP collector with EPS insulation and glass-glazing (cf. table B.1).

M| v |90 In In In In

A?]'@—V Av+‘a—p'Ap+’a—% ACP+'m A(Tout—ﬂ )+‘3_A‘AA+‘E AT
(3.2)

where:

An = Uncertainty of the instantaneous efficiency of the collector

AV = Uncertainty of the volume flow rate

Ap = Uncertainty of the density of the HTF

Ac, = Uncertainty of the specific heat capacity

A (Tyu — T;n) = Uncertainty of the temperature difference between collector outlet and inlet

AA = Uncertainty of the collector gross area

Al = Uncertainty of the irradiation

In this case, the uncertainty equals 0.6 %. A minimum temperature difference of 1.81 K be-
tween inlet (69.61 °C) and outlet (71.42 °C) was measured for the PP collector with glasswool-
insulation and glass-glazing (cf. table B.5). In this case, the uncertainty equals 7.8 %. Similar
to the temperature sensors, the error of the volume flow rate can be divided into a flow rate-
independent and a flow rate-dependent fraction. The standard EN ISO 9806:2013 (p. 60)
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specifies the specific mass flow rate as 0.02kg/(sm?) (cf. table 3.3). In combination with
the minimal surface area of the tested prototypes (1.05m x 0.56 m = 0.59 m?, cf. table 3.2),
the diameter of the flow sensor (4mm) and the density of the HTF, a minimal velocity of
0.94m/s is present inside the sensor, yielding an error of 0.5 % (Krohne Messtechnik GmbH,
2004, p. 10). The prototype’s dimensions were measured with a ruler whose uncertainty is
4+ 1mm. As a result, the relative error increases in case of smaller surface areas. In case of
the aforementioned collector dimensions (1.050 mm x 560 mm), the resulting uncertainty is
0.3% (cf. table 3.3). The temperature-dependent material properties p and ¢, were deter-
mined experimentally. Instead, regression polynomials provided by EN ISO 9806:2013 (pp.
120-122) have been used. The uncertainties of these polynomials are smaller than 0.02 %
in case of the density p and smaller than 0.04 % in case of the specific heat capacity c,.
The total uncertainty of the instantaneous efficiency (cf. equation 3.1) can be determined
according to equation 3.2.

Depending on the temperature difference between collector inlet and outlet, the uncertainty
of the instantaneous n ranges between 3.5% and 10.7%. It must be emphasised that this
total error summarises all individual errors under worst case conditions. Therefore, the
overall uncertainty is lower for a particular efficiency curve. These levels of uncertainty are
in accordance with information published by Sillmann and Rockendorf (2001, p. 261), who
determined a typical deviation of +1.8% for the ng-value and 5.0 % for the linear heat loss
coefficient a; in case of a selective FPC. Mathioulakis, Voropoulos and Belessiotis (1999, p.
347) report an uncertainty up to 5 % in case of efficiency measurements according to EN ISO
9806:2013, indicating a similar order of deviation.

3.4 Test Results and Discussion

The results of the collector efficiency determination are shown in figure 3.7. The parameters
of the efficiency curves are shown in table 3.4, the underlying measurement data can be found
in the appendix (cf. tables B.1 to B.7). According to EN ISO 9806:2013 (p. 65), the specific
mass flow rate of the HTF (approx. 0.02kg/(sm?)) must not deviate more than +1 % (cf.
table 3.3). This requirement could not be met for all measurements, as the relatively small
gross collector area yields a low absolute tolerable deviation. However, the mass flow rate
deviates from the mean value with +2.2% / —2.4% (cf. table B.1 to B.7).

The comparison of the collectors with glass and PMMA cover shows that prototypes with the
latter option achieve higher efficiencies than collectors with glass covers (cf. figure 3.7). On
the one hand, this can be explained with the lower thermal conductivity of PMMA (Apprara =
0.19 W/(Km), Domininghaus et al., 2012, p. 485) compared to glass (Agress = 1.00 W /(K m),
Verein Deutscher Ingenieure, 2010, p. 611). On the other hand, the higher transmission (and
therefore lower absorption) of PMMA compared to glass positively contributes to the higher
efficiency of the collectors with PMMA covers (7pyara = 91.7%, Tgrass = 89.7 %, cf. table
3.2). The evaluation of the prototypes with the additional frame indicates a slightly higher
efficiency compared to the versions without a smaller air gap (cf. figure 3.7). This can be
explained with the higher insulation effect of the air gap. However, the air gap thickness
cannot be infinitely increased, as the thermal losses of the additional frame counterbalance
the benefit of the air gap.
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Comparing the type of backside insulation (glasswool vs. EPS) reveals higher efficiencies
of the prototypes with EPS / ABS insulation (cf. figure 3.7 ). One reason is the in-
creased thickness of the EPS insulation compared to the glasswool insulation (tgps = 70 mm,
tglasswool = 30 mm + 10 mm wooden plate).

1 I I I
—eo— Glasswool / Glass
09¢ Glasswool / PMMA
0.8} —— EPS / Glass
= —— EPS / Glass / frame
Ef 0.7 —=— EPS / PMMA
& 0.6 —— EPS / PMMA / frame
% 051 —— PUR / Glass
3
E 0.4} \
3 0.3}
0.2}
0.1}
O | | | | | | | |
0 0.01 002 003 004 005 0.06 007 0.08 0.09 0.10

Reduced temperature difference (Thsean — Tams) /1 in Km? /W

Figure 3.7: Efficiency curves of tested polymeric collector prototypes. The data points indi-
cate the measured values, the polynomials represent the resulting collector effi-
ciency curves.

Table 3.4: Comparison of the efficiency of the developed polymeric collector prototypes
with market available collectors. The efficiency is evaluated at an irradiation of

1,000 W /m2.

Collector Mo aq as n at 0.05 Km?/W rank
EPS / Glass 0.7263 7.1796 0.0387 27.1% 6th

» EPS / Glass / frame  0.6995 7.0347 0.0285 27.7% Hth
é EPS / PMMA 0.6976 6.0963 0.0338 30.8% 3rd
5 EPS /PMMA / frame 0.6886 5.6472 0.0329 32.4% ond
S Glasswool / Glass 0.6896 8.0417 0.0335 20.4 % 10th
A~ Glasswool / PMMA 0.7092 8.9720 0.0124 23.0% gth
PUR / Glass 0.6870 6.7227 0.0089 32.9% 18t

~ One World One Sun 0.6660 6.3700 0.0340 26.3% 7th
E Magen eco energy 0.5307 3.4447 0.0422 25.3% gth
Aventa Solar 0.5483 4.5618 0.0121 29.0 % 4th

Furthermore, the shape of the insulation is of major importance for the correct function.
While the glasswool insulation does not cover the riser channels at all, the EPS insulation
minimises the heat losses from the riser channels to the ambient (cf. figure 3.5 and table
3.2). In case of the specially shaped PUR insulation, the highest efficiency of all prototypes
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could be observed, although the thickness is thinner than the EPS insulation (¢pyr = 50 mm,
t EPS — 70 mm)

In order to compare the measurement results with data of market available FPC, the effi-
ciency was evaluated at 0.05Km?/W (cf. table 3.4), a representative operating point for
DHW applications (cf. figure 2.2).

Evaluating the solar thermal efficiency of both the tested prototypes and market available
polymeric collectors at a reduced temperature of 0.05 Km? /W (cf. table 3.4) indicates a mean
efficiency of 27.5%. All collectors deviate within an absolute range of +5.4p.p. / -7.1p.p.1!
(relative deviation: +17.9% / -25.8%). The results indicate that the chosen insulation and
glazing are of major importance, yielding the solar thermal efficiency either significantly
higher or lower compared with the efficiency of market available polymeric FPCs.
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Figure 3.8: Efficiency curves of tested polymeric collector prototypes with the lowest and
highest efficiency in comparison to market available FPCs. The efficiency is eval-
uated at an irradiation of 1,000 W /m?.

The efficiency curves of the prototype with the lowest (PP absorber with glasswool insulation
and glass cover, 10" rank) and the highest efficiency (ABS absorber with PUR insulation and
glass cover, 1% rank) are shown together with the efficiency curves of market available FPCs
in figure 3.8. The results indicate that the prototype with PUR insulation and glass cover
yield a higher solar thermal efficiency compared to market available collectors for reduced
temperatures (Thsean — Tamp) /I < 0.07 Km?/W.

The prototypes with the lowest and highest efficiency are compared to efficiency data avail-
able from scientific literature (cf. figure 3.9). The efficiency curve of the PUR / glass variant
is most comparable with the results reported by Kim et al. (2016) and Martinopoulos et al.

11" The abbreviation “p.p.” stands for “percentage points” and indicates the absolute difference between two
percentage values. Example: The absolute difference between 50 % and 55 % equals 5 p.p., whereas the
relative percentage variance is 10 %.

48



3 Experimental Analysis on Component Level

(2010). According to the advices given by Missirlis et al. (2014, p. 719), the efficiency of the
prototypes cam be improved by means of an adjusted arrangement of the inlet and outlet
pipe into / out of the manifolds.

1 I I I I I I I
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0.7 :' - :a,\_ R - - - Sandness and Rekstad (2002) Kim et al. (2016)
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Figure 3.9: Linear efficiency curves of two tested polymeric collector prototypes together with
the (linear) efficiency curves of polymeric collector concepts described in litera-
ture. The efficiency is evaluated at an irradiation of 1,000 W /m?.

In conclusion, the results show a considerable technical potential of polymeric FPCs man-
ufactured with the TST process. The developed prototypes are able to reach similar solar
thermal efficiencies compared to market available collectors. A further increase of the solar
thermal efficiency can therefore be expected in case of a serial production of polymeric FPCs
manufactured with the TST process. A further improvement can be achieved by increasing
the mass flow rate. Due to the relatively large cross-sectional area of the riser channels, the
standard mass flow rate according to EN ISO 9806:2013 (p. 60) (approx. 0.02kg/(sm?))
yields a very low Reynolds number (ranging between 15 and 60), depending on the tem-
perature of the HTF. According to Hausner and Fechner (1999, p. 1), the solar thermal
efficiency of a typical solar FPC can be increased by 3% — 8 % when switching from laminar
to turbulent flow conditions. In accordance to findings from Ariyawiriyanan et al. (2013),
the measured results indicate the highest solar efficiency in case of the largest prototype
(1.32m? ABS absorber with PUR insulation and glass cover). This can be attributed to
the fact that heat losses towards ambient across the side walls become less dominant in
case of a larger collectors. Increasing the collector gross area to more common values of
2.0m? — 2.4m? (Wesselak et al., 2013, p. 313) is expected to further increase of the solar
thermal efficiency.
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Obtaining experimental results for the thermal efficiency of polymeric solar thermal FPCs
is both time-consuming and cost-intensive, as each design iteration of the absorber results
in revised mould halves when utilising the T'ST manufacturing process. To cope with this, a
mathematical model of a solar thermal FPC was developed, enabling a fast and cost-effective
prediction of collector efficiency curves.

4.1 Background

Mathematical models of conventional solar thermal FPCs are widely described in scientific
literature. An extensive review of models developed within the last 40 years is presented by
Tagliafico, Scarpa and Rosa (2014), who defined different categories of solar thermal collector
models. Steady state models neglect thermal capacities of different parts of the collector
(such as glazing, insulation, absorber etc.), yielding low computational costs. These models
are well suited to predict the efficiency of a solar thermal collector as well as the temperatures
of the different parts of the collector. However, due to the missing thermal capacities, steady
state models are usually unable to account for dynamic effects. Dynamic models are able
to compensate for this drawback by including thermal capacities for each component of
the collector. Simple dynamic models account for one-dimensional heat transfer through
the collector, e.g. described by Reiter et al. (2015) or Herrero Lépez et al. (2015). More
complex dynamic models account for multi-dimensional heat transfer mechanisms and are
therefore able to evaluate potential temperature distributions, e.g. within the absorber
(Oliva, Costa and Segarra, 1991). CFD-models further discretise the geometry of solar
thermal collectors. This results in more detailed information regarding the heat flow and
temperature distribution but also an exponential increase in the computational costs.

Approaches described in scientific literature most often aim to predict the efficiency and typ-
ical component temperatures of conventional solar thermal FPC with sheet-pipe absorbers
(cf. figure 2.3). Therefore, in order to account for the behaviour of a polymeric collector with
a volumetric absorber, modelling approaches described in scientific literature were reviewed
and integrated into an appropriate collector model, which is described in detail below.

4.2 Description of the Collector Model

The primary purpose of the collector model subsequently described is the determination of
the efficiency curve. Therefore, a multi-layer model was developed which is shown in figure
4.1. Each layer (cf. figure 4.1, highlighted areas) represents one physical component of a
polymeric solar thermal FPC (e.g. glazing, absorber, insulation), which is further divided
into several nodes. Within one layer, these nodes are connected by thermal resistors and /
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or capacitors. The latter option accounts for the thermal mass of each layer, represented by
the specific heat capacity and the mass of the layer.

Tamp  Tsiy 1
b
I I
J/
L]

Glz u

ll < TIm m

Abs l l — TOut

v

Tamb
Figure 4.1: Scheme of solar thermal collector model. (1) = Glazing. (2) = Air, (3) = Absorber,
@ = Fluid, (5) = Backside insulation, () = Edge insulation. Modes of heat
transfer: = Thermal conduction, | = Thermal convection, | :] = Thermal
radiation.
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The second layer, representing the air gap between the absorber and the frontside glazing,
does not include a thermal mass, as it is considered to be negligible compared to the thermal
masses of the other layers. Including the thermal capacities of each component allows for
an evaluation of the collector’s behaviour in case of dynamic boundary conditions (apart
from determining the collector’s efficiency curve), enabling an integration of this model into
more complex system models. Thermal resistors account for the different phenomena of
heat transfer such as conduction, convection and radiation. Connecting the different layers
results in a complete thermal network of a polymeric solar thermal FPC.

Apart from specific properties of the collector such as material properties and dimensions,
boundary conditions have to be applied to determine the efficiency curve. These boundary
conditions can be divided into sources and sinks of energy (cf. figure 4.1). Two energy
sources are present in this model: On the one hand, solar irradiation hits both the glazing
(D and the absorber (3). On the other hand, the HTF enters the absorber with a specific
inlet temperature (77,,) and mass flow rate () (@). The incident irradiation hits the upper
node of the absorber and is converted into heat. After halfway conducted through the
absorber, the heat can be exchanged with the fluid, yielding a certain outlet temperature
Tou:- Due to thermal losses to ambient, only a certain portion of the heat is transferred
into the fluid. The remaining is conducted through the backside (5) and side insulation (6).
Here, an energy sink is specified by assuming a constant ambient temperature boundary
condition T4,,5. In addition, heat is exchanged between the absorber and the glazing due to
thermal convection and radiation in the air gap (2). The glazing absorbs part of the incident
irradiation. Two boundary conditions (energy sinks) are applied here: On the one hand,
heat can be transferred to the ambient due to a combination of free and forced convection.
On the other hand, energy can be exchanged to the sky by means of long-wave radiative
heat transfer.

The model was set up with MATLAB / Simscape. The Simscape library allows for mul-
tidirectional energy flow; thus, the direction of energy flow does not have to be specified
in advance. The predefined external boundary conditions act as energy potentials of the
model, yielding an energy flow throughout all layers. Thus, for example, the ambient can
either represent a heat sink (in case of the collector temperature is higher than the ambient
temperature) or as a heat source (in case the ambient temperature is higher than the collec-
tor temperature). This behaviour is of major importance, as it reflects the physics behind a
polymeric solar thermal FPC. Herrero Lépez et al. (2015) followed the same approach when
developing a collector model utilising the Modelica programming language.

4.3 Modes of Heat Transfer

The mechanisms of heat transfer (thermal conduction, convection and radiation) present in
the model described in section 4.2 are explained subsequently.
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4.3.1 Thermal Conduction

The random collision of molecules in solids, liquids and gases yields an exchange of energy
(Verein Deutscher Ingenieure, 2010, p. 18). This phenomenon is known as thermal con-
duction. Due to an increasing molecular movement at higher temperatures, the heat flux
corresponds proportionally to an increasing temperature gradient between the medium and
its surrounding. Thermal conduction is present within the solid components of the collector
(glazing, absorber, back and side insulation). The one-dimensional, steady state conductive
heat transfer through a wall can be described by Fourier‘s law (Verein Deutscher Ingenieure,
2010, p. 20):

) A

Qcond = hoona+ A+ AT = 5+ A AT (4.1)
where:
Qcond = Heat flux due to conduction in W
heona = Conductive heat transfer coefficient in W /(m?K)
A = Effective surface area in m?
AT = Temperature difference in K
A = Thermal heat conductivity in W/(m K)
t = Thickness in m

The same surface area is assumed for the glazing, absorber and back side insulation. For
these components, the surface area is identical to the gross collector area. In case of the
side insulation, the surface area is represented by the collector’s perimeter multiplied by the
height of the side insulation. Apart from the surface area, the thickness of each component
as well as the thermal heat conductivity is taken into account. The component dimensions
and the thermal conductivity can be combined into the conductive heat transfer coefficient

hCond .

4.3.2 Thermal Convection

In contrast to thermal conduction, thermal convection is caused by a macroscopic fluid flow
(Verein Deutscher Ingenieure, 2010, p. 18). In addition to the material properties and
characteristic dimensions, the boundary conditions of the fluid movement strongly affect the
amount of heat being transferred. Thermal convection is present both inside the air gap
between the absorber and glazing (natural convection) and outside the glazing (combined
free and forced convection). The Nusselt (Nwu) number correlates the convective heat transfer
coefficient heon, with a characteristic length L and the thermal heat conductivity A of the
fluid (Verein Deutscher Ingenieure, 2010, p. 20). Therefore, thermal conduction is already
part of thermal convection within the fluid and must not be considered separately. The
convective heat transfer can be determined according to equation 4.2:
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) Nu- A
Ocome = heoms - A - AT = 22U ALAT (4.2)
where:
QCOM = Heat flux due to convection in W
hcons = Convective heat transfer coefficient in W/(m?K)
A = Effective surface area in m?
AT = Temperature difference in K
Nu = Nusselt number
A = Thermal heat conductivity in W/(m K)
L = Characteristic dimension in m

As the effective surface area A, the characteristic dimension L and the thermal heat con-
ductivity A are known properties, the Nu number has to be determined to calculate the
convective heat transfer. The determination of the Nu number depends on the particular
flow conditions. While forced flow is the major mode of heat transfer between the HTF
and the absorber, free (or natural) convection is present inside the air gap between absorber
and glazing. A combination of both phenomena is responsible for the heat transfer from the
glazing to the ambient.

Forced Convection inside the Absorber

The fluid flow through the absorber structure is modelled by utilising the pipe model from
Simscape’s thermal liquid (TL) library. Neither fluid compressibility, elevation gains nor
inlet effects are considered. The Nu number depends on the type of fluid flow inside the
absorber (either laminar or turbulent). The decisive criteria to determine the flow type is
the Reynolds (Re) number:

_pv-L w-L

R 4.3
m T2 (4.3
where:
Re = Reynolds number
) = Density of the fluid in kg/m?
v = Velocity of the fluid in m/s
L = Characteristic dimension in m
1 = Dynamic viscosity of the fluid in kg/(ms)
v = Kinematic viscosity in of the fluid in m?/s

To account for an internal flow inside non-circular, channel-like structures, the characteristic
dimension L is represented by the hydraulic diameter d;, (Mills, 1999, p. 306).
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A
dp, =4 - T (4.4)
where:
dp, = Hydraulic diameter in m
A = Cross-sectional area of the absorber in m?
U = Perimeter of the cross-sectional area in m

The high width-height-ratio of the absorber (width = 60 mm, height = 3 mm) in combination
with a constant axial wall heat flux yields a Ny, number of 5.385 in case of a laminar flow
(Re < 2,300) (Mills, 1999, p. 307). For Re > 10*, the Nu number directly correlates with
the Re number (Gnielinski, 1975, p. 11), taking into account the formulation of the friction
factor f by Haaland (1983, p. 90). If 2,300 < Re < 10%, the Nu number is interpolated
(Verein Deutscher Ingenieure, 2010, p. 696).

5.385 for 0 < Re < 2,300 — Nujgm
£/8-(Re—1,000)-Pr 4
Nugps = Tii27 F/8(Pr2/3-1) for fte = 10 = Nttury
(1 - ’Y) Nulam,Rezz,Soo + ’YNUturb,Re=104 for 2,300 < Re < 10" — Ngrans
(4.5)
with
1 L8l 69\ (K L Re — 2,300
— =—-1.81Io — — =
NG &1\ Re 3.75 - dy 7T 10— Re
where:
Nugps = Nusselt number due to forced convection inside the absorber

Re = Reynolds number

Pr = Prandtl number

f = Friction factor

K = Surface roughness in m
dy, = Hydraulic diameter in m
v = Interpolation factor

The determination of the Nu number allows for the evaluation of the convective heat transfer
between the absorber and the HTF (cf. equation 4.2).

Combined Natural and Forced Convection at the Glazing

A combination of forced convection (resulting from an external airflow over the glazing) and
natural convection (resulting from the temperature difference between the glazing and the
surrounding) applies for the heat transfer between glazing and ambient environment. To
account for the heat transfer between the cover and the ambient due to forced convection,
equation 4.2 applies. In this context, the characteristic length L as well as the Nu number
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have to be determined. Scientific literature is lacking a unique definition of these numbers.
Eicker (2012, p. 113) and Reiter et al. (2015, p. 8) follow the description of Verein Deutscher
Ingenieure (2010, p. 714) regarding the formulation of the Nu number (cf. table 4.1, first
to third row). In this context, Eicker (2012, p. 113) defines L to be equal to the longer side
of the plate, assuming an air flow from the bottom to the top of the glazing. In contrast,
Reiter et al. (2015, p. 9) specify the shorter dimensions of the plate as the characteristic
length L, implying the wind flowing from the left to the right of the collector (or vice versa).
Reiter et al. (2015, p. 8) also do not restrict the formulation of the Nu number for certain
Re numbers. This is in contradiction to Verein Deutscher Ingenieure (2010, p. 714), which
limits the validity of the Re number to 5-10° < Re < 107. Sparrow, Ramsey and Mass (1979,
pp. 202-203) use a different equation for the Nu number, taking into account a characteristic
length L = 4- A/U (where A is the surface area of the glazing in m? and U the corresponding
perimeter in m), stating validity for 2 - 10* < Re < 9-10%. Duffie and Beckman (2013, p.
163) suggest to extended the range of validity of this formula to 2-10* < Re < 10° (cf. table
4.1, fifth row). Due to the wide range of valid Re numbers, this formulation was chosen for
the Nu number. The different formulations (with their specific range of validity) are shown
in table 4.1.

Table 4.1: Overview of different formulations for the Nu number in case of forced convection
over a flat plate. Empty cells indicate that there is no information available,
crossed-out cells (—) indicate that the corresponding publication did not restrict
the range of validity.

Source Characteristic Formulation of Range of
length L Nu number validity
Verein Deutscher Ingenieure
-10° 1-107
(2010, p. 714) 0.037-Re0-8.Pr o107 < e < 0
Eicker (2012, p. 113) Longer side ~ 1+2:443-Re=01(Pr2/3-1)
Reiter et al. (2015) Shorter side

Sparrow, Ramsey and Mass
(1979)
Duffie and Beckman (2013,
p. 163)

2-10* < Re < 9-10*
0.86 - Rel/2. prl/3

e
Qe

2-10* < Re < 1-10°

Besides formulations taking into account the Nu number, direct correlations between the
wind speed v and the convective heat transfer coefficient hgo,, are widely described in
literature, usually in an expression of hcony = @ + b - v. One example is the formulation of
MacAdams (1954, p. 249), who states hoopy = 5.7 + 3.8v'2. These relations are typically
obtained from wind-tunnel experiments. The resulting heat transfer coefficient hcon, (in
W/(m?K)) is therefore usually limited to the dimensions of the investigated specimen as
well as the type of boundary condition (wind speed and direction) and may therefore not be
generalised (Duffie and Beckman, 2013, p. 164). Due to the constant part of the equation
(hconw = a + b -v), a convective heat transfer is present even in case of windless conditions.

12 MacAdams (1954, p. 249) specified the formula in imperial units, a conversion into SI-units was been
done by Palyvos (2008, p. 803).
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It is therefore questionable if theses relations are valid for pure forced convection or whether
other effects (e.g. natural convection, radiation) are also included. A comprehensive overview
of overall wind convection coefficients is given by Palyvos (2008).

As the density of air decreases with increasing temperature, the hot air close to the glazing
has a lower density compared to the ambient air, yielding a movement based on the density
difference. This phenomenon is know as natural (or free) convection (Mills, 1999, p. 325).
In case of free convection, the Rayleigh (Ra) number is used to determine whether the type
of flow is laminar or turbulent. The Ra number (which is defined as the product of the
Grashof (Gr) and the Prandtl (Pr) number) can be determined according to equation 4.6
(Mills, 1999, p. 325).

B-AT-g-cosf- L3 AT -g-cosf-L?

Ra=Gr-Pr= 2 Pr Tor 7 Pr (4.6)
where:
Ra = Rayleigh number
Gr = Grashof number
Pr = Prandtl number
15} = Volumetric coefficient of expansion = 1/Tysean
Thican = Absolute mean temperature between glazing and ambient air in K
AT = Temperature difference between glazing and ambient air in K
g = Gravitational acceleration, i.e. 9.81 m/s?
S} = Angle of inclination of the collector in °
L = Characteristic dimension in m
v = Kinematic viscosity of the air in m?/s

Equation 4.6 is valid for collector inclination angles 6 < 60°, which seems to be an acceptable
boundary condition for most solar thermal FPCs. Furthermore, equation 4.6 implies that
the temperature of the glazing is higher than the ambient temperature. The characteristic
dimension L in case of free convection is defined as the longer side of the plate (Verein
Deutscher Ingenieure, 2010, p. 668).

The Nusselt number for natural convection is a function of the Rayleigh number (cf. equation
4.7). The transition between laminar and turbulent flow occurs at Ra ~ 10° (Mills, 1999, p.
325).

0.68 + 0.67 (Ra - 1)"/* for Ra < 10° — Nuggm
NuGlz,free = (47)

0.68 + 0.67 (Ra - ¢)1/4 ) (1 | FRa )1/12

o108 for Ra > 10° = Nugymp
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with
0.492\ /18] ~"°
= |1 ’
(G + ( B )
where:
Nugiz free = Nusselt number due to free convection outside the glazing
Ra = Rayleigh number
(0 = Prandtl number function

To equally account for both forced and natural convection, the Nu numbers of forced and
natural convection are superimposed (cf. equation 4.8), assuming the same direction of these
physical phenomena (Verein Deutscher Ingenieure, 2010, p. 671). This assumption implies
that the wind is flowing parallel to the long side of the FPC and that the temperature of
the glazing is higher than the ambient temperature (cf. figure 4.2).

Figure 4.2: Illustration of convection phenomena inside and outside of a solar thermal FPC:
Forced convection due to internal flow of HTF (—), Forced convection due to
external airflow (—), Free convection between glazing and ambient (—), Free
convection between absorber and glazing (—+ ).

These conditions are not always fulfilled (e.g. in case of a south-oriented FPC subjected
to west / east wind). Nevertheless, equation 4.8 is applied in absence of formulations for
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non-uniform superimposition (Verein Deutscher Ingenieure, 2010, p. 671).

NUGZZ = {)/Nu?élz,forced + Nu3Glz,f7"ee (48)
where:
Nug, = Superimposed Nusselt number outside of the glazing
Nugiz, forcea = Nusselt number due to forced convection
Nugiz free = Nusselt number due to natural convection

Based on the Nu number of forced (Nugiz forced) and free (Nug,, free) convection, the overall
Nug, number is calculated according to equation 4.8. As a result, the convective heat
transfer coefficient can be determined according to equation 4.2. The overall convective
heat transfer coefficient he,y, due to forced and natural convection for a typical 2m x 1m
FPC is shown in figure 4.3. Material properties (Pr number, kinematic viscosity v and
thermal conductivity A) are evaluated for an air temperature of 20°C. The temperature of
the glazing (angle of inclination = 45°) is assumed to be 50 °C. Due to the latter mentioned
boundary conditions, the fraction of natural convection is constant and independent of the
wind speed v (cf. figure 4.3, red shaded area). With increasing wind speed, the fraction of
forced convection to the overall heat transfer coefficient hcoy, becomes more dominant.

16

14

12

10 |-

Forced convection

Heat transfer coefficient hcon, in W/(m? K)
o0
I

0 \ | | | | | | Free convection |
0 1 2 3 4 5 6 7 8 9 10

Wind speed v in m/s

Figure 4.3: Wind speed dependent heat transfer coefficient hoon, at the glazing.

Natural Convection inside the Air Gap

To account for the temperature-driven natural convection in the air gap between absorber
and glazing, equation 4.9 applies (Hollands et al., 1976, p. 192). The “+” exponent indicates
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that statements in square brackets are only considered if these terms are greater than zero.
Otherwise, these statements are set to zero.

1,708 (sin 1.83)"° 1,708 1°
Ntgirgap = 1+ 1.44 |1 — = (sin 1.85) “1_ ’ }

Racos 3 13 3 !
5,830
(

Racos Racos
4.9)
where:
Nugircap = Nusselt number due to free convection in the air gap
Ra = Rayleigh number, cf. equation 4.6
15} = Volumetric coefficient of expansion = 1/Tysean
Triean = Absolute mean temperature between glazing and absorber in K

Heat transfer coeff. hoon, in W/(m? K)
(O8]
T

0 | | | | |
0 10 20 30 40 50

Air gap thickness t4¢ in mm

Figure 4.4: Heat transfer coefficient hoony in the air gap between absorber and glazing.

4.3.3 Thermal Radiation

Every body with a temperature higher than 0K emits radiation to its surrounding (Verein
Deutscher Ingenieure, 2010, p. 20). Such a radiative heat transfer can be described by the
law of Stefan-Boltzmann (Stefan, 1879; Boltzmann, 1884). To keep compatibility with the
formulation in case of thermal conduction and convection (cf. equations 4.1 and 4.2), Duffie
and Beckman (2013, p. 148) define the radiative heat transfer between two surfaces according
to equation 4.10. The radiative energy exchange between both surfaces is a function of their
respective emissivities (€1, €2) and the view factor Fjy between those surfaces (Aj, As), cf.
figure 4.5 (Duffie and Beckman, 2013, p. 147). A detailed derivation of equation 4.10 is
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given by Eicker (2012, pp. 109-111), a list of view factors is presented by Mills (1999, pp.

541-543).

with

where:

QRad
hRad
o

€1, €2
Ay, Ay
T, Ty

QRrad = A1+ hpaa - (Ta — T1) (4.10)

o (TE+T2) (T, + 1)
1—¢ 1 (1—e) A
+ -

€1 Fio €2A2

= Heat flux due to radiation in W

= Radiative heat transfer coefficient in W/(m? K)

= Stefan-Boltzmann constant, i.e. 5.67 x 1078 W /(m? K*)
= Emissivity of the surface (0 <e <1)

= Effective surface areas in m?

= Temperatures of the surfaces in K

Figure 4.5: Radiative energy exchange between two grey surfaces according to Eicker (2012,

Radiative Heat Exchange to the Sky

Equation 4.10 is applied to account for the radiative heat exchange between a horizontally
placed glazing (A;) and the sky (As). As the sky totally absorbs the radiation emitted by
the glazing, the view factor Fijo = 1. The sky is significantly larger than the surface area
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of the glazing, therefore A;/A; =~ 0. Inserting these boundary conditions into equation 4.10
yields the following definition of the radiative heat transfer coefficient:

o (Télz + Tgky) (TGIZ + TSky)

N Rad,sky = . (4.11)
Glz 4
€Glz
where:
R Rad,Sky = Radiative heat transfer coefficient between glazing and sky in W/(m? K)
o = Stefan-Boltzmann constant, i.e. 5.67 x 1078 W /(m? K*)
Ter. = Temperature of the glazing in K
T'spy = Temperature of the sky in K
€Glz = Emissivity of the glazing

The sky temperature Tgy, is related to the sky conditions. Models that correlate Ty,
with meteorological data (such as ambient temperature, water vapour pressure, dew point
temperature, dry bulb temperature etc.) are widely described in scientific literature (Duffie
and Beckman, 2013, p. 148). A comprehensive list of the most common relations is presented
by Eicker (2012, p. 54). Swinbank (1963) correlates the sky temperature with the ambient
temperature (cf. equation 4.12). This formulation is implemented in the collector model.
More complex models can be applied if sufficient data are available.

Tsky, = 0.0552 - Ty, (4.12)
where:
Tspy = Temperature of the sky in K
T amp = Ambient temperature in K

Radiative Heat Exchange between Absorber and Glazing

To account for the radiative heat exchange between the absorber (A4;) and the glazing (A,),
equation 4.10 is applied, assuming sufficient comparability with the (theoretical) case of
radiation between two infinitely large, parallel surfaces. In this context, the view factor
Fi5 = 1. In addition, both surfaces have the same area (A; = Aj), the radiative heat
transfer coefficient can therefore be determined according to equation 4.13:
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hRad,Gap
o

Taps
TGlz

€Glz
€Abs

4 Collector Simulation

0 (Thys + T.) (Tavs + Teuz)

1— €Abs 1— €Glz
— 1+
€Abs €Glz

hRad,Gap = (413)

= Radiative heat transfer coefficient between glazing and absorber in W/(m?K)
= Stefan-Boltzmann constant, i.e. 5.67 x 1078 W/(m? K*)

= Temperature of the absorber in K

= Temperature of the glazing in K

= Emissivity of the glazing

= Emissivity of the absorber

4.4 Collector Optics

The principle of conservation of energy may be applied to describe the optical effects both
at the glazing and the absorber. For a particular wavelength A, the incident irradiation [
gets partly absorbed by, transmitted through and reflected at the transparent glazing (cf.
equation 4.14 and figure 4.6, left). As the absorber is opaque (that is 7\ _aps = 0), no energy
is transmitted through the absorber (cf. figure 4.6, right).

where:

Qax

Px
TX

Ix=axIx+p L+ 7y — 1 =ay+pr+ 7 (4.14)

= Wavelength dependent incident irradiation in W /m?
= Wavelength dependent absorption

= Wavelength dependent reflection

= Wavelength dependent transmittance

* QO\?-.\‘ R 4 GL 7 LoV

N
Air & W Air % &0

Air

Figure 4.6: Collector optics according to Eicker (2012, p. 115) and Reiter et al. (2015, p.

6): Incident solar radiation (— ), Solar radiation, reflected (---»), Solar radiation,
absorbed (- ).
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The ratio between absorption, reflection and transmittance depends on the angle of incidence
61, the material properties (represented by the extinction coefficient K and the refractive
indices n i, ner,) as well as on the thickness L of the glazing. In general, both the extinction
coefficient K and the refractive indices n are wavelength-dependent properties, which are
assumed to be constant within the scope of this collector model. According to Duffie and
Beckman (2013, p. 202), this assumption holds true especially for glass.

4.4.1 Reflection Coefficient at the Boundary Surface of the Glazing

To account for the reflection at the boundary surface of the glazing, in case of smooth
surfaces, Fresnel’s equations may be applied (Duffie and Beckman, 2013, p. 202). The
overall reflection coefficient is the average of the parallel and perpendicular part of the
unpolarised, incident irradiation (cf. equation 4.15 and figure 4.6, left).

Irefl,Glz T+ )

o= T T, (4.15)
with:
_sin® (6, — 6y) _ tan® (6, — 6;)

T2t 6 T tan? (. + 61)
where:
TGlz = Reflection coefficient at the glazing
Lcsicuz = Reflected part of incident irradition at the boundary surface of the glazing in W/m?
I = Incident irradiation in W /m?
LT = Reflection coefficient for perpendicular / parallel portion of incident irradiation
0,0, = Angle of incidence / reflection in °

According to Snell’s law, the ratio between the angle of incidence and the angle of reflection
correlates with the refractive indices of the glazing and the surrounding air (Duffie and
Beckman, 2013, p. 203). In case of normal irradiation, the angle of incidence / reflection
as well as the reflection coefficients 7, and 7 are zero. Taking into account Snell’s law,
the reflection of the unpolarised irradiation perpendicular to the glazing can be expressed
according to equation 4.16 (Eicker, 2012, p. 115).

2
Nair — NGz
TGz = (u> (4.16)

N Ay + NGz
where:
TGlz,0 = Reflection coefficient at the glazing in case of normal irradiation
Nnair, N1 = Refractive indices
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4.4.2 Absorption of the Glazing

The absorption of a transparent material is defined as the ratio of transmitted to incident
irradiation. It depends on the extinction coefficient K and the path-length through the
glazing (cf. figure 4.6, left). Integrating Bouguer‘s law with respect to the path-length yields
equation 4.17 (Duffie and Beckman, 2013, p. 206).

T, = [trans,Glz _ —KG#\%GZZ (417)
1
where:
Ta = Transmittance without reflection at the glazing
Livans,ciz = Transmitted part of incident irradiation in W/ m?
I = Incident irradiation in W /m?
K. = Extinction coefficient of the glazing in 1/m
Lei. = Thickness of the glazing in m
0y = Angle of reflection °

4.4.3 Transmission, Reflectance and Absorption Coefficients of the
Glazing

The incident irradiation hitting the transparent cover is partly reflected at the upper bound-
ary surface. The remaining part of the light gets either absorbed by or transmitted through
the transparent cover. A certain portion of the irradiation leaves the glazing from the bot-
tom side (cf. figure 4.7). Depending on the angle of incidence #; and the path-length of
the beam, another portion of the energy is reflected back to the upper boundary, yielding
an infinite series of transmission, reflection and absorption at the glazing (Eicker, 2012, p.
117).

Z
2 2
Air G"/w < < ‘}‘(\—ﬂ P Qa9
‘ (1) t2u(d-r) T 2r1-r) (1) tlhridor)
Glazing
(1) () 25lr) 1 le(1-r) 1. 1)
Air TQ(]“"F u 3’2(1~r)2 % 51‘4(1~r)2

Figure 4.7: Transmission, reflection and absorption of a single glazing according to Eicker
(2012, p. 117) and Reiter et al. (2015, p. 7): Incident solar radiation (— ), Solar
radiation, reflected at upper boundary surface(--»), Solar radiation, transmitted
through lower boundary surface (- ).
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Ray-tracing techniques may be used to account for the transmission, reflection and ab-
sorption coefficient of the glazing (cf. equations 4.18 - 4.20), including both reflection and
absorption losses (Duffie and Beckman, 2013, p. 206).

2
TL+ 7 o (1 — 2 To (L =7
== yith 7 = Tal=ru) TL)Q, T = —( “)2 (4.18)
2 1- (TJ_Ta> 1— (THTQ)
pL+p .
p=—u I with pr=r1-(L+77), p=r (14 7a7) (4.19)
o)+ . 1—1r, 1—7’”
= — th —= 1 — Tq _— 5 == 1 — Ta - 420
0= it au=(-m) ($55 ) e = - (7))
where:
T = Transmission coefficient of the glazing
TL,T| = Perpendicular / parallel portion of transmission coefficient
p = Reflection coefficient of the glazing
pL, P = Perpendicular / parallel portion of reflection coefficient
« = Absorption coefficient of the glazing
ap,q) = Perpendicular / parallel portion of absorption coefficient
Ta = Transmittance without reflection at the glazing
LT = Reflection coefficient for perpendicular / parallel portion of incident irradiation

The resulting direct, angle-dependent energy input to the glazing can be determined accord-
ing to equation 4.21:

Qcizair = Aciz * Lar - @ (4.21)
where:
QGlz,dir = Energy input to the glazing due to direct incident irradiation in W
Acis = Surface area of the glazing in m?
Lair = Incident irradiation in W /m?
« = Absorption coefficient of the glazing

4.4.4 Transmittance-Absorptance Product

After passing through the transparent cover (with a particular transmission coefficient 7,
cf. equation 4.18), the incident irradiation gets absorbed by the absorber. The absorber
surface has a specific, material-dependent absorption coefficient «, which is wavelength-
dependent and assumed to be constant within the scope of this model. Due to multiple
reflections between the lower boundary surface of the glazing and the absorber (cf. figure
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4.8), the effective transmittance-absorptance product (ra),;, can be determined according to
equation 4.22 (Eicker, 2012, p. 119). In this context, this effective transmittance-absorptance
product may be interpreted as a property of a specific cover-absorber combination (Duffie
and Beckman, 2013, p. 213).

,
Air

Glazing

Figure 4.8: Effective transmittance-absorptance product of a single-glazed FPC according to
Eicker (2012, p. 119), Duffie and Beckman (2013, p. 213) and Reiter et al. (2015,
p. 7): Incident solar radiation (— ), Solar radiation, absorbed (- ).

. . = n e

Qavs = (t0) gy [+ A with  (ra),; = m; (=)o) = =gy, “2
where:
Q avs = Energy input to the absorber due to incident irradiation in W

—~

T, Iy = Effective transmission-absorption product

= Transmission coefficient of the glazing

= Absorption coefficient of the absorber

= Reflection coefficient of the lower boundary surface
= Trradiation in W/m?

= Surface area of the collector in m

o~ DN

2

The resulting direct, angle-dependent energy input to the absorber can be determined ac-
cording to equation 4.23.

QAbs,dir - AAbs : Idir . (Ta)eff (423)
where:
Q Abs,dir = Energy input to the absorber due to direct irradiation in W
A sps = Surface area of the absorber in m?
Lair = Incident irradiation in W /m?
(Ta) sy = Effective transmission-absorption product
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4.4.5 Energy Input due to Diffuse Radiation

Besides the energy input due to angle-dependent irradiation, a further source of energy results
from angle-independent, diffuse irradiation (Duffie and Beckman, 2013, p. 212). Based on
empirical studies, Brandemuehl and Beckman (1980, p. 512) identified the isotropic, diffuse
irradiation to be equally effective as the beam radiation hitting the collector at an angle of
approximately 60°. To account for different angles of inclination, the authors formulated a
correction angle for the diffuse irradiation (cf. equation 4.24):

6 = 59.68 — 0.13883 + 0.001497/3* (4.24)
where:
0 = Equivalent angle of incidence for diffuse irradiation in °
6] = Angle of inclination of the collector in °

Based on the equivalent angle of incidence for diffuse irradiation, the additional energy input
to both the glazing and the absorber can be determined according to equations 4.21 and
4.23.

4.5 Model Validation

In order to assess the developed collector model’s accuracy, it was both validated under
steady-state and dynamic boundary conditions.

4.5.1 Validation for Steady-State Boundary Conditions

The collector model was validated with data obtained from the tests using the indoor solar
simulator (cf. chapter 3). In total, four different prototypes with polymeric absorbers were
simulated and evaluated with measurement data. The properties of the tested prototypes
are listed in table 3.2. In order to compare the measured data with the numerical results
from the simulation model, the absolute difference between the efficiency were evaluated for
each measurement point.

The results are shown in figure 4.9 - 4.12, the underlying measurement data can be found
in the appendix (cf. table D.1 to D.4). A maximum deviation of 5.8 p.p. between measured
and simulated data can be identified. The results indicate that the simulation model slightly
overestimates the efficiency. This can be attributed to the fact that the collector model does
not cover all physical phenomena which are present in reality. A further source of uncertainty
is caused by the measurement error of the solar simulator, which ranges between 3.5 % and
10.7% (cf. section 3.3). Reiter et al. (2015, p. 14) obtained a maximum deviation between
their collector model and measured data of 3.1%. In addition to that, Reiter et al. (2015)
give an overview about deviations of other collector models: Matuska and Zmrhal (2009,
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p. 48) reported differences of 3% — 4%, Cadafalch (2009, p. 2162) obtained deviations
between measured and simulated values < 2%. Taking this information into account, the
aforementioned maximum deviation of 5.8 % can be interpreted as a tolerable value.
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Figure 4.9: Validation results for the ABS collector with PUR insulation and PMMAglazing.
Maximum deviation between simulated and measured data: 5.8 p.p..
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Figure 4.10: Validation results for the PP collector with glasswool insulation and glass glaz-
ing. Maximum deviation between simulated and measured data: 4.2 p.p..
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Figure 4.11: Validation results for the PP collector with EPS insulation and glass glazing.
Maximum deviation between simulated and measured data: 1.6 p.p..
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Figure 4.12: Validation results for the PP collector with EPS insulation and glass glazing

(including additional frame). Maximum deviation between simulated and mea-
sured data: 4.6 p.p..

4.5.2 Validation for Dynamic Boundary Conditions

After validating the simulation model under steady-state boundary conditions, the dynamic
behaviour was investigated based on measurement data monitored at an outdoor test-rig
(cf. chapter 5). Four identical PP collectors with glasswool insulation and glass glazing
were mounted under 45° inclination (south oriented). The overall collector area amounted
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to 2.37m?2. For validating the model, two consecutive days were chosen: The first day
represents a summer day with several clouds passing by throughout the day, whereas the
second day had clear sky conditions (cf. figures 4.13 and 4.14, yellow curve). Between
10:45 and 10:50 AM, the pump starts to circulate the HTF (in this case water) through the
collector array with a volume flow rate of approximately 1501/h. Around 5:30 PM, the pump
stops (cf. figures 4.13 and 4.14, lower part of the diagram). Environmental conditions such
as irradiation, ambient temperature, wind speed and direction were monitored as well as the
collector inlet and outlet temperatures and the volume flow rate. All boundary conditions
were fed into the simulation model in order to determine the (simulated) resulting collector
outlet temperature.
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Figure 4.13: Dynamic validation of a collector array with four PP collectors with glasswool
insulation and glass glazing under cloudy sky conditions. Deviation between
simulated and measured solar yield: 4.9 %.

To determine the quality of the simulation model, the solar thermal yield for both the
measured as well as the simulated systems were compared according to equation 4.25:

Exp _ Sim 2
- \/ (%) (4.25)

where:

13 = Difference between measured and simulated solar thermal yield
EFep = Daily amount of energy (experiment) in kW h

ESim = Daily amount of energy (simulation) in kW h
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Figure 4.14: Dynamic validation of a collector array with four PP collectors with glasswool
insulation and glass glazing in case of clear sky conditions. Deviation between
simulated and measured solar yield: 2.2 %.

For both days, a high degree of correlation between measured and simulated data was ob-
served. For the first (cloudy) day, the developed collector model under-estimates the reality
by 4.9%. For the second (cloudless) day, a difference of 2.2 % can be observed. Compar-
ing the simulated with the measured collector outlet temperature indicates that the model
under-estimates the measurement data soon after the solar pump was activated (between
10:45 and 11:30 AM) and in the later afternoon hours (4:00 to 5:30 PM). The first effect
can be attributed to the setup of the tested system: As this system is designed as a DBS,
the collector array was empty before starting the pump. After switching on the pump, the
overall thermal mass of the collector is affected by the incoming HTF.

In contrast to that, the simulation model assumes a constant thermal mass including the
HTF. The resulting (higher) overall thermal mass yields a different heating-up performance.
The under-estimation of the simulation model in the morning / evening hours can be at-
tributed to optic properties of the absorber and / or the glazing material. To compensate
this effect, more information regarding the angle-dependent material properties would be
necessary. Between 12:00 AM and 4:00 PM, the simulation model slightly over-estimates
the collector outlet temperature. The same effect could be observed at steady-state bound-
ary conditions (cf. section 4.5.1), indicating that the simulation model does not account for
all heat-loss effects which are present in reality.

When the solar pump is in stand-still, the simulated collector outlet temperature deviates
from the measured value up to 5°C. This effect can be attributed to the sky temperature (cf.
section 4.3.3). To ensure compatibility with the results from the indoor measurements (cf.
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section 4.5.1), the sky temperature of Swinbank (1963) was chosen. This model correlates
the sky temperature solely with the ambient temperature. In reality, however, the sky
temperature depends on several parameters (such as humidity or cloudiness degree). If
this information was available, more complex models can be used for determining the sky
temperature. An overview of different sky temperature models is given by Eicker (2012,
p. 54). The effect of different sky temperature models to the resulting collector outlet
temperature is shown in the appendix (cf. figures E.1 and E.2).

The results of the dynamic validation indicate a high correlation between the measured and
simulated solar yield. Therefore, the developed collector model seems to be appropriate for
application in more complex simulation models with dynamic boundary conditions.

4.6 Parametric Study

The evaluation of available literature (cf. chapter 2) revealed typical absorber areas of
polymeric solar thermal FPCs ranging between 0.5m? and 2.0m?. According to Kohl, Meir
and Papillon (2013, p. 56), the representative surface area for a standard, metal-based solar
thermal FPC is 2.0m?. Therefore, a 2m long and 1 m wide collector made of PP is assumed
for the subsequent parametric study.

In accordance with data available from literature, a 4 mm thick cover made of glass is assumed
for all investigated variants. As the heat losses are mainly influenced by the thickness of the
backside insulation as well as the distance between glazing and absorber, a parametric study
was performed in order to obtain ideal values for both properties.

The thickness of the backside insulation was varied in 5mm increments between 5 mm and
100 mm, the distance between glazing and absorber was varied in 1 mm increments, ranging
between 1 mm and 40 mm. This results in a total number of 800 different combinations. The
ambient temperature Ty,,, was set to a constant value of 25 °C, the irradiation was defined
as 1,000 W /m?. In accordance with the standard EN ISO 9806:2013 (p. 60), the specific
mass flow rate was set to 0.02kg/(sm?), yielding a mass flow rate of 144kg/h. For inlet
temperatures ranging between 10°C and 0°C (in 20 °C increments), the resulting efficiency
curve was determined according to equation 2.4. In order to compare the different setups, the
efficiency was evaluated at a reduced temperature of 0.05 K m? /W, which is a representative
operating point for FPCs (Kaltschmitt, 2013, p. 201).

With increasing thickness of the backside insulation and distance between glazing and ab-
sorber, the resulting efficiency increases, too (cf. figure 4.15). A maximum of the efficiency
can be identified when the air gap between glazing and absorber is 12mm (cf. figure 4.15,
blue curve).
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Figure 4.15: Results of a parametric study of a polymeric FPC with a PP absorber. Contour
line for an air gap thickness of 12mm (—), Contour line for an insulation

thickness of 50 mm (—).

This can be attributed to the heat transfer between these two components due to natural
convection (cf. section 4.3.2). For insulation thicknesses larger than 50 mm (cf. figure
4.15, red curve), a further increase of the efficiency is limited. As a result, an air gap
distance between glazing and absorber of 12 mm in combination with a 50 mm thick backside
insulation can be identified as suitable parameters.

The efficiency curve of this particular collector is plotted against data obtained from mea-
surements (cf. figure 4.16). The results indicate that the simulated collector design has a
significantly higher efficiency compared to the tested prototypes. Evaluating the efficiency
at a representative operating point for DHW applications (0.05 Km?/W) yields a value of
37.9%. This value is 5.1 p.p. higher than the best tested prototype and 8.9 p.p. higher than
the best market available polymeric collector (cf. table 3.4).
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Figure 4.16: Comparison of measured and simulated collector prototypes. The data points
indicate the measured / simulated values, the polynomials represent the resulting
collector efficiency curves.

4.7 Summary

The developed simulation model was validated with measurement data from four different
collector prototypes, which differ in size, material and setup. The results indicate a high
correlation between measured and simulated data, both in case of steady-state and dynamic
boundary conditions.

Based on this validation, a parametric study was performed in order to investigate ideal
parameters for a 2m? polymeric solar thermal FPC made of PP. The derived, optimised
collector design shows a 5.1 p.p. higher efficiency compared to the best tested prototype.
Therefore, it is advisable to incorporate the findings of the parametric study into the design
of a polymeric solar thermal FPC.

The derived collector efficiency data are the basis for determining the technical performance
of a DBS with such polymeric solar thermal FPCs (cf. chapter 6).

5



5 Experimental Analysis on System Level

In order to test the behaviour of the developed collector prototypes under realistic conditions,
a system test rig was designed and set up. In contrast to the investigations on component
level (cf. chapter 3), the system test rig is aiming at a holistic investigation of a solar thermal
DBS with polymeric FPCs. Besides the determination of relevant component and system
temperatures, the evaluation of the solar thermal yield is of major interest. The system test
rig emulates the behaviour of a small DHW system. The hydraulic and the metrological
setup are integrated into a 20ft container, the collector array as well as a weather station
(to monitor environmental boundary conditions) are mounted on top of the container. A
schematic setup of the test rig is shown in figure 5.1, a photograph of the container can be
found in the appendix (cf. figure A.2). The hydraulics of the test rig are shown in figure
5.2.

Figure 5.1: Schematic sketch of the system test rig. (I) = Solar thermal collector array with
drain back reservoir, (2) = Electric backup heater, (3) = DHW tapping.

Central element of the test rig is a 5001 storage tank (cf. figure 5.2, centre) made of a fibre-
plastic-composite material (Roth Werke GmbH, 2013, p. 21). The storage has two separate
corrugated tube heat exchangers and can be charged with heat from a solar thermal collector
array (cf. figure 5.2, left). If the amount of solar heat is not sufficient to cover the DHW
demand, the heat storage can be charged by a conventional heat source (cf. figure 5.2, outer
right). The energy stored inside the storage tank can be utilised to provide DHW (cf. figure
5.2, right). Four PT100 temperature sensors are equally distributed over the height of the
heat storage (at 9/3, 1/3, 2/3 and 3/3 of the relative height). Every hydraulic loop is equipped
with necessary sensors to evaluate the flow rate as well as the temperature into and out of
the heat storage tank.
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Figure 5.2: Hydraulic setup of the system test rig. (I) = Solar thermal collector array with
drain back reservoir, (2) = Heat storage tank, (3) = Cold and hot water pipeline
for DHW tapping, (4) = Backup heating loop with electric heater.

The temperature-dependent specific heat capacity ¢, as well as the density p is obtained
from a polynomial function according to EN ISO 9806:2013 (pp. 120-122) for the average
temperature between inlet and outlet. As a result, the effective heat gain (provided by the
backup heating and / or solar heating loop) and the consumption (due to DHW tapping)
can be determined according to equation 5.1.

where:

Q = Heat flux in W

Vv = Volume flow rate in m?/s

) = Density of the water in kg/m3

cp = Specific heat capacity of the water in J/(kg K)
Ty = Hot water temperature in K

Te = Cold water temperature in K
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5.1 Solar Collector Loop

The system was set up as a DBS with four polymeric collectors. These collectors are identical
prototypes compared to the collectors tested on the solar simulator (cf. chapter 3). Each
collector has a gross surface area of 0.59 m?, yielding an overall collector array area of 2.36 m?.
To minimise the backside heat losses, each collector has a 30 mm thick insulation made of
glass wool. In addition, a 10 mm thick wooden plate was mounted to mechanically stabilise
the collector. To minimise the front side heat losses, the collectors are covered with a 4 mm
plate made of glass. Further details of the utilised collector prototypes can be found in table
3.2 (c). The four collector prototypes are serially connected, mounted under 45° and south-
orientated (cf. figure 5.1). Two PT100 sensors are mounted upstream and downstream of the
collector array to determine the useful temperature gain. To ensure a proper self-draining
of the collector array in case of a pump standstill, all collectors are inclined approximately
5° to the horizontal. Two pumps connected in series were used to circulate the HTF (pure
water) within the solar collector loop (cf. figure 5.2, left). Within the solar collector loop,
two solenoid valves are installed to either operate one or both pumps. A motor control
valve was installed to ensure a constant mass flow rate. This volume flow rate was set to
approximately 1501/h for the experiments performed on the system test rig. After leaving
the collector array, the HTF flows into a drain back reservoir. The drain back reservoir is
a 142.51, box-shaped storage tank which was insulated with a pour-in insulation. A PT100
sensor was used to measure the temperature of the HTF inside the reservoir. A photograph
of the drain back reservoir can be found in the appendix (cf. figure A.5). A Coriolis mass
flow meter with a measurement error lower than + 0.5 % (Krohne Messtechnik GmbH, 2013,
p. 8) was used to determine the mass flow rate within the solar collector loop (cf. figure A.4).
In contrast to a temperature difference controller (which is typically used to start / stop the
solar pump within a conventional solar thermal system, cf. chapter 2), a mixed temperature-
and irradiation-based algorithm was chosen to control the solar loop of the system test rig.
As long as the system stays in idle mode, a pyranometer continuously measures the in-plane
irradiation. In the case when the irradiation exceeds a threshold value of 700 W/m?, the
controller switches on the pump. During normal operation, the temperature before and after
the collector array is measured. As long as the outlet temperature is higher than the inlet
temperature, the pump keeps operating.

[ yel
TGlazing

T TAbsorber

=
A

Figure 5.3: Position of temperature sensors mounted inside the collector prototype.

To account for the temperature of different components, three sensors (thermocouples) were
mounted inside the collector. One sensor was connected to the inner side of the glazing
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(TGiazing)- The second sensor monitors the temperature of the upper part of the absorber
(T spsorber)- The third sensor (Tl4;-) is mounted inside the gap between glazing and absorber
and monitors the temperature of the air inside this gap. The position of the sensors are
shown in figure 5.3.

5.2 Backup Heating Loop

In case of insufficient solar irradiation, the necessary heat for covering the DHW is provided
from the backup heating loop (cf. figure 5.2, outer right). Here, a pump circulates water
through a 9kW electrical backup heater. The mass flow can be adjusted with a motor
control valve, the resulting flow rate can be evaluated by means of an inductive flow meter
with a measurement error lower than + 1% (Krohne Messtechnik GmbH, 1993, p. 53). The
temperature-dependent density p as well as the specific heat capacity ¢, are both obtained
from a polynomial function according to EN ISO 9806:2013 (pp. 120-122) for the average
temperature between inlet and outlet. The same procedure was chosen for the DHW loop.
Together with the temperature upstream and downstream the backup heater (determined by
means of two PT100 sensors), the resulting heating power can be determined according to
equation 5.1. A photograph of the backup heating loop is shown in the appendix (cf. figure
A.4). The control strategy of the backup heating loop is based on a two point hysteresis
controller. As soon as the temperature inside the storage tanks drops below 45 °C, both the
electric backup heater as well as the pump are switched on. Once the temperature in the
storage tank exceeds a value of 48 °C, the backup heater and the pump are switched off by
the controller.

5.3 Domestic Hot Water Loop

The open DHW loop is shown in figure 5.2 (right beside the heat storage). In case of a hot
water demand, a solenoid valve is opened to release hot water out of the heat storage. At
the same time, a second valve opens, allowing cold water to flow into the storage tank. This
cold water is heated up afterwards (either by the solar thermal collector array or the backup
heater). A motor control valve was installed within this loop to control the volume flow rate
(which was set to a constant value of approximately 2001/h). The flow rate is measured
with an inductive flow meter which has a measurement error lower than + 1% (Krohne
Messtechnik GmbH, 1993, p. 53). Both the inlet and outlet temperature is measured by
means of a PT100 sensor. Due to the pressure from the water supply, no pump is needed
within this loop. Based on several boundary conditions, the standard VDI 4655:2008 defines
typical DHW demand profiles. This standard serves as a basis to emulate a realistic tapping
behaviour at the system test rig. The daily amount of DHW adds up to approximately
6 kW h.
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Figure 5.4: DHW tapping profile used in the system test rig.

Figure 5.4 shows the profile of the tapping throughout the day. Apart from larger heat
demands in the morning, around noon and in the evening hours, minor tappings are dis-
tributed over the day. In total, 23 individual tappings are distributed over the day, where
each tapping withdraws 1.9 % — 22.2% of the daily DHW amount.

5.4 Test Results and Discussion

The results of testing on system level as described above shown on two representative, con-
secutive days. While the first day represents a sunny summer day with a maximum level of
irradiation (in-plane of the collector array) of 942 W/m? and a maximum ambient tempera-
ture of 30.2°C, the second day was cloudy (maximum level of irradiation of 456 W /m?) and
cooler (maximum ambient temperature of 18.9°C). The weather conditions as well as the
component temperatures present at these two days can be seen in figures 5.5 and 5.6.

On 25.06.2016, the level of irradiation increases significantly around 11 AM and decreases
around 4:30 PM due to a passing field of clouds. The first phenomenon can be attributed
to the location of the system test rig. Due to a small forest close to the container, the
collector array gets shaded in the morning and evening hours. As soon as the collectors are
exposed to the sun, the components heat up quickly (Tapsorper = 77.0°C, Ty = 66.5°C,
TGiazing = 44.7°C). At 11:06 AM, the incident irradiation is greater than the pre-defined
threshold, leading the solar controller to circulate water through the hydraulic loop. As a
result, the incoming irradiation is transferred to the HTF, causing a significant drop of the
component temperatures. After 5 minutes of operation, the temperature difference between
the inlet and outlet of the collector array is evaluated. As the temperature out of the
collector array (Touter) is lower than the temperature of the water flowing into the collector
(Trniet), the controller switches off the pumps and stays in idle mode until 11:14 AM. As the
amount of incident irradiation is still higher than the pre-defined threshold, the pumps are
switched on again. As the collector array starts to produce heat (Touuer > Trnier) Within the
next 5 minutes, the pumps keep running throughout the day until 4:32 PM. During normal
operation, the temperature of the absorber is lower than the temperature of the air inside
the gap between absorber and glazing. The maximum temperatures are reached between
2 PM and 3 PM (TAbsorber =554 OC, TAir = 59.3 OC, TGlazing = 453°C) At 4:32 PM, the
temperature out of the collector array drops below the inlet temperature (Touger < Trniet),
leading the pumps to be switched off.
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Figure 5.5: Temperatures inside the collector on 25.06.2016.
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Figure 5.6: Temperatures inside the collector on 26.06.2016.

As the level of irradiation is lower than the pre-defined threshold for the rest of the day,
the solar pumps remain in idle mode. As a result, the HTF flows back into the drain back

81



5 Experimental Analysis on System Level

reservoir. Similarly to the behaviour in the morning hours, the incident irradiation heats up
the empty collector. However, the decreasing irradiation in the evening hours causes a less
steep rise of the temperatures inside the collector.

On 26.06.2016, the level of incident irradiation is always lower than the threshold. Therefore,
the pumps within the solar collector loop remained in idle mode throughout the whole
day. The maximum temperatures occurred between 1 PM and 2 PM (T apsorper = 63.6 °C,
Tair = 57.5°C, Teiazing = 38.8°C).

The temperatures along the height of the storage are shown in figures 5.7 and 5.8. In addition
to that, these diagrams show the signal of each hydraulic circuit (either on or off). Until 5:37
AM, the slope of the temperature sensors represent the thermal losses of the heat storage
to the environment. It can be observed that the temperature of the drain back reservoir
decreases faster than the temperature of the heat storage. This can be attributed to the
worse insulation and higher area-to-volume-ratio of the drain back reservoir compared to the
heat storage.
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Figure 5.7: Temperatures inside the heat storage and states of the hydraulic loops on
25.06.2016. First diagram: Temperatures along the height of the storage tank
(Tojsir — Tsy3pr) and inside the drain back reservoir (Tpp). Second diagram: Sta-
tus of the solar loop. Third diagram: Status of the backup heating loop. Forth
diagram: Status of the DHW loop.
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Assuming a uniform stratification of the water inside the storage tank, the temperature
sensor located on top of the heat storage (Ts/) should always be the highest one compared
to the other sensors. For both days, figures 5.7 and 5.8 indicate that some air is trapped in
the upper part of the heat storage. As a result, the temperature sensor located at the top
of the heat storage monitors the temperature of the enclosed air (instead of the water inside
the heat storage).
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Figure 5.8: Temperatures inside the heat storage and states of the hydraulic loops on
26.06.2016. First diagram: Temperatures along the height of the storage tank
(Tojsir — Ts3pr) and inside the drain back reservoir (Tpp). Second diagram: Sta-
tus of the solar loop. Third diagram: Status of the backup heating loop. Forth
diagram: Status of the DHW loop.

Time and duration of the DHW tappings are identical, as both days utilise the same profile
(cf. section 5.3). However, the daily amount of heat which is drawn from the heat storage
differs from 25.06.2016 (3.7kW h) to 26.06.2016 (4.1kW h). This can be attributed to the
cold water supply of the system test rig: Before entering the test rig, the cold water pipe runs
approximately 30 m close under the earth’s surface. On sunny days (e.g. on 25.06.2016), the
sun heats up the ground and consequently the water which enters the test rig. As a result,
the daily amount of energy which is drawn from the heat storage on sunny days (such as the
25.06.2016) is smaller compared to cloudy days (such as 26.06.2016).
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5 Experimental Analysis on System Level

Whenever hot water is drawn from the heat storage as a DHW tapping, cold water enters
the heat storage, yielding a temperature drop at the bottom part of the storage tank (sensors
Tossg and Tisp). On 26.06.2016 at 12:16 PM, the temperature at 2/3 of the storage height
drops below 45 °C, yielding the electric backup heater as well as pump to be switched on.
At 12:33 PM, the desired temperature of 48°C is reached. As a result, both the backup
heater and the pump are switched off. On 25.06.2016, the heat demand for providing DHW
(3.7kWh) is completely covered by the solar thermal collector array (4.9kWh). As the
temperature of the sensor mounted at 2/3 of the storage height never drops below 45°C,
the backup loop remains in idle mode on this day. Comparing the signals of the different
temperature sensors indicates a much more noisy signal for the sensor mounted inside the
drain back reservoir (Tpg, cf. figures 5.7 and 5.8). This behaviour is caused by the incoming
water from the solar collector array that splashes into the water surface inside the drain back
reservoir, yielding small spatial variations of the sensor position.

Data was monitored at the system test rig from end of June to end of October 2016. Within
this 4-month period, a maximum collector outlet temperature of 55.5°C was measured.
This value can be increased by adjusting the pump speed with a more sophisticated control
algorithm. To enable a maximum temperature loading of the utilised collector prototypes,
both solar pumps were shut off for two weeks with high levels of incident irradiation. A
maximum temperature of 140 °C was measured at the absorber, the sensor mounted at the
inner side of the glazing monitored a maximum temperature of 112°C. For the chosen
absorber material PP, Domininghaus et al. (2012, p. 226) report a maximum permissible
temperature for permanent operation of 100 °C and 140 °C for short-term operation. Kahlen,
Wallner and Lang (2010) investigated the application of PP for solar thermal applications
by means of material ageing experiments. Within a collector lifetime of 20 years, the authors
identified an accumulated loading of PP with 80 °C hot water (up to 16,000 h) and 140 °C hot
air (up to 500 h) as maximum operating conditions. Despite the short measurement period,
the results obtained with the present system test rig support these figures. Within the 4-
month period, no defects were found (neither on collector nor on system level). Instead,
the proper functioning of the developed prototypes as well as the DBS was successfully
demonstrated.

84



6 Simulation on System Level

In this chapter, a mathematical model for forecasting the system performance of a DBS
with polymeric solar thermal FPCs is described. As the experimental results of the system
test rig (cf. chapter 5) are limited to the measurement period, such a simulation model is
necessary to assess the annual solar thermal yield. In addition, the solar thermal yield is an
important prerequisite for determining the economic performance of a solar thermal system
(cf. chapter 7).

6.1 Reference Models

The standard DIN EN 12977-2:2016 (p. 23) describes how solar thermal systems can be
evaluated by means of simulation. The underlying evaluation criterion is the amount of
fossil energy that can be saved by the solar thermal system with respect to a comparable,
purely fossil-fuelled heating-system (cf. equation 6.1).

fm:M:l_@ (6.1)
QCom; QCOm;
where:
fsav = Fractional energy savings
Qconv = Fossil energy demand of a conventional heating system in kW h
Qst = Fossil energy demand in case of using an additional solar thermal system in kW h

The figure f,,, describes the technical efficiency of a solar thermal system with respect to a
solely fossil-fuelled one. To obtain the system efficiency in case of solar thermal DBSs with
polymeric FPCs, in a first step the fossil energy demand of a representative reference heating
system (fossil-fuelled) has to be determined. Afterwards, the fractional energy savings fsu,
of a solar thermal system with conventional, metal-based solar thermal FPCs are determined
according to equation 6.1. In a third step, the fractional energy savings fs., of a comparable
solar thermal DBS with polymeric solar FPCs is evaluated. Comparing the fractional energy
savings allows for a technical comparison of both solar thermal systems.

As the fossil energy demand of any heating system strongly depends on its location and the
respective climate conditions, the aforementioned procedure is carried out at different refer-
ence locations. In this context, DIN EN 12977-2:2016 (p. 34) specifies Wiirzburg (Germany),
Athens (Greece), Davos (Switzerland) and Stockholm (Sweden) as suitable reference loca-
tions in case of a simulation-based comparison of solar thermal systems. For these locations,
relevant weather information (such as direct and diffuse irradiation, ambient temperatures
etc.) were obtained in 1h intervals from the software Meteonorm 7.3. The tapping cycle L
was used to emulate realistic DHW tappings (DIN EN 12977-2:2016 p.13). The profile of
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6 Simulation on System Level

the space heating demand as well as relevant weather information for Wiirzburg can be seen
in figure 6.1, the DHW profile applied can be seen in figure 6.2. Information regarding the
other reference locations can be found in the appendix (cf. section F.1).
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Figure 6.1: Weather conditions and heating parameters (flow temperature and mass flow rate)
at the reference location Wiirzburg (Germany). Minimum / maximum ambient
temperature: —12.2°C / 32.1°C. Maximum irradiation: 966 W/m?. Maximum
heating flow temperature: 54.4°C. Weather data source: Meteonorm 7.3, load
profile data source: DIN EN 12977-2:2016 (pp. 30-39).
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Figure 6.2: Tapping profile L according to DIN EN 13203-2:2015 (p. 13). The displayed
temperature represents the difference between the hot water temperature and a
cold water temperature (e.g. 10°C) that enters the system.
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6 Simulation on System Level

Within the framework of ITEA SHC'® Task 54, both a characteristic conventional (i.e. fossil-
fuelled) system as well as two different types of solar thermal systems were defined. These
reference systems will be used as a benchmark for solar thermal DBSs with polymeric FPCs
based on the concept of fractional energy savings fq, (cf. equation 6.1). The reference
models were set up using MATLAB / Simulink in combination with the CARNOT 5.3
toolbox.

6.1.1 Conventional Reference System

As mentioned above, the concept of fractional energy savings requires information regarding
the energy demand of a solely fossil-fuelled heating system (cf. equation 6.1, Qcony). Figure
6.3 shows the hydraulic setup of a typical fossil-fuelled system located in Germany (Bach-
mann, Fischer and Hafner, 2018a). The core of the system is a 1501 DHW storage tank,
which is supplied with heat by a 19 kW gas boiler. Once the temperature inside the storage
tanks drops below the minimum temperature of 55°C, the gas boiler heats up the storage
tank until it reaches a temperature of 60°C. Alternatively, the gas boiler covers the heat
demand of the space heating. Two flow mixers are installed to mix the hot water from the
upper part of the storage tank (in case of the DHW tapping) and / or from the furnace (in
case of the space heating) to the respective temperature.

Figure 6.3: Hydraulic setup of the conventional reference system according to Bachmann,
Fischer and Hafner (2018a). (1) = Heater, (2) = DHW tapping, (3) = Heat
distribution (heating).

The results of the developed MATLAB / Simulink / CARNOT 5.3 simulation model in
contrast to data provided by Bachmann, Fischer and Hafner (2018a) are shown in table
6.1. Comparing the overall fossil fuel demand of the furnace indicates a tolerable correlation
between the developed MATLAB / Simulink / CARNOT 5.3 simulation model with the
original results provided by Bachmann, Fischer and Hafner (2018a).

13 International Energy Agency Solar Heating & Cooling Programme
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6 Simulation on System Level

Table 6.1: System properties of the conventional reference system (Task 54) and compari-
son with the developed MATLAB / Simulink / CARNOT 5.3 model. Positive /
negative numbers indicate heat fluxes into / out off each subsystem, empty cells
indicate that there is no information available.

Physical Task 54 Simulation

quantity data model Deviation

Heat storage volume 1501

Conventional heat source 19kW gas heating boiler

Heat demand DHW! 4,254kW h/a

Heat demand space heating? 9,090kW h/a
& Storage losses —751kWh/a —920kW h/a 22.5%
§ DHW consumption —4,256 kW h/a
& Gas boiler 5,177kW h/a

Heat supply space heating ~ —9,000kWh/a  —9,082kW h/a 0.1%
E) Heat supply storage —5,000kWh/a  —5177TkWh/a 3.4%
5 Heat generation 14,099kWh/a —14,28TkW h/a 1.3%

Fossil fuel demand 15,666kWh/a  15875kWh/a 1.3%

1 according to DIN EN 13203-2:2015 (p. 13)
2 according to DIN EN 12977-2:2016 (p. 36)
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Figure 6.4: Distribution of the fossil fuel demand in case of the conventional reference system
(Task 54) located in Wiirzburg (Germany).

Figure 6.4 shows the distribution of the fossil fuel demand throughout the observation period
of one year. As expected, the highest energy demand occurs in the winter months, the least
amount of energy is required during the summer months.
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6 Simulation on System Level

6.1.2 Solar Domestic Hot Water System

In this setup, the conventional reference system (cf. section 6.1.1) is supplemented with a
5m? solar thermal collector array (cf. figure 6.5).

Figure 6.5: Hydraulic setup of the solar DHW system according to Bachmann, Fischer and
Hafner (2018c). (1) = Heater, (2) = DHW tapping, (3) = Heat distribution (heat-
ing), (@ = Solar thermal collector array.
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Figure 6.6: Distribution of the fossil fuel demand / solar yield in case of a solar DHW system
with metal-based solar thermal FPCs (Task 54) located in Wiirzburg (Germany).
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6 Simulation on System Level

In case of sufficient irradiation, the collector array will heat up the lower part of the 3001
storage tank. Due to the decreased density, the heated water rises inside the heat storage
to the upper part, where it can either directly contribute to the DHW demand (especially
during summer) or indirectly by preheating the water for the 19kW fossil-fuelled furnace.
The most relevant boundary conditions of the system are shown in the upper part of table
6.2, the lower part shows the results of the developed MATLAB / Simulink / CARNOT 5.3
simulation model in contrast to data provided by Bachmann, Fischer and Hafner (2018c).

Table 6.2: Results of the solar DHW system simulation with MATLAB / Simulink /
CARNOT 5.3 in comparison to Task 54 results (metal-based solar thermal FPCs
used). Positive / negative numbers indicate heat fluxes into / out off each subsys-
tem, empty cells indicate that there is no information available.

Physical Task 54 Simulation

quantity data model Deviation
Heat storage volume 3001
Conventional heat source 19kW gas heating boiler
Collector array* 2 x 2.5m? = 5.0m?
Heat demand DHW? 4,254 kW h/a
Heat demand space heating® 9,090 kW h/a
o Storage losses —889kWh/a
%0 DHW consumption —4,256 kW h/a
S Collector array 2,027kW h/a
' Gas boiler 3,114kWh/a
Heat supply space heating ~ —9,090kWh/a —9,082kW h/a 0.1%
g Heat supply storage —3,002kWh/a —3,114kWh/a 3.7%
» Heat generation 12,092kWh/a  12,214kW h/a 1.0%
Fossil fuel demand 13,435 kWh/a 13,571 kW h/a 1.0%
Collector yield 2,607kW h/a
& Pipe losses (indoor) —183kWh/a
5 Pipe losses (outdoor) —195kWh/a
Solar yield 2288kWh/a  2,230kWh/a 2.6 %
Energy saving® 2226kWh/a  2,304kWh/a 3.5%
fsav 14.2 % 14.5% 0.3 p.p.

I Metal-based solar thermal FPCs: 79 = 0.683, a; = 3.51 W/(m? K), az = 0.011 W/(m? K?)
2 according to DIN EN 13203-2:2015 (p. 13)

3 according to DIN EN 12977-2:2016 (p. 36)

4 with respect to the conventional reference system

The installed collector array enables an energy saving of > 2,200kW h/a, yielding fractional
energy savings fsq, of approximately 14 %. Only a minor deviation between the simulation
model and the reference data can be observed. Comparing figure 6.4 with figure 6.6 indicates,
that fossil energy is mainly saved from April to September. This can be attributed to the
fact that the solar thermal collector array provides most energy during these months.
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6 Simulation on System Level

6.1.3 Solar Combi System

Due to the hydraulic setup of this system, the 15m? collector array can both contribute to
the DHW and to the space heating demand of the system (cf. figure 6.7).

L

Figure 6.7: Hydraulic setup of the solar combi system according to Bachmann, Fischer and
Hafner (2018b). (1) = Heater, ) = DHW tapping, (3) = Heat distribution
(heating), (4) = Solar thermal collector array.
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Figure 6.8: Distribution of the fossil fuel demand / solar yield in case of solar combi system
with metal-based solar thermal FPCs (Task 54) located in Wiirzburg (Germany).

91



6 Simulation on System Level

In case of insufficient irradiation, the 19kW furnace can directly heat up water from the
8001 storage tank to cover the necessary heat demand (similar to the setup described in
section 6.1.2). In case of sufficient irradiation, the heat delivered from the collector array
can be used to preheat the water flowing back to the gas boiler as well as to heat up the
DHW inside the heat storage. The most relevant boundary conditions of the system are
shown in the upper part of table 6.3, the lower part shows the results of the developed
MATLAB / Simulink / CARNOT 5.3 simulation model in contrast to data provided by
Bachmann, Fischer and Hafner (2018b). The installed collector array enables an energy
saving of > 3,100 kW h/a, yielding fractional energy savings fsq, of approximately 20 %. Only
a minor deviation between the simulation model and the reference data can be observed. A
comparison of the monthly fossil energy consumption as well as the solar yield (cf. figures
6.6 and 6.8) indicates that the solar combi system allows for a utilisation of the solar heat
not only in the summer, but also during the transitional periods in spring and autumn.

Table 6.3: Results of the solar combi system simulation with MATLAB / Simulink /
CARNOT 5.3 in comparison to Task 54 results (metal-based solar thermal FPCs
used). Positive / negative numbers indicate heat fluxes into / out off each subsys-
tem, empty cells indicate that there is no information available.

Physical Task 54 Simulation Deviation
quantity data model
Heat storage volume 8001
Conventional heat source 19kW gas heating boiler
Collector array! 6 x 2.5m? = 15m?
Heat demand DHW? 4,254kW h/a
Heat demand space heating® 9,090kW h/a
Storage losses —2,041 kW h/a 2.7%
¢ DHW consumption —4,258 kW h/a
g Collector array 4,582kW h/a
& Gas boiler 3,422kW h/a
Return-flow boost —1,762kW h/a
Heat supply space heating  —7,506kWh/a —7.321kWh/a 2.5%
ij Heat supply storage —3,743kWh/a —3,422kWh/a 8.6 %
8 Heat generation 11,249kWh/a 10,753kWh/a 4.4%
Fossil fuel demand 12,499kWh/a  11,948kW h/a 4.4%
Collector yield 5,369 kW h/a
& Pipe losses (indoor) —250kW h/a
5 Pipe losses (outdoor) —262kWh/a
Solar yield 4,541kW h/a 4,857kW h/a 7.0%
Energy saving* 3,162kWh/a  3,92TkWh/a 24.2 %
£ 20.2 % 24.7%  4.5p.p.

1 Metal-based solar thermal FPCs: 19 = 0.683, a; = 3.51 W/(m?K), az = 0.011 W/(m? K?)
2 according to DIN EN 13203-2:2015 (p. 13)

3 according to DIN EN 12977-2:2016 (p. 36)

4 with respect to the conventional reference system
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6.2 Simulation Model Validation

The evaluation of the annual energy savings shows a high correlation between the devel-
oped simulation models (both the solar DHW system as well as the solar combi system)
with respect to data from literature. However, no reference data are available for a DBS
with polymeric solar thermal FPC. To evaluate the validity of the MATLAB / Simulink /
CARNOT 5.3 simulation model for such a setup, the model was adopted to the boundary
conditions present at the system test rig (cf. chapter 5). The simulation model was set
up according to the hydraulic scheme of the system test rig (cf. figure 5.2), the control
algorithms for both the solar loop as well as the backup heating loop were integrated into
the simulation model. The temperature distribution inside the storage was initialised with
measurement, data obtained from the system test rig. Further boundary conditions such as
weather data (i.e. ambient temperature and irradiation) as well as DHW consumption and
DHW demand were applied to the simulation model.

Two consecutive days in summer 2016 were chosen to validate the simulation model. Both
days represent sunny days with comparable ambient temperatures and irradiation levels
throughout the day. On both days, heat was fed into the storage tank by means of both
the collector array as well as the backup heater. This heat was consumed throughout the
day by means of several DHW tappings. The ambient conditions recorded during the mea-
surement can be seen in figures 6.9 and 6.10. The maximum ambient temperatures on these
days were 27.3°C (30.08.2016) and 28.7°C (31.08.2016), the maximum horizontal irradiation
reached values of 899 W/m? (30.08.2016) and 793 W /m? (31.08.2016). While the second day
is completely cloudless (cf. figure 6.10), small cloud fields cause the incident irradiation
to drop lower than < 300 W/m? on the first day (cf. figure 6.9). To assess the quality of
the simulation model, the daily amount of energy produced by the collector array and the
backup heating as well as the consumed amount of energy in terms of DHW were compared
with the results of the simulation model.
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Figure 6.9: Weather conditions on 30.08.2016.
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Figure 6.10: Weather conditions on August 31.08.2016.

Figure 6.11 shows the daily fluctuation of the heat generation and consumption. Starting
at around 5 AM, DHW is drawn out from the heat storage throughout the day, ending at
around 9:30 PM (blue / light blue curve).
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Figure 6.11: Heat production / demand on 30.08.2016.

At around 8:30 AM and shortly after 1 PM, the temperature inside the heat storage dropped
below the minimum temperature, yielding the backup heater turning on and heating up the
storage tank to the set temperature (purple / light purple curve). From 10:30 AM to 5:30
PM, the collector array (red / yellow curve) was in operation. The influence of the passing
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clouds to the solar thermal power can be clearly seen. The deviations of the individual
hydraulic circuits are ranging between 4.3 % and 5.1 % (cf. table 6.4). The good correlation
between measurement and simulation data can also be observed on the subsequent day
(31.08.2016) (cf. figure 6.12).

Table 6.4: Setup and results of the tested DBS with polymeric solar thermal FPCs in com-
parison to the MATLAB / Simulink / CARNOT 5.3 results on 30.08.2016.

Physical quantity Experiment Simulation model Deviation
Heat storage 5001

Conventional heat source 9kW electric heating rod

Collector array! 4 x 0.59m? = 2.36 m?

Drain back storage 142.51

Heat demand DHW? approx. 6kWh/d

Heat generation (fossil) 2.6kWh/d 2.7kWh/d 5.2%
Heat generation (solar) 59kWh/d 5.5kWh/d 5.8%
Heat consumption (DHW) 6.3kW h/d 6.0kWh/d 4.3%

! Polymeric solar thermal FPCs: 1y = 0.690, a; = 8.042W/(m?K), ay =
0.034 W/(m?K?), cf. chapter 3
2 according to VDI 4655:2008

Since the test day on 31.08.2016 had no clouds, the power curve of the collector array is
much smoother compared to the previous day (cf. figure 6.12). The corresponding amounts
of energy for this test day are listed in table 6.5. The deviation between measured and
simulated amount of heat for each hydraulic subsystem ranges between 3.9 % and 7.6 % (cf.
table 6.5).
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Figure 6.12: Heat production / demand on 31.08.2016.
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On both days, a deviation in the start-up behaviour of the solar circuit can be seen. This
can be attributed to the fact that the simulation model of the collector does not account for
the initially empty collectors. Instead, the simulation model only accounts for one thermal
mass (already including the HTF). To better meet the measured power output of the solar
loop, a collector model with a time-variable thermal mass would be required. However, as
the deviation only affects the start-up phase of the system and has only minor influence on
the resulting amount of solar thermal heat, the chosen simulation model is considered to be
appropriate for determining the annual amount of solar thermal heat.

Table 6.5: Setup and results of the tested DBS with polymeric solar thermal FPCs in com-
parison to the MATLAB / Simulink / CARNOT 5.3 results on 31.08.2016.

Physical quantity Experiment Simulation model Deviation
Heat storage 5001

Conventional heat source 9kW electric heating rod

Collector array! 4 x 0.59m? = 2.36 m?

Drain back storage 142.51

Heat demand DHW? approx. 6kWh/d

Heat generation (fossil) 2.7kWh/d 2.8kWh/d 3.9%
Heat generation (solar) 6.2kWh/d 6.0kWh/d 3.9%
Heat consumption (DHW) 6.5kWh/d 6.0kWh/d 7.6 %

! Polymeric solar thermal FPCs: 1y = 0.690, a; = 8.042W/(m?K), ay =
0.034 W/(m?K?), cf. chapter 3
2 according to VDI 4655:2008

The results indicate that the developed MATLAB / Simulink / CARNOT 5.3 simulation
model can predict the system performance compared to both literature (in case of metal-
based solar thermal FPCs) as well as experimental data (in case of polymeric solar thermal
FPCs) with sufficient accuracy.

6.3 System Comparison

As the solar thermal system described in section 6.1.2 (solar DHW system) and 6.1.3 (solar
combi system) were originally designed for metal-based FPCs, their suitability for DBSs
equipped with polymeric solar thermal FPCs was investigated subsequently. Therefore, the
validated simulation models of these system were supplemented by an appropriate drain back
volume. At the same time, the efficiency curve for a characteristic, polymeric solar thermal
FPC (cf. chapter 4) was implemented into the simulation model.

In order to evaluate the influence of the particular hydraulic setup of both systems, a repre-
sentative configuration (i.e. a 8001 heat storage and a 15m? collector array) was simulated
in case of the solar DHW system as well as the solar combi system. Both systems were
exposed to the same boundary conditions (i.e. weather conditions and heat demand) and
therefore differ solely with regard to their particular hydraulic specifications. The results of
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the comparison are shown in table 6.6 (first and second column). A direct comparison of
both systems indicates, that both collector arrays supply approximately the same amount
of heat to the heat storage (3,383kW h/a in case of the solar DHW system, 3,386 kW h/a
in case of the combi system). As both systems are equipped with the same type and size of
solar thermal collectors, this observation is plausible.

Table 6.6: Comparison of a solar thermal DHW system with a solar combi system. Both
systems contain a 8001 heat storage tank and a 15m? collector array consisting of
polymeric solar thermal FPCs.

Physical DHW Combi Combi

quantity system system system (mod.)

Hydraulic setup cf. figure 6.5 cf. figure 6.7  cf. figure 6.13

Heat storage volume 8001

Conventional heat source 19kW gas heating boiler

Collector array! 6 x 2.5m? = 15m?

Drain back storage volume 451

Heat demand DHW? 4,254kW h/a

Heat demand space heating® 9,090kW h/a

Storage losses —1,633kWh/a —1,851kWh/a —1,562kWh/a
¢ DHW consumption —4,261kWh/a —4266kWh/a —4,261kWh/a
g Collector array 3,383kWh/a  3,386kWh/a  3,769kWh/a
& Gas boiler 2,491kW h/a 4,024kW h/a 3,029kW h/a

Return-flow boost —1,304kWh/a  —994kWh/a

Heat supply space heating  —9,082kWh/a —7,778kWh/a —8,088kW h/a
& Heat supply storage —2494kWh/a —4,027kWh/a —3,033kW h/a
S Heat generation 11,583kWh/a 11,814kWh/a 11,121kWh/a

Fossil fuel demand 12,870kWh/a  13,127kWh/a 12,357kWh/a

Collector yield 4175kWh/a  4,191kWh/a  4,563kW h/a
.. Pipe losses (indoor) —183kWh/a  —190kWh/a  —194kWh/a
= Pipe losses (outdoor) —191kWh/a  —201kWh/a  —205kWh/a
“? Drain back storage losses —213kWh/a  —215kWh/a  —198kWh/a

Solar yield 3,088kWh/a  3,585kWh/a 3,966 kW h/a
! Polymeric solar thermal FPCs: 79 = 0.789, a1 = 7.570 W/(m?K), az = 0.012W/(m? K?), cf.

chapter 4

2 according to DIN EN 13203-2:2015 (p. 13)
3 according to DIN EN 12977-2:2016 (p. 36)

Both system have to cover the same and space heating demand (9,090kW h/a). In case of
the solar DHW system, the space heating demand is solely covered by the gas heating boiler
(9,082kW h/a). In case of the solar combi system, only 7,778 kW h/a of the total space
heating demand are directly covered by the gas heating boiler. Another 1,304kW h/a are
extracted by means of the return-flow boost (i.e. preheating the return flow of the space
heating via the lower part of the heat storage).
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Extracting heat from the storage tank via the return-flow boost yields a temperature decrease
in the lower and subsequently also in the middle part of the heat storage. In order to ensure
the necessary minimum temperature for DHW preparation, the cooling of the heat storage
is compensated by the gas heating boiler. Accordingly, the amount of heat delivered by the
gas heating boiler into the heat storage (4,024kW h/a) is significantly larger compared to
the solar DHW system (2,491 kW h/a).

The higher losses of the heat storage in case of the solar combi system (1,851kW h/a)
in comparison the solar DHW system (1,633kW h/a) can bet attributed to the particular
hydraulic setup of this system: In case of the solar DHW system, the heat storage contains
drinking water, which is heated by the gas heating boiler via a heat exchanger (inlet: 0.8
relative storage height / outlet: 0.5 relative storage height), cf. figure 6.5. As soon as
the temperature in the upper part of the heat storage drops below 55°C, the gas heating
boiler heats up the upper part of the storage until the temperature reaches 60°C. In case
of the solar combi system, the fluid inside the heat storage is heating water. To ensure
a proper separation between drinking and heating water, the DHW flows through a heat
exchanger which extends the entire height of the heat storage tank (inlet: 0.05 relative
storage height / outlet: 0.95 relative storage height), cf. figure 6.7. As the volume inside
this heat exchanger is significantly smaller compared to the volume of the upper part of the
heat storage in case of the solar DHW system, the gas heating boiler has to provide heat
at a higher temperature level to the heat storage to provide sufficient DHW temperatures.
Accordingly, the switch-on (60°C) and switch-off (65°C) temperature are (5°C) above the
values of the solar DHW system. As a result, the solar combi system ultimately requires
more fossil energy (13,127kW h/a) than the solar DHW system (12,870kW h/a).

Figure 6.13: Hydraulic setup of the modified solar combi system. (I) = Heater, 2) = DHW
tapping, (3) = Heat distribution (heating), (4) = Solar thermal collector array.
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To integrate the advantages of a return-flow boost into a solar thermal DBSs equipped
with polymeric FPCs, a modified version of the above-mentioned solar combi system was
investigated. As in case of the solar DHW system, the heat storage contains drinking water.
Therefore, the gas heating boiler can provide heat at the same temperature level (7, = 55 °C,
Torr = 60°C). The return-flow boost is integrated into the heat storage by means of an
additional heat exchanger, which has the same properties as the upper heat exchanger (cf.
Bachmann, Fischer and Hafner, 2018¢ for further details). Figure 6.13 shows the modified
solar combi system, the simulation results are shown in table 6.6 (third column). Comparing
the results of the modified solar thermal combi system both with the original one as well as
with the solar thermal DHW indicates, that the modified system has the least heat losses
(1,562kW h/a) and therefore requires the least amount of fossil energy (12,357kW h/a). At
the same time, the system yields the highest amount of solar thermal heat (3,966 kW h/a).
Figure 6.14 shows the monthly distribution of both the fossil and solar thermal energy in
case of the modified solar thermal combi and the solar thermal DHW system.
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Figure 6.14: Distribution of the fossil fuel demand / solar yield in case of the modified solar

combi system and a solar DHW system located in Wiirzburg (Germany). Both

systems are equipped with a 8001 heat storage volume and a 15m? collector
array (polymeric solar thermal FPCs).

During the summer months June to August, the modified solar combi systems behaves
identical to the solar DHW system. This seems plausible, as there is no space heating has
to be covered during theses months (cf. figure 6.1). As a result, the return-flow boost is
deactivated, yielding the modified solar combi system to fall back to the default solar DHW
system. In case of the seasonal transition months March to May as well as September and
October, the modified solar combi systems outperforms the solar DHW system. This can be
attributed to the fact that the space heating demand is at a favourable temperature level for
the polymeric solar thermal FPCs, at the same time both ambient temperature as well as
solar radiation are high enough to make a useful contribution towards the building’s space
heating demand. In the winter months (January, February, November and December), the
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modified solar combi systems requires slightly less fossil energy than the solar DHW system.
Due to the better performance of the modified solar combi system compared to the original
one (as described by Bachmann, Fischer and Hafner (2018b)), the following paragraphs solely
focus on this modified setup. Therefore, the term “solar combi system” subsequently refers
to the modified solar combi system.

6.4 Simulation Results

To evaluate the influence of both the collector array size as well as the heat storage volume,
a parametric study was performed. As the reference system (cf. section 6.1.2) has a 5m?
collector array in combination with a 3001 heat storage, the size of the collector array was
varied between 4m? and 20 m?2, the heat storage volume ranged between 2001 and 1,000 1.
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Figure 6.15: Correlation between collector area, heat storage volume and fractional energy
savings fsqp in case of a solar DHW system located in Wiirzburg (Germany).
The yellow-highlighted regions indicate systems with polymeric FPCs which
yield higher fractional energy savings than the reference system with metal-
based collectors (cf. section 6.1.2).
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In case of the solar combi system (which has a 15m? collector array in combination with
a 8001 heat storage, cf. section 6.1.3), the size of the collector array was varied between
14m? and 40m?, the volume of the heat storage ranged between 6001 and 2,0001. With
increasing collector array size, the capacity of the drain back volume was increased, too. For
each square meter of polymeric collector area, a hypothetical volume of 31 is assumed. In
case of a 10m? collector array, this yields a volume of the drain back vessel of 601.

AN

Fractional energy savings fsq, in %

14600

Figure 6.16: Correlation between collector area, heat storage volume and fractional energy
savings fsqy in case of a solar combi system located in Wiirzburg (Germany).
The yellow-highlighted regions indicate systems with polymeric FPCs which
yield higher fractional energy savings than the reference system with metal-
based collectors (cf. section 6.1.3).

The results of the parametric study can be seen in figure 6.15 (solar DHW system) and
figure 6.16 (solar combi system). The results for the other reference locations can be found
in the appendix (cf. section F.1). With both increasing collector array size and heat storage
volume, the fractional energy savings fs,, are increasing, too. This can be attributed to
the fact that an increased collector array yields higher fossil energy savings of the respective
system. Comparing the results of the investigated solar DHW system (cf. figure 6.15)
with those of the solar combi systems (cf. figure 6.16) indicates, that in the latter case
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significantly larger setups (e.g. 8001 heat storage volume / 20m? collector array — fou, =

24.6 % cf. table 6.2) are necessary to save approximately the same amount of fossil energy as
the reference system with metal-based solar thermal collectors (8001 heat storage volume /
15m? collector array — foq, = 24.7%, cf. table 6.3). Due to lower efficiency of the polymeric
solar thermal collectors compared to the metal-based ones, larger setups are also required
in case of the solar DHW systems (e.g. 4001 heat storage volume / 6 m? collector array —
fsaw = 14.3%) to reach comparable fractional energy savings as the reference system with
metal-based collectors (3001 heat storage volume / 5m? collector area — fu, = 14.5%).

In addition to determining the fractional energy savings fsq.,, the simulation models allow
for an evaluation of the collector temperatures both in case of normal operation and idle
mode. This is of particular importance for the polymeric solar thermal FPCs (which are
made of PP in the present case, cf. section 4). The collector array’s maximum temperatures
inversely correlates with the system’s heat storage volume. This can be attributed to the fact
that potential solar yields cannot be further utilised in case of a fully loaded heat storage,
leading to longer idle phases and therefore subsequently higher collector temperatures. As
the system’s minimal heat storage volume is 2001 (in case of the solar DHW system) and
6001 (in case of the solar combi system), maximum collector temperatures can be observed
for these system configurations.
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Figure 6.17: Collector temperatures T,y in case of solar DHW systems located in Wiirzburg
(Germany). Each system is equipped with a 2001 heat storage and a solar
thermal collector array varying between 4m? and 20 m?.

Figures 6.17 and 6.18 show the resulting collector temperature. With increasing size of
the collector array, the maximum temperatures increase as well. The overall maximum
temperature of 120.48 °C can therefore be observed in case of the maximum collector array
(i.e. 20m? in the present case). Domininghaus et al. (2012, p. 228) specify a 100°C
long term and a 140°C short term operation temperature for PP. Figure 6.17 indicates
temperatures higher than 100°C for less than 100h per year. In case of the solar combi
systems, temperatures higher than 100 °C can be observed for approximately 60 h per year
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(cf. figure 6.18). In both systems, the maximum tolerable short term operation temperature
of 140h is never exceeded. The maximum collector temperatures at the other reference
locations can be found in the appendix (cf. section F.1).
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Figure 6.18: Collector temperatures T,y in case of solar combi systems located in Wiirzburg
(Germany). FEach system is equipped with a 6001 heat storage and a solar
thermal collector array varying between 14 m? and 40 m?.

6.5 Summary

Comparing the simulation results with data available from literature indicates a deviation of
the evaluated fractional energy savings fs,, smaller than 5p.p.. In addition, the developed
simulation model is able to precisely predict measurement results obtained from a DBS with
polymeric solar thermal FPCs (maximum deviation 7.6 %).

Based on the validated models, a parametric study was performed at four different reference
locations. The results indicate, that DBSs with polymeric solar thermal FPCs can reach
comparable or even higher fractional energy savings f.,, than conventional solar thermal
systems with metal-based collectors at all four reference locations. It is to emphasise that an
appropriate hydraulic scheme is of major importance for DBSs equipped with polymeric solar
thermal FPCs, as schemes originally developed for metal-based FPCs can have a negative
effect on the system’s performance.

The highest fractional energy savings can be achieved in Greece (Athens), the lowest ones in
Stockholm (Sweden). Based on these findings, it can be deduced that DBSs with polymeric
solar thermal FPCs can make a meaningful contribution to the DHW preparation, especially
in milder climate zones. Independent from the chosen location, the maximum collector
temperatures are raging around 120 °C, which is an acceptable value for the chosen material
PP.
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In any case, however, due to the lower efficiency of polymeric FPCs compared to metal-
based ones, a larger collector array and / or heat storage volume is necessary to cover the
same amount of heat. The simulation-based parametric study revealed solutions with lower
fossil energy consumption than reference systems with metal-based solar thermal FPCs. To
fairly evaluate these systems, the fossil energy saving of each system must be related to the
associated costs over its lifetime. This will be done in the next chapter by means of an
economic evaluation.
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In this chapter, the economic sustainability of the investigated solar thermal DBSs are elab-
orated. Next to the technical performance of these systems (i.e. the amount of fossil energy
that can be saved by utilising the respective system, cf. chapter 6) and ecological aspects
(e.g. lower CO, emissions compared to heating systems based on fossil fuels), the economic
sustainability plays an important role for or against purchasing a solar thermal system. The
concept of the levelised cost of heat (LCoH) is considered as an appropriate method to as-
sess the economic sustainability of different (solar thermal) heating systems and is therefore
applied subsequently.

For a better readability, all costs are rounded off to whole euros, the resulting LCoH are
stated in €-Ct/(kW h) with one decimal place. The underlying calculations, however, were
performed with unrounded numbers. In order to ensure a comparability of the LCoH inde-
pendent from the respective solar thermal system’s location, VAT rates and subsidies are
neglected. This approach is also utilised e.g. by Weiss, Spork-Diir and Mauthner (2017,
p. 6) or Kaltschmitt (2013, p. 19). To determine end customer heat generation costs, the
derived LCoH have to be scaled by the national VAT rates.

7.1 Methodology

At the most general level, heat generation costs / LCoH are defined as the cost per unit
of energy. In the context of solar thermal systems, the standard VDI 6002-1:2014 (p. 60)
states that heat generation cost should be calculated based on all expenses which arise from
the installation, operation and maintenance of a solar thermal system.

T Ci:(1-TR)-DEPTR RV
LOoH — Io—So+> 4 ; (1)+r)t S (7.1)
Y Ty
(1+r)

where:
LCoH = Levelised cost of heat in €/(kW h)
Iy = Initial investment costs in €
So = Subsidies and incentives in €
Cy = Operation and maintenance costs (for the respective year t) in €
TR = Corporate tax in %
DEP, = Asset depreciation (for the respective year t) in €
RV = Residual value in €
E; = Saved final energy (for the respective year t) in kW h
r = Discount rate in %
t = Year of consideration
T = Evaluation horizon in a
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Depending on the methodology applied for calculating the LCoH, the observation period,
the type of system (i.e. a solar DHW system or a solar combi system), as well as fur-
ther boundary conditions (e.g. consideration of subsidies), different heat generation costs
can be found in literature. In case of solar DHW systems (specific investment prices rang-
ing between 600€/m? and 1,500€/m?), Eicker (2012, p. 94) mentions heat generation
costs of 14.0€-Ct/(kW h) — 30.0€-Ct/(kW h). For a comparable system (i.e. specific in-
vestment prices ranging between 440€/m? and 1,210€/m?, 6 m? collector array, 3001 heat
storage), Weiss, Spork-Diir and Mauthner (2017, p. 69) report LCoH between 7.8€-Ct
and 20.6€-Ct'®. According to the same source, a solar combi system with 12m? collector
array and a 1,0001 heat storage (specific investment prices ranging between 410€/m? and
1,180 €/m?) can provide heat for 8.1 €-Ct — 22.6 €-Ct under similar boundary conditions.

To cope with the problem of different formulae for calculating heat generation costs, Louvet et
al. (2018, p. 1) postulated a very general form of LCoH (cf. equation 7.1). This formulation
will be applied subsequently to determine the heat generation costs of solar thermal DBSs
with polymeric FPCs.

7.2 Initial Investment Costs

The investment costs summarise all expenses which are necessary for the initial installation
and operation of a solar thermal system. Besides the main components (such as solar thermal
FPCs and the thermal heat storage), further necessary components are, for example, the
solar controller, the pump necessary for circulating the HTF or the drain back volume. The
investment costs of the individual components are explained subsequently.

7.2.1 Collectors

An analysis of 55 conventional (i.e. metal-based) solar thermal FPCs (gross collector area
ranging between 2.10 m? and 2.51 m?) indicated average specific costs of 243€/m? (cf. table
G.1 ) (Sonne, Wind & Wairme, 2018). This figure correlates with price ranges given by
Quaschning (2015, p. 396) (200€/m? — 350€/m?), Kaltschmitt (2013, p. 235) (200€/m?
— 400€/m?) and Stieglitz and Heinzel (2012, p. 394) (300€/m? — 400€/m?). Therefore,
specific investment costs for conventional solar thermal FPCs of 300€/m? are assumed
subsequently.

In case of polymeric solar thermal FPC, only little information regarding their costs is
available. This can be attributed to the fact that polymeric collectors are still in an early
market stage and not yet widely manufactured. As a result, the final retail price strongly
relies on the chosen manufacturing process, polymeric material and the number of produced
items. Kohl (2015, p. 21) and Frick et al. (2014, p. 52) report specific costs of 197 €/m?.
Lower costs (143€/m?)!6 are given by Carlsson et al. (2014, p. 17), higher ones (243 €/m?)

14 20 a observation period, no subsidies.
1525 a observation period, system located in Wiirzburg (Germany).
16190€/m? incl. 25% VAT.

106



7 Economic Evaluation

by Ehrenwirth et al. (2016¢, p. 89). To cope with these different figures, specific collector
costs of 200€/m? are assumed as realistic retail prices for polymeric solar thermal FPCs.

Independent from the type of collector (i.e. metal-based or polymeric), additional 61€/m?
must be taken into account for an appropriate substructure which connects the collector
with the roof top (cf. table 7.1). The evaluation of the aforementioned (conventional) 55
collectors reveals a specific volume of 0.731/m?. This information is necessary for determining
the required amount of HTF.

7.2.2 Heat Storages

The costs of thermal heat storages mainly depend on their volume as well as the amount
and type of internal heat exchangers. According to Kaltschmitt (2013, p. 236), typical
costs for DHW storages range between 3.50€/1 and 6.00€/1, whereas simple buffer storages
cost 2.00€/1 - 3.50€/1. Figure 7.1 shows the evaluation of 32 monovalent (i.e. one heat
exchanger) and 29 bivalent (i.e. two heat exchangers) heat storages. The data indicates
that the specific costs of heat storages decrease over-proportionally with increasing volume.
To account for this observation, two appropriate cost functions were selected (cf. figure
7.1). For a typical heat storage volume of 1,0001, the chosen functions yield costs of 2,667 €
(one heat exchanger) and 3,023 € (two heat exchangers). The resulting difference of 356 €
appears as a realistic value for the additional heat exchanger. Therefore, each additional
heat exchanger was assumed to increase the specific heat storage costs by 2€/1- V7025,
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Figure 7.1: Evaluation of specific heat storage costs for DHW storages with one and two heat
exchangers available from manufacturer’s price lists. Data source: CitrinSolar
GmbH (2018), GASOKOL GmbH (2013), ThiiSolar GmbH (2012), Wagner Solar
GmbH (2017), Wikora GmbH (2017), WOLF GmbH (2018). Further information
can be found in the appendix(cf. table G.2 and G.3).
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In case of DBSs, further costs for the additional drain back volume must be considered.
As the drain back vessel can be interpreted as a simple buffer storage without any heat
exchangers, specific costs of 2€/1 were assumed.

7.2.3 Other Components

Apart from the collector array and the thermal heat storage, other necessary components
(pipes, solar controller, membrane expansion vessel (MEV) etc.) are considered to determine
the overall investment costs. To determine characteristic costs for these additional compo-
nents, available price lists from 15 different manufacturers (located in Germany, Austria and
Switzerland) were evaluated and averaged (cf. table 7.1). The available data covers a period
from 2006 to 2018 and therefore inherently provides a temporal-averaging, too.

Table 7.1: Evaluation of component costs available from manufacturer’s price lists. Data
source: Armacell GmbH (2018), Buderus Thermotechnik GmbH (2018), (price
information available in CHF, assumed exchange rate: 1€ = 1.15 CHF (average
exchange rate in 2018) (European Central Bank, 2020)), CitrinSolar GmbH (2018),
Consolar GmbH (2006), GASOKOL GmbH (2013), ROTEX Heating Systems
GmbH (2018), Roth Werke GmbH (2014), Sonnenkraft GmbH (2018), ThiiSolar
GmbH (2012), TiSUN GmbH (2018), Viessmann Werke GmbH & Co. KG (2017),
Wagner Solar GmbH (2017), Wikora GmbH (2017), WOLF GmbH (2018). A de-
tailed determination of the subsequent prices can be found in the appendix (cf.
table G.4- G.9).

Component (Specific) investment Sample

costs? size
MEV 14€/m? 82
Piping 41€/m 81
Substructure 61€/m? 50
Solar station 618€ 27
Solar controller 361 € 41
HTF 4€/m? 20

1 without VAT.

The evaluation of available price lists reveals average costs of 41€/m for corrugated stainless
steel pipes (including thermal insulation, pipe length ranging between 6 m and 100 m, pipe
diameter ranging between 14 mm and 25mm). Within the scope of this study, an initial
pipe length of 25 m is assumed for connecting the first two collectors of the array (located on
the building’s rooftop) with the heat storage (located in the building’s basement). For each
additional collector, a further pipe length of 0.5m is assumed. In case of an overall collector
area of 15m? (i.e. 6 collectors with 2.5m? gross area, cf. table 6.3), this results in a total
pipe length!” of 27m. The resulting specific costs’® (with respect to the overall collector
array area) of approximately 74€/m? are slightly higher than values given by Kaltschmitt

17 95m+4-0.5m = 28m.

2 41
18 2ImALlS/m & 74€/m?,
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(2013, p. 236), who reports specific costs of 40€/m? — 70€/m? for a thermally insulated,
25m — 30m long pipe.

The average costs for a solar station (including the pump necessary for circulating the HTF,
thermometer, manometer, safety valve etc.) are 618€ (cf. table 7.1). The solar controller
yields further costs of 361€ on average. In case of a conventional (i.e. pressurised) solar
thermal system, a membrane expansion vessel is necessary to ensure a reliable and safe
operation of the system. Assuming a minimum specific volume of the membrane expansion
vessel of 41/m? (cf. appendix, table G.1), average specific costs of 14€/m? can be derived
from the available price lists. To account for the proper amount of HTF, 0.251/m are
assumed! in addition to average volume of a solar thermal FPC of 0.731/m? (cf. appendix,
figure G.1). In case of the aforementioned example of an overall collector area of 15 m? these
assumptions result in an overall HTF demand of 17.71%°.

7.2.4 Installation

In order to install all relevant components, Kaltschmitt (2013, p. 236) reports specific costs
(with respect to the overall collector array area) ranging between 70€/m? and 300€/m?.
Similar cost ranges are given by Eicker (2012, p. 93) (126€/m? — 315€/m?). In case of
the conventional system, 200€/m? are considered as realistic installation costs. Assuming
a significant lower weight of the polymeric FPCs compared to the metal-based ones, lower
installation costs can be assumed in case of the DBSs. On the other hand, the proper
installation of the pipes requires special attention in case of DBSs (cf. section 2.2.2). To
cope with these two facts, specific installation costs of 200€/m? are assumed, too.

7.2.5 Investment Costs of a Solar Domestic Hot Water System
located in Wiirzburg (Germany)

Based on the component costs derived in the aforementioned sections, table 7.2 shows the
initial investment costs of both a conventional solar DHW system as well as a comparable
DBS located in Wiirzburg (Germany). To compensate the lower efficiency of the polymeric
solar thermal FPCs, the overall collector array area must be larger in case of the DBS in order
to achieve comparable fractional energy savings f,.,. The results indicate that, despite the
significant lower specific costs of polymeric solar thermal FPCs, the overall costs for the DBS
are 904 € higher. This can be attributed to the fact that a larger collector area yields further
costs, mainly due to the increased installation expenditure. The overall specific systems costs
(i.e. 1,220€/m? in case of the conventional system and 876€/m? in case of the DBS) are
within the cost range given by Eicker (2012, p. 93) (600€/m? — 1,500 €/m?).

19 4 e. specific volume of a 1m DN 18 pipe.

20 97m - 0.251/m + 15m? - 0.731/m? = 17.701.
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Table 7.2: Comparison of investment costs in case of a solar DHW system located in Wiirzburg

(Germany).

Conventional system? DBS?
Collector array area 2 x 2.5m? = 5m? 4 x 2.0m? = 8m?
Heat storage volume 3001
Fossil energy demand 13,572kWh/a 13,512kWh/a
Foar® 14.5% 14.9%
Collector array 1,500 € 1,600 €
Substructure 305€ 488 €
Heat storage 1,225€
Drain back volume — 418 €
Piping 1,025 € 1,066 €
Solar station 618€
Solar controller 361€
MEV 68 € —
Mounting 1,000 € 1,600€
Investment costs 6,102 € 7,006 €

! with metal-based solar thermal FPCs (pressurised).
2 with polymeric solar thermal FPCs (unpressurised).
3 with respect to the conventional reference system, cf. section 6.1.1.

7.3 Subsidies

Depending on the type of solar thermal system (i.e. for space heating and / or DHW
preparation), final energy savings, building type etc., subsidies may be granted (Bundesamt
fiir Wirtschaft und Ausfuhrkontrolle, 2020). Potential funding positively contributes to
the LCoH of a solar thermal system and is therefore subtracted from the investment costs
(cf. equation 7.1). As subsidies may significantly vary depending on the location (both
nationally and regionally) and therefore hamper the comparability of the LCoH, subsidies
are not considered subsequently.

7.4 Operation and Maintenance Costs

In contrast to the one-time installation costs, operation and maintenance costs reflect re-
current expenses which are either linked to the utilisation of solar thermal systems (e.g. to
cover the electricity demand of the pump) or independent from the level of utilisation (e.g.
in case of maintenance).
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7.4.1 Operation-Related Costs

Operation-related costs occur independently of the annual operating hours of a solar thermal
system and include expenditures for operating, inspection and maintenance. According to
VDI 6002-1:2014 (p. 61), the overall operation-related costs range between 1% /a and 2 %/a
with respect to the initial investment costs Iy. Therefore, operation-related costs equal to
2% of the investment costs are assumed in case of the conventional (i.e. pressurised) system.
Due to the unpressurised setup of a DBS with polymeric FPCs, lower operation-related costs
are considered: On the one hand, the system does not require regular checks regarding the
pressure, accordingly, no efforts for refilling the HTF and / or re-pressurisation of the system
needs to be considered. On the other hand, inspection and maintenance efforts regarding
the HTF are of minor importance and typically limited to sporadically checking the water
level in the drain back reservoir. In case of the conventional system, a water-glycol-mixture
is used as HTF, requiring a regular check of the fluid’s properties to prevent frost-damages
from the system. Furthermore, the HTF must be exchanged at regular intervals. In this
context, Jack and Rockendorf (2013, p. 175) report a typical exchange interval of seven
years. To account for the reduced effort in case of the DBS with polymeric FPCs, operation-
related costs of 1%/a with respect to the initial investment costs I, are considered as an
appropriate assumption.

7.4.2 Demand-Related Costs

In contrast to the operation-related costs, demand-related costs are directly linked to the
intensity of use of a solar thermal system. More specifically, this includes the electricity
demand of both the pump and the solar controller. The latter one is assumed to continuously
run throughout the year (i.e. 8,760 h) with an power consumption of 3 W, yielding an overall
electricity demand of 26.3kW h. VDI 6002-1:2014 (p. 62) states a typical value of 2% for
the solar pump’s electricity demand with respect to the solar gains of a solar thermal system.
Slightly higher values (3% — 5 %) are given by Oberzig (2014, p. 135) and Weyres-Borchert,
Kasper and Driick (2015, p. 123) (2% — 5%). Subsequently, the solar pump’s electricity
demand is therefore assumed with 3% in both the conventional as well as the DBS. To
determine the resulting demand-related costs, an electricity price of 25.1€-Ct/(kW h) (excl.
VAT) is assumed (Eurostat, 2018)2!.

7.4.3 Operation and Maintenance Costs of a Solar Domestic Hot
Water System located in Wiirzburg (Germany)

Table 7.3 summarises the overall operation and maintenance costs (i.e. the sum of annual
operation-related and demand-related costs) for both the already mentioned conventional
solar DHW system and the DBS located in Wiirzburg (Germany). The results indicate that
the latter option has at least 47.61€/a lower annual costs than the first one.

2L Electricity price in Germany in the first half-year of 2018.
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Table 7.3: Operation and maintenance costs in case of a solar DHW system located in
Wiirzburg (Germany).

Conventional system DBS
Collector array area 2 x 2.5m? = 5m? 4 x 2.0m? = 8m?
Heat storage volume 3001
Fossil energy demand 13,572kW h/a 13,512kW h/a
Foan 14.5% 14.9%
Investment costs! 6,102 € 7,006 €
Inspection, maintenance 122€/a 70€/a
Operation (i.e HTF) 56€/7a —
Operation-related costs?® 122€/a 7T0€/a
Solar controller 7€/a
Solar pump 17€/a 18€/a
Demand-related costs? 24€/a 25€/a

L cf. section 7.2.5.

2 cf. section 7.4.1. In case of a price increase rate equal to 0%/a, the costs for the HTF
may directly added up with the annual expenses for inspection and maintenance. In any
other case (i.e. price increase rate # 0%/a), these expenses must be accounted at the
time ¢t when they were caused.

3 Assuming an electricity price of 25.1€-Cth/kW (Eurostat, 2018).

7.5 Further Parameters

The observation period 7" has a strong influence on the resulting LCoH of a solar thermal
system. Depending on the location of such a system, typical values for the observation
period range between 20a and 35a (Louvet et al., 2018, p. 4). In accordance with VDI
6002-1:2014 (p. 64), an observation period of 20 a is assumed within the scope of this study.
The observation period does not necessarily match the service life T}, of the solar thermal
systems components. In case that the observation period is greater than the service life of a
component (1" > T, ), the particular component has to be replaced. In case that T, o > T,
the particular component has a residual value RV that positively contributes to the LCoH
of the respective system. According to Louvet et al. (2018, p. 3), potential residual values
may be neglected (i.e. RV = 0) in case of residential solar thermal applications and are
therefore not considered within the scope of this study. VDI 2067:2012 (pp. 21-22) specifies
characteristic service life times for components within a solar thermal system. The solar
station as well as the solar controller must be replaced every 10a, the MEV every 15a.
All other components do not have to be replaced within the observation period of 20a. In
accordance with Louvet et al. (2018, p. 3), a corporate tax rate TR and asset depreciation
DEP; are neglected, as the present study focuses on the residential sector ('R = DEP, = 0).
The discount rate  depends both on the inflation rate 7,5, as well as a characteristic interest
rate ry,; (cf. equation 7.2). In case that the inflation rate is greater than the interest rate
(Trnfi > Trnt), the resulting discount rate is less than zero, implying increasing costs over
time. The opposite applies if the inflation rate is smaller than the interest rate (77, < 71nt)-
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In this case, the resulting discount rate r is greater than zero, indicating that the system
operator can expect decreasing costs over time. If the interest rate equals the inflation rate
(TInfi = TIne), the interest earnings counterbalance the cash value reduction due to inflation.
In that case, the system operator can expect constant costs over time.

p = Unt — Tnft (7.2)
1+r, fl
where:
r = Annual discount rate in %
TInt = Annual (risk free) interest rate in %
TInfl = Annual inflation rate in %

Within the scope of this study, a risk free interest rate ry,; of 2% is assumed. As a com-
parison, the annual average return of a 10 a German Federal Bond equals 2.3 %?** (European
Central Bank, 2018). Furthermore, an annual inflation rate rp, s of 1.5% is assumed. This
figure coincidences with data from the German Federal Statistical Office, which reports an
average increase of the consumer price index (i.e. inflation rate) of 1.4 %23 (Statistisches
Bundesamt, 2018).

T Co,t+Cp,i+Chrp,t
IO + Zt:l (l-‘r-'r‘)t

LCoH = ST B (7.3)
t=1 (1+4r)?

with

CD¢ = CD70 . (1 + ’/’E>(t_1)
where
LCoH = Levelised cost of heat in €/(kW h)
Iy = Initial investment costs in €
Cou = Operation-related costs (for the respective year t) in €
Cp. = Demand-related costs (for the respective year t) in €
Chrp.t = Replacement costs (for the respective year t) in €
E; = Saved final energy (for the respective year t) in kW /h
r = Annual discount rate in %, cf. equation 7.2
rE = Annual electricity price increase rate in %
t = Year of consideration
T = Evaluation horizon in a

The cost of electricity is assumed to equal 25.1€-Ct/(kW h)** (Eurostat, 2018). The annual
increase rate of electricity costs rg is assumed with 3 %, slightly lower than the long-term

22 15a monthly averaged value (10/2003 - 10/2018).

23 15a yearly averaged value (2003 - 2017).

24 Price-information for Germany in the first half-year of 2018 for consumption levels of
2,500kW h/a — 5,000kW h/a; VAT and other recoverable taxes and levies are excluded.
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average (3.9%?°) in Germany over the last 10a (Eurostat, 2018). Taking into account all
above mentioned assumptions, the original definition of the LCoH (cf. equation 7.1) simplifies
according to equation 7.3.

7.6 Resulting Levelised Cost of Heat of a Solar Domestic
Hot Water System located in Wiirzburg (Germany)

Table 7.4 shows the resulting time series of cash and energy flows for an observation period
of 20a in case of the conventional (i.e. pressurised) solar DHW system. The system has to
be filled with water-glycol-mixture, requiring initial demand-related costs Cp of 56.13€ (cf.
table 7.4, 3'4 column). This expenditure must be re-invested in a recurring 7a interval (cf.
section 7.4.1), yielding further costs in the 8" and 15" year of the observation period. After
10 a, the solar controller / station must be replaced, yielding replacement costs in the 11"
year. The exchange of the MEV after 15a causes further replacement costs Cg, in the 16"
year (cf. table 7.4, 4" column).

Table 7.4: Time series of cash and energy flows in case of a conventional solar DHW system
located in Wiirzburg (Germany).

tin a I Co Cp Ch (E—C; e

0 6,102€

1 147€ 56€ 202€ 2,292kW h
2 147€ 146 € 2,281 kW h
3 148€ 146 € 2,270 kW h
4 149€ 146 € 2,259 kW h
5 150€ 146 € 2,248 kW h
6 151€ 147€ 2,237kW h
7 152€ 147€ 2,226 kW h
8 152€ 56€ 200€ 2,215 kW h
9 153€ 146 € 2,204 kW h
10 154€ 147€ 2,193kW h
11 155€ 979€  1,074€ 2,182kW h
12 156 € 147€ 2,172kW h
13 157€ 147€ 2,161 kW h
14 158€ 147€ 2,150 kW h
15 159€ 56€ 200€ 2,140 kW h
16 161€ 68€  212€ 2,120kW h
17 162€ 149€ 2,119kW h
18 163€ 149€ 2,108 kW h
19 164€ 149€ 2,098 kW h
20 165€ 150€ 2,088 kW h
> 6,102€ 4,097€ 43,772kWh

25 2008 (first half-year): 18.0€-Ct/(kW h), 2018 (first half-year): 25.1€-Ct/(kW h).
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Due to increasing electricity prices over the observation period, the operation-related costs
Co increase over time, too (cf. table 7.4, 2°¢ column). The sum of all annual expenses (i.e.
Co+Cp+Chp) is subject to the discount rate. As the risk free interest rate of 2 %/a is higher
than the inflation rate (1.5 %/a), the annual expenses slightly decrease over time (cf. table
7.4, 5 row). The 6™ row of table 7.4 reflects the discounted revenues of the conventional
solar DHW system. Considering the initial costs Iy, the sum of all annual costs ) | C' as well
as the annual revenues yields LCoH of 23.3€-Ct/(kW h) for the observed period of 20 a in
case of a conventional (metal-based) solar DHW system.

Table 7.5: Time series of cash and energy flows in case of a DBS with polymeric solar thermal
FPCs located in Wiirzburg (Germany).

tin a IO CO CD CRp (Egt (lf—;)t
0 7,006€
1 96 € 96 € 2,352kW h
2 97 € 96 € 2,340kW h
3 97 € 96 € 2,329kW h
4 98 € 96 € 2,317kW h
5 99€ 97 € 2,306 kW h
6 100€ 97 € 2,295kW h
7 101€ 98 € 2,284 kW h
8 102€ 98 € 2,272kW h
9 103€ 99€ 2,261 kW h
10 104€ 99€ 2,250kW h
11 105 € 979€ 1,027€ 2,239kW h
12 106 € 100€ 2,228kW h
13 107€ 100€ 2,217kW h
14 108€ 101€ 2,206 kW h
15 109€ 101€ 2,195kWh
16 110€ 102€ 2,185 kW h
17 111€ 102€ 2,174kW h
18 113€ 103€ 2,163kW h
19 114 € 104 € 2,153kWh
20 115€ 104€ 2,142kW h
3 7,006€ 2,916 € 44,908 kW h

Retaining all boundary conditions (i.e. the electricity price increase rates rg , the discount
rate r as well as the observation period of 20 a), the DBS with polymeric solar thermal FPC
yields LCoH of 22.1€-Ct/(kW h) and has therefore a slightly higher economic performance
than the conventional system. This can be attributed to the lower operation-related costs
Co, the non-existent demand-related costs Cp (due to the fact that the DBS can utilise pure
water as a HTF) and to lower replacement costs Cg, (due to the missing MEV). The cash
and energy flows of the DBS with polymeric solar thermal FPCs are shown in table 7.5).
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7.7 Parametric Study of the Levelised Cost of Heat

The parametric study described in section 6.4 is re-used to determine minimal LCoH for a so-
lar DBS with polymeric FPCs located at different reference locations. For every combination
of the heat storage (2001 < Viprage < 1,0001) and the collector array (4m? < Agoy < 20 m?),
the respective LCoH were determined. In case of Wiirzburg (Germany), an overall minimum
of 20.8€-Ct/(kWh) can be determined for heat a storage volume of 5001 in combination
with a 8 m2-collector array (cf. figure 7.2). However, the above-mentioned configuration
(Vstorage = 3001, Acoy = 8m?, LCoH = 22.1€-Ct/(kWh)) still is economically more ef-
ficient than the reference system with metal-based solar thermal FPCs (Vsiorage = 3001,
AColl = 5H12, LCoH = 23.3 €—Ct/(kW h))

LCoH in €-Ct/kW h

4 200

Figure 7.2: LCoH in case of a solar DBS with polymeric solar thermal FPCs located in
Wiirzburg (Germany). The highlighted yellow area indicates system configu-
rations which yield lower LCoH than the solar thermal reference system with
metal-based FPCs (cf. section 6.1.2). In addition, the circular markers indicate
system configurations with higher fractional energy savings than the solar thermal
reference system with metal-based FPCs.
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The methodology described above was also applied to determine the LCoH in case of a solar
thermal combi system with three heat exchangers (cf. section 6.3). In this setup, the heat
storage volume was varied between 6001 and 2,0001 while the collector array ranged between
14m? and 40m?. The solar combi system described by Bachmann, Fischer and Hafner
(2018b) with two heat exchangers (cf. figure 6.7) serves as a reference. In case of Wiirzburg
(Germany), minimum costs of 24.8€-Ct/(kW h) can be determined for heat storage volume
of 1,2001 in combination with a 18 m?-collector array (cf. figure 7.3). Compared to the
reference system with metal-based solar thermal FPC (Vstorqge = 8001, Acou = 15 m?, LCoH
= 27.7€-Ct/(kW h)), this results in cost savings of approximately 10 %.

AN

LCoH in €-Ct/kW h
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c, . 20 L > 1,000 \\ﬁ\”
“ 18 800 ©

%6
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Figure 7.3: LCoH in case of a solar combi system with polymeric solar thermal FPCs located
in Wiirzburg (Germany). The results indicates that no system configurations
yields lower LCoH than the solar thermal reference system with metal-based FPCs
(cf. section 6.1.3).

The results indicate, that DBSs with polymeric solar thermal FPCs can yield lower LCoH
than the respective reference systems with metal-based FPC at all four locations. However,
due to the lower efficiency of the investigated polymeric FPCs compared to the metal-based
ones, suitable DBSs equipped with polymeric solar thermal FPCs demand for larger collector
arrays and heat storages.
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7.8 Cost Optimisation Potential for Polymeric Drain Back
Systems

Figure 7.4 shows the cost distribution of the aforementioned discussed solar thermal DBS
with a 8 m? polymeric solar thermal collector array and a 3001 heat storage for DHW prepa-
ration located in Wiirzburg (Germany) (cf. table 7.3).

The underlying investment, installation, replacement, operation-related and demand-related
costs are based on today’s available cost information and are thus a conservative — eventually
too high — estimation of the resulting LCoH. This section therefore deals with the assessment
of potential cost savings for polymeric solar thermal DBSs.

Replacement
Operation-related costs (—)
costs (—)

Installation
costs (1)

Demand-related

costs (L)

Solar
controller (—)

Investment

Collector costs ()

array (—)

Substructure () Drain back

volume (1)

Heat
storage (1)

Figure 7.4: Cost distribution (in % of total cost in 20a) of a solar thermal DBS with poly-
meric solar thermal FPCs located in Wiirzburg (Germany). Further details of the
system can be found in table 7.3. The arrows indicate the estimated cost saving
potential of each category (1 = Significant cost saving potential, ,* = Medium
cost saving potential, — = Limited cost saving potential, — = No cost saving
potential).

7.8.1 Installation Costs

A significant cost saving potential is assumed for installing a DBS with polymeric solar
thermal FPCs. Due to their lower weight, the roof installation of the collector array can
yield time and cost savings.

Metal-based solar thermal FPCs typically require more than one worker for the installation
and handling of a single collector module. Although a weight reduction is also advantageous
in case of metal-based FPCs, the associated time-saving is not directly linked to a cost
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saving. This can be explained by the fact that the saved time cannot necessarily be invested
elsewhere (e.g. at a different building site for installing another collector array). Such a
parallelisation of individual tasks is therefore only possible if the solar thermal FPC’s weight
drops below a certain threshold. Polymeric solar thermal FPCs can address this optimisation
target in such a way, that a single person can safely handle them on the roof. By enabling
a one-person-installation of the overall collector array, polymeric solar thermal FPCs can
exploit that “price threshold effect” and therefore positively contribute to lower costs of
solar thermal systems.

Another cost saving potential with respect to the installation results from the unpressurised
setup of the DBS. As the pipes do not have to withstand a high operation pressure, simple
polymeric hoses can be considered to connect the heat storage with the collector array (and
to connect the individual polymeric FPCs of the collector array). Flexible, polymeric hoses
allow for an time-efficient installation and yield therefore a cost saving. However, it must be
emphasised that “water pockets” must be prevented during installation (cf. section 2.2.2).

The unnecessary pressure resistance in case of DBSs positively also contributes to a reduction
of the installation costs in case of the heat storage. Similar to the collector array, a reduced
amount of workers is necessary to carry the heat storage into the basement, which yields a
cost saving to the solar thermal system’s owner as well as to an increased flexibility for the
system’s installer.

7.8.2 Investment / Replacement costs

Overall, DBSs with solar thermal FPCs offer a significant cost saving potential compared to
conventional, metal-based solar thermal systems. In addition, the investment cost of such
systems offer a further potential for lowering the resulting LCoH. As the costs of polymeric
FPCs are strongly linked with the collector’s design and the quantity of annually produced
units, a reliable estimation regarding the development of future costs is hardly possible.
However, the remaining system components offer a cost saving potential. Due to the un-
pressurised architecture of a DBS, cost-intensive, metal-based materials can be replaced by
polymers, too. As the heat storage’s outer shell does not have to withstand a certain opera-
tion pressure, the wall thickness can be reduced to only withstand the hydrostatic pressure
inside the storage tank. By directly integrating the drain back reservoir into the heat storage
(cf. section 2.2), the additional cost of the drain back reservoir can be eliminated.

Replacing metal-based pipes by polymeric hoses yields another significant cost saving poten-
tial with respect to the investment costs. In addition, the typically metal-based substructure
can be replaced by polymeric materials, too. Due to the lower weight of the polymeric so-
lar thermal FPCs, a polymeric substructure may be sufficient to withstand the static and
dynamic loads due to wind and / or snow. Although the application of polymeric materials
can also be extended to the solar station (e.g. by replacing certain metal components of the
pump by polymers), a limited cost saving potential is assumed for this component. Consid-
ering the individual cost saving potentials of each component, a moderate overall cost saving
can be estimated for investment costs in case of polymer-based DBSs.
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Within the 20 a observation period, the solar station and controller have to be replaced after
the 10*" year (cf. section 7.5). The limited cost saving potential of these two components
(with respect to the investment costs) also affects the limited cost saving potential of the
replacement costs.

7.8.3 Operation-Related and Demand-Related Costs

As the annual operation-related costs (typically expressed as a portion of the investment
costs, cf. section 7.4.1) of DBSs with polymeric solar thermal FPCs are already assumed to
be lower than in case of conventional solar thermal systems, no further optimisation potential
is estimated.

In case of the demand-related costs (cf. section 7.4.2), a moderate cost saving potential
is assumed. Due to the volumetric riser channels of the polymeric absorber structure, a
significant lower pressure drop compared to conventional, metal-based solar thermal FPCs
may be considered (cf. section 3.1). This directly yields a lower power consumption of the
solar pump and therefore lower operation-related costs.

7.8.4 Cost Saving Potential

Considering the aforementioned cost saving potentials, an overall reduction of the investment
and installation costs up to 50 % is estimated as a realistic assumption. The replacement,
operation-related and demand-related costs as well as all other parameters (i.e. a potential
increase / decrease of electricity costs, interest rates, inflation rate, observation period etc.)
are assumed to remain unchanged. The results of this parametric investigation is shown in
table 7.6.

Table 7.6: Influence of investment / replacement cost saving potential on the resulting LCoH
in case of a solar DHW with 3001 heat storage in combination with a 8 m? collector
array (cf. table 7.2) located in Wiirzburg (Germany).

Cost saving  Resulting change of LCoH
potential in % in €-Ct/(kWh) in %

0 22.1 —
) 21.3 3.5
10 20.5 7.1
15 19.7 10.6
20 19.0 14.1
25 18.2 17.7
30 17.4 21.2
35 16.6 24.7
40 15.8 28.3
45 15.1 31.8
20 14.3 35.3
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The results indicate a linear correlation between the cost saving potential of the investigated
DBS with polymeric solar thermal FPCs on the resulting LCoH. This can be attributed to the
underlying formulation of the LCoH (cf. equation 7.1). Assuming no cost saving potential
(i.e. conservative scenario), the resulting LCoH coincident with the already derived value of
22.1€-Ct/(kWh) (cf. section 7.3). In case of an overall cost saving of 30 % (i.e. optimistic
scenario), the LCoH are reduced by 21.2% to 17.4€-Ct/(kW h) for the investigated solar
thermal system. Although other systems (or other boundary conditions) yield a different
cost distribution, a LCoH-reduction of 20 % is considered as a realistic value.

7.9 Summary

The results of the parametric study revealed economically feasible solutions for DBSs with
polymeric solar thermal FPCs. Depending on the system type (i.e. solar DHW system
or solar combi system) and the location, DBSs with polymeric solar thermal FPCs can
yield 10 % lower LCoH compared to reference systems with metal-based FPCs. Independent
from the particular setup, the lowest LCoH can be observed at Athens, the highest ones in
Stockholm. As already discussed in chapter 6, the hydraulic setup of a solar thermal system
with polymeric FPCs is crucial for its fractional energy savings fs,, and, subsequently, its
economic viability. Integrating polymeric solar thermal FPCs into hydraulic setups which
were originally developed for metal-based FPCs may yield systems which are less or even
not economically compared to reference systems with metal-based FPCs.

Assessing technical potentials of solar thermal DBSs with polymeric FPCs promises further
reductions of the LCoH up to 20 %. This figure also meets the results from Philippen et al.
(2016, p. 37), who determined a cost saving potential of 25% by utilising the drain back
approach in combination with polymeric components.

It is to emphasize that the derived LCoH are based on conservative assumptions. Taking
into account potential funding (e.g. a 30 % discount on the initial invest costs for solar ther-
mal systems installed in Germany in 2020, Bundesamt fiir Wirtschaft und Ausfuhrkontrolle
(2020)) and further discounts (which are typically given to the end customer when purchas-
ing a complete solar thermal system instead of purchasing every component individually)
can significantly reduce the LCoH. However, the focus of this study aims for a comparison
of DBSs with polymeric FPCs with conventional solar thermal systems. Therefore, the ab-
solute values of the derived LCoH are of secondary importance compared to their relative
difference.
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8.1 Summary of Research Work

The overall objective of this thesis was to assess the levelised cost of heat (LCoH) of drain
back systems (DBSs) with polymeric solar thermal flat plate collectors (FPCs) in the context
of single family homes.

By reviewing relevant scientific literature, multiple drawbacks regarding the current man-
ufacturing of polymeric absorbers (i.e. merging pre-fabricated, semi-finished components
such as twin-wall or honeycombed plates) were identified. Therefore, a novel manufactur-
ing process was adopted to fabricate an absorber prototype made of polypropylene (PP).
The chosen twin-sheet-thermoforming (TST) process allows for a highly scalable, automated
production of mass-producible polymeric absorbers and subsequently solar thermal FPCs.

The fabricated absorbers were subsequently used to set up four collector prototypes (which
differ regarding the chosen cover materials, backside insulations and overall collector di-
mensions). The resulting polymeric FPCs were tested with respect to their thermal effi-
ciency by means of an indoor solar simulator, indicating comparable efficiencies with respect
to both market-available polymeric solar thermal FPCs and setups described in scientific
publications. The derived test results were the basis for validating a physical model of a
polymeric solar thermal FPC (maximum deviation between simulated and measured results:

5.8 p.p.).

To assess the behaviour of polymeric solar thermal FPCs within a solar thermal DBS under
realistic conditions, an appropriate system test rig was set up including the previously de-
veloped polymeric collector prototypes. The results obtained from the outdoor test rig were
used to validate a simulation model of an entire solar thermal system (maximum deviation
between simulated and measured results: 7.6 %). In addition, data available from scientific
publications was used to validate the simulation model (maximum deviation of the fractional
energy saving fsq: < 4.5p.p.).

Based on the developed system simulation model, a parametric study was performed to
determine the system performance of both a solar thermal domestic hot water (DHW) system
and a solar combi system at four different locations (i.e. Wirzburg (Germany), Athens
(Greece), Davos (Switzerland) and Stockholm (Sweden)). The results indicate that solar
thermal DBSs with polymeric FPCs are able to yield similar (or even higher) fractional
energy savings fs, than the considered reference systems with metal-based solar thermal
FPCs. However, DBSs with polymeric FPCs require significantly larger collector arrays and
/ or heat storage volumes to offset the lower thermal efficiency compared to metal-based solar
thermal FPCs. In general, locations with higher values of solar radiation are better suited
for DBSs with polymeric FPCs. Further criteria are the required temperatures for DHW
preparation and space heating, as the suitability of DBSs with polymeric FPCs increases
with decreasing system temperatures.
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In the last step, economic parameters such as investment, maintenance and operation costs
of polymeric solar thermal DBSs were identified to assess the LCoH of these systems. Evalu-
ating the LCoH indicates, that solar thermal DBSs with polymeric FPCs are able to provide
heat at 10 % lower costs (depending on the location) compared to the respective solar thermal
reference system with metal-based FPCs.

8.2 Conclusions

The results of this study indicate, that DBSs with polymeric solar thermal FPCs can provide
heat at a competitive cost level compared to conventional solar thermal systems. However,
due to their limited thermal efficiency compared to metal-based solar thermal FPCs, the
applicability of DBSs with polymeric solar thermal FPCs is strongly influenced by the re-
spective climatic conditions and the necessary temperatures enquired by the heating system
(both for space heating and DHW preparation). Nevertheless, the derived LCoH of DBSs
with polymeric FPCs must be further reduced in order to reach cost competitiveness with
other conventional and renewable energy sources. Although the collector costs can be sig-
nificantly reduced by means of polymeric materials, the open, unpressurised architecture of
DBSs allows for a wider application of these materials. For example, metal pipes can be
replaced by polymeric (flexible) tubes, as they do not have to withstand the typical operat-
ing pressure of conventional solar thermal systems. Further cost savings can be realised by
developing polymeric, low-cost heat storages based on polymers: As the cylinder walls only
have to withstand the hydrostatic pressure of the water (but not the operation pressure),
thin-walled polymeric heat storages (e.g. by utilising manufacturing processes such as ex-
trusion blow moulding) can be utilised. In this case, the necessary drain back volume can be
directly integrated into the heat storage. The utilisation of polymeric materials also allows
for a re-design of unpressurised heat storages (e.g. cubic-shaped volumes), which better
integrate into the building’s basement than cylindrical-shaped volumes.

Another focus of cost reduction is the installation of DBSs with polymeric solar thermal
FPCs. In case of using the aforementioned polymeric tubes, conventional connection tech-
nologies (i.e. welding, soldering or pressing) must be re-designed in a cost-effective manner.
In this context, currently used approaches for connecting polymeric tubes can be adopted
to develop plug-and-function solutions in the field of polymeric DBSs. Furthermore, the
substructure must be adopted to the requirements of polymeric solar thermal FPCs.

It can furthermore be concluded that the hydraulic integration of polymeric FPCs into a
particular solar thermal system is crucial. All summed up, replacing metal-based solar
thermal FPC by polymeric ones can yield significant cost savings of solar thermal systems.
However, it is to emphasise that this replacement has to be accompanied by further measures
such as extending the application of polymers to other system components, re-designing the
key components of the heating system and developing new hydraulic schemes which are
particularly suited for such systems.

With respect to the chosen manufacturing process, the outcomes of this study indicate that
the TST process is highly suitable for mass production of polymeric solar thermal FPCs
made from standard plastics such as PP. Contrary to the currently chosen procedure of
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fabricating polymeric solar thermal FPCs (i.e. merging together pre-fabricated components
requiring high personal expenditures and / or supporting devices such as robotic arms),
the TST process allows for a highly scalable manufacturing of such collectors. Although
implementing the TST process might be too expensive for an individual manufacturer of
solar thermal FPCs, the necessary facilities are typically available at manufactures of plastic
components (e.g. for the automotive industry). Especially in times of lower production,
these facilities can be used to produce a batch of polymeric solar thermal FPCs, allowing
for a better utilisation of the available production facilities.

8.3 Outlook

Throughout this research, several scientific questions outside the primarily focus of this
study were identified. To further promote DBSs with polymeric solar thermal FPCs, the
most important research actives are proposed subsequently.

In the context of this study, polymeric absorbers were fabricated by utilising the TST process.
Those absorbers were the basis for subsequently built prototypes of FPCs. In order to
fully exploit the advantages of modern processing techniques, further research towards a
fully automated collector manufacturing of solar thermal FPCs should be performed. This
includes, for example, the further development of an appropriate framework / structure
that both adopts the developed absorber concept and enables a proper mounting to the
substructure. In case of a polymeric substructure, the influence of wind and / snow loads
should be carefully evaluated. Especially at the interface between collector and substructure,
connection mechanisms already developed and used in the field of plastics technology (e.g. a
simple click mechanism) should be taken into consideration. The same applies for connecting
polymeric tubes to a polymeric solar thermal FPC. Quick-mounting systems are already
applied in other fields of application and should also be considered within solar thermal
systems. Another possible application of polymers in the context of solar thermal systems
are heat storages. Although simple storage tanks made from polymers are already available
(e.g. oil tanks), further research activities should focus on polymeric heat exchangers and /
or heat storage designs which do not require any heat exchangers (e.g. a multi-compartment
heat storage). In any case, the direct integration of the drain back volume into such a
polymeric heat storage should be considered to reduce the investment cost of a DBS.

The major benefit of the developed, physical model of a solar thermal FPC is its capability
of predicting the temperatures of individual components such as absorber, frontside glazing
or the backside insulation. However, integrating this collector model into a simulation model
of a complete solar thermal system (e.g. to assess the individual thermal loads occurring
throughout one year) requires a high computational effort (compared to a simple parameter
model of a solar thermal FPC). Further research activities should therefore focus on com-
bining the advantages of the developed physical model of a solar thermal FPC with those of
a simple parameter model.

Within the scope of this study, the developed polymeric solar thermal FPC prototypes have
been tested at an outdoor test rig that simulated a realistic solar thermal system. However,
implementing such a polymeric solar thermal DBS into a real building allows for much deeper
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insights into the operational behaviour of such a system. Ideally, a conventional solar thermal
system with metal-based FPCs should be installed into a comparable building placed at a
nearby location to allow for a direct comparison of those two systems. This approach will
not only reveal differences from a technical point of view (e.g. stagnation temperatures,
pump run-times etc.) but also shed more light on the respective operation and maintenance
costs of each system. As a consequence, the economic performance of DBSs with polymeric
solar thermal FPCs can be better assessed than in the present study.

With regard to the determination of the LCoH, further research should focus on the applica-
bility of DBSs with polymeric solar thermal FPC at other locations to better identify suitable
sites for such systems. In addition, country-specific cost information should be taken into

account to better assess the economic performance of DBSs with polymeric solar thermal
FPCs.

Last but not least, further research towards other application areas of DBSs with polymeric
solar thermal FPCs should be performed. This includes, for example, solar district heating
networks or low-temperature industrial heat applications. Another promising approach is
the fully automated collector manufacturing of PV /T collectors by utilising the TST process.
Furthermore, the suitability of the developed polymeric absorbers as a heat source for heat
pumps should be examined.

Despite currently decreasing costs of other renewable energy technologies (e.g. PV, heat
pumps), solar thermal heat will play an important role within a diverse, future energy
system. Therefore, further research aiming towards cost reductions of solar thermal heat
should be performed to remain competitive with alternative, renewable heat sources.
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Figure A.1: Photographs of the TST-process.

Al



A Supplementary Photos

Figure A.2: External view of the system test rig. (1) = Container, (2) = Collector array, (3) =
Pyranometer (horizontally mounted), (4) = Pyranometer (mounted under 45°),
(® = Weather station.

Figure A.3: Collector array. The four polymeric solar thermal FPCs are inclined approxi-
mately 5° to the horizontal to ensure a proper self-draining.
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A Supplementary Photos

(a)

1
B

Uk

(c) Electric backup heater (d) Data acquisition / control unit

Figure A.4: Measuring and control equipment used at the system test rig. (1) = Coriolis mass
flow meter (sensor), (2) = Coriolis mass flow meter (sensor head), (3) = Motor
control valve, (4) = Ball valve, (5) = Magnetic valve, () = Pump, (7) = Volume
flow meter, = Electric backup heater, (9) = Data acquisition / control unit.
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A Supplementary Photos

Figure A.5: Drain back reservoir of the system test rig. (1) = Uncovered drain back reservoir,
(@ = Covered drain back reservoir. In order to minimise heat losses to the
ambient, a pour-in insulation was filled in between the drain back reservoir and
the wooden cover.

Figure A.6: Control cabinet inside the system test rig. The control cabinet provides both a
230V AC as well as a 24V DC voltage source for the electric consumers of the
test rig (e.g. pumps, motor control valves, check valves etc.). All components
can either be controlled by manual switches or remotely by the external control
units (cf. figure A.4).
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A Supplementary Photos

Figure A.7: Indoor solar simulator. 228 lamps provide a uniform level of irradiation ranging
between 600 W/m? and 1,100 W/m? with a light spectrum comparable to the
sunlight. A solar thermal FPC (maximum possible dimensions 1.4 m (width) x
2.3m (height), not shown in the photograph) is placed below the lamp field at
an angle of inclination of 45°. Fans above the lamp field provide an airflow to
prevent the lamps from overheating. During operation, the test rig demands an
electric power of approximately 30 kW.
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B Measurement Data of the Collector
Efficiency Testing

Table B.1: Measurement results for PP-collector with EPS-insulation and glass-glazing (Date
of measurement: 22.09.2015). The sub- / superscripts indicate the minimum /
maximum deviation from the mean value over the measurement period.

T in °C Tou in °C Thpp in °C Vin I/h  Iin W/m?
19.16$§;§§] 27.13;§;§§ 23.23}%;%2 40.13;%;%52* 867.633{%;%
19177300 27171002 93327013 39.957032  867.4870:62

40.05§§;§i
58.15£§;§§
69.10$§;§é

45.950:0
. —0.03
62.1915-02
. —0.02
71.9471002
+JY—-0.02

21.26}%:%’%
21.97% 575
24.82%];%%
24.867033
24.26$§;§§
24.3270-39

40.29;%;22
39.9070:32
41‘00%?551
40.6570 63
39.91?8)%

869.05+9%
868.76+092
869.52+106
870.317}2
869.49+99
869.201072

Table B.2: Measurement results for PP-collector with EPS-insulation and glass-glazing (in-
cluding additional frame) (Date of measurement: 11.02.2016). The sub- / super-
scripts indicate the minimum / maximum deviation from the mean value over the

measurement period.

Ty in °C Thy in °C Thpy in °C - Vinl/h 1 in W/m?
22.4819000 30.041904 2646701, 4271702 907.681033
22477000 29.98901 2655701 43.127032  907.77 01
50.097001  55.421091  27.247012 42327038 908.0970:29
50.09705%  55.411302  27.297010  42.45%33%  907.9175%;

60.08}%%
60.085-01

64.533_:§;§i

29.563_:%;(1)5

42.42;%%

902.36%;%%
902.30707%

70.13£§;§§
70.147 505

73.34;%;%%
73.3570:02

27.66;%
27.7475:14

43.48£§;§§
43.5270-49

905.811_:%;%%
905.791023
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B Measurement Data of the Collector Efficiency Testing

Table B.3: Measurement results for PP-collector with EPS-insulation and PMMA-glazing
(Date of measurement: 18.02.2016). The sub- / superscripts indicate the min-
imum / maximum deviation from the mean value over the measurement period.

T in °C Tou in °C Thpp in °C - Vin I/h  Iin W/m?

20.97£§;§§

28.31}%;%5
28.4410:02

24.15;§§§
24.187036

42.02;%;%%

881.85%3%%

50.19+002

50.1875:52

55.241501

55.2370:01

24.8210:37

24.3570:30

42.21;%;21%
42.18%57%

881.10+1 59

882.041 50

59.76}:%%2

63.59}:@%
63.6970:02

22.13;‘(0};%
22167039

42.24%;2%

876.165;‘%1%
876.7513:20

69.1470:02

69.1375-52

72.05700%

72.047552

22.42;%;%
22.4610-39

42841062

42811028

879.871581

879.5679-18

Table B.4: Measurement results for PP-collector with EPS-insulation and PMMA-glazing (in-
cluding additional frame) (Date of measurement: 22.02.2016). The sub- / super-
scripts indicate the minimum / maximum deviation from the mean value over the

measurement period.

Tpu in °C Tppp in °C - Viin1/h

T;, in °C

Iin W/m?

20.081908

20.09700

27.32499

27.30%0:%

22.2370-3

21.8570:38

42.381038

41.95%033

885.6710-%8

884.427553

48.17}:(%@%
48.1919.%0

53.10;@;%

22.565?%;%
2251752

43.521%;%

885.20%;%5)1

58.98 1000

58.9910-02

63.2570:01

63.25700

23.54701%

23.507031

42881027

42.481078

885.3470-52

885.4815:82

68,2542
68.247 5

71.55;%%
71497002

23.00%;%2
23.297 594

43.081_:%;5%
42.897 )7,

885.28}%;%%
885.967 055
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B Measurement Data of the Collector Efficiency Testing

Table B.5: Measurement results for PP-collector with glasswool-insulation and glass-glazing
(Date of measurement: 26.02.2016). The sub- / superscripts indicate the minimum
/ maximum deviation from the mean value over the measurement period.

Ty in °C Tou in °C Thpp in °C - Vin I/h  Iin W/m?
19.427000 26.647003  21.43%05%  41.86702%  885.387057
19.43700%  26.687002  21.60703%  41.937022  884.307078
50.967505  54.92750) 22197030 42.8610%)  886.107 o

50.967007  54.911092 22167037 42.857035  886.22709)

60.3270:02  63.271002  22.267048  42.72%091  885.7175:58
60.28700%  63.26700% 22457032 42227085 885.301078
69.617000  71.42%30%  22.77101% 4248198 886.34F )17

69.617001  71.44%00% 2276701  42.447030  886.3270 72

Table B.6: Measurement results for PP-collector with glasswool-insulation and PMMA-
glazing (Date of measurement: 23.02.2016). The sub- / superscripts indicate
the minimum / maximum deviation from the mean value over the measurement
period.

Ty in °C Thy in °C Typp in °C - Vinl/h T in W/m?
20.337000 27557005 21.4370357  42.647035  887.97150%%

20.327001 27.52100L 21477022 42.857050  888.057080
49.61}:%% 53.98£§;§§ 22.83%%') 42.00;%;%% 885.44%;%@
49.601001  53.96100%  22.74704L  41.91108%  884.23F113

60.177005 63.15700;  21.157030  41.6710 %  884.6471 )%

60.18700L 63197002 91 ogF0dL gy 75H0GT gy g5 +0.03
69.563%% 71.57;%2 21.94%;%% 42.11£§;§§ 887.161_:%:%;
69.547001 71561007 22.0270%  41.97108%  886.827033
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B Measurement Data of the Collector Efficiency Testing

Table B.7: Measurement results for ABS-collector with PUR-insulation and PMMA-glazing
(Date of measurement: 07.07.2017). The sub- / superscripts indicate the minimum
/ maximum deviation from the mean value over the measurement period.

T;, in °C

Tout n OC

Ty in °C Vin 1/h

I in W/m?

23.32;@%
23.3210-:02

30.55;§;§§
30.5679:03

28.60%;%2
28.617915

96.271_:%;%5

876.527978
877.637118

35.86507

35.8610:01

41.797001

41.8075 0,

25.44701%

25.457023

100.321083

100.31+935

878.641514

879.4675-53

50.47;%;%%

55.54%;@%
55.55" 005

26.07%%

98.25%;5?1
98.27H08

881.263);%

65.111993

65.1175:93

68.9710:01

68.9870-02

27.297011

27.387015

102.3475:52

102.32+048

881.961 559

882.10+0%

B4



C Spectroscopy Measurement

Transmittance properties of glazing materials strongly depend on the chemical composition
of each specimen and the wavelength considered. In order to precisely account for the
transmittance property of the different glazings used within this project, a spectroscopy
measurement was performed. The schematic layout is shown in figure C.1, a photo of the
test arrangement can be seen in figure C.2.

= 190 - 1000 nm

900 - 2500 nm‘ (4]

° ® o
Figure C.1: Schematic layout of the spectroscopy measurement. (1) = light source, (2) =
specimen, (3) = switch, @) / (§) = light sensor.

A light source (1) emits light from two different bulbs. A deuterium lamp emits light within
the ultraviolet (UV) spectrum of the light (A = 180nm — 380 nm), whereas a halogen lamp
provides radiation within the visible and near-infrared (NIR) spectrum of the light (A =
300nm — 2,500nm). The light is being transferred to the specimen (2) with a fibre optic
cable. Here, the light gets either reflected, scattered or transmitted through the specimen.
The transmitted part of the light is split up by means of a switch (3) which is connected
to two different spectrometers (@), (5). The first one (@) is able to detect radiation within
190 nm — 1,000 nm, the second one (§) measures radiation between 900 nm and 2,500 nm.
The transmission was determined at three different locations and subsequently averaged.
The results are shown in figure C.3. The glass-cover shows a more or less constant trans-
mittance in the UV, visible and NIR regime, ranging between 0.85 and 0.90. However,
the PMMA-cover has a significantly lower transmittance in the NIR range. In addition
to the wavelength-dependent transmittance, the average transmittance within the visible
range (380 nm — 780nm) was determined according to DIN EN 410:2011 (p. 9). The visual
transmittance 7,;5 of glass is 0.90 and 0.92 in case of PMMA, respectively.
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C Spectroscopy Measurement

Figure C.2: Setup of the spectroscopy measurement. (1) = light source, (2) = specimen, (3)
= switch, @), (5) = light sensor.
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Figure C.3: Wavelength-dependent transmittance 7 of glass and PMMA.
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D Numerical Data Obtained with the
Collector Model

Table D.1: Measured and simulated results for ABS-collector with PUR-insulation and
PMMA-glazing.

Ty in °C - T7¢% in °C - T in °C Ty in °C Vinl/h T in W/m?

out out

23.32 30.55 31.16 28.60 96.27 876.52
23.32 30.56 31.16 28.61 96.27 877.63
35.86 41.79 42.31 25.44 100.32 878.64
35.86 41.80 42.32 25.45 100.31 879.46
50.47 95.54 55.97 26.07 98.25 881.26
50.48 95.95 95.97 26.23 98.27 879.81
65.11 68.97 69.35 27.29 102.34 881.96
65.11 68.98 69.36 27.38 102.32 882.10

Table D.2: Measured and simulated results for PP-collector with glasswool-insulation and
glass-glazing.

T in °C - Tmeas in °C T3 in °C Ty in °C V in I/h I in W/m?

out ou

19.42 26.64 27.05 21.43 41.86 885.38
19.43 26.68 27.06 21.60 41.93 884.30
50.96 54.92 55.23 22.19 42.86 886.10
50.96 54.91 55.23 22.16 42.85 886.22
60.32 63.27 63.57 22.26 42.74 885.71
60.28 63.26 63.59 22.45 42.22 885.30
69.61 71.42 71.87 22.77 42 .48 886.34
69.61 71.44 71.88 22.76 42.44 886.32
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D Numerical Data Obtained with the Collector Model

Table D.3: Measured and simulated results for PP-collector with EPS-insulation and glass-
glazing.

T in °C - Tmeas in °C TS in °C Ty in °C V in I/h Iin W/m?

out ou

19.16 27.13 27.29 23.23 40.13 867.63
19.17 27.17 27.34 23.32 39.95 867.48
40.05 45.95 45.87 21.26 40.29 869.05
40.06 45.99 46.00 21.97 39.90 868.76
58.15 62.19 62.35 24.82 41.00 869.52
58.13 62.25 62.38 24.86 40.65 870.31
69.10 71.94 72.12 24.26 39.91 869.49
69.10 71.96 72.14 24.32 39.61 869.20

Table D.4: Measured and simulated results for PP-collector with EPS-insulation and glass-
glazing (including additional frame).

Ty in °C 1770 in °C T8 in °C Tppp in °C Vinl/h 1 in W/m?

out

22.48 30.04 30.53 26.46 42.71 907.68
22.47 29.98 30.47 26.55 43.12 907.77
50.09 55.42 55.64 27.24 42.32 908.09
50.09 55.41 55.63 27.29 42.45 907.91
60.08 64.53 64.77 29.56 42.42 902.36
60.08 64.53 64.77 29.56 42.43 902.30
70.13 73.34 73.55 27.66 43.48 905.81
70.14 73.35 73.57 27.74 43.52 905.79
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E Sky Temperature Modelling

The dynamic behaviour of the developed collector model (cf. chapter 4) during idle mode
depends on the sky temperature Tsx,. An overview of different sky temperature models is
given by Eicker (2012, p. 54) (cf. table E.1).

Table E.1: Overview of different formulations for the sky temperature Ty, according to Eicker
(2012, p. 54). Tsk, = Sky temperature, T4,y = Ambient temperature, Tpp =
dew point temperature.

Source Sky temperature
Swinbank (1963) Ty = 0.0552 - T:5
Fuentes (1987) Tsry = 0.037536 - T35, + 0.32 - Ty
0.25
Martin and Berdahl (1984) Tog, = (0.711+0.56552 +0.73 (%2)°) - T

The influence of different sky temperature models to the resulting collector outlet tempera-
ture are shown in figures E.1 and E.2. Comparing the measured collector outlet temperature
(red curve) with simulated values based on different sky temperature models (dotted curves)
indicates the highest deviation between 6:00 and 7:00 AM. During normal operation (e.g. at
1:00 PM) the influence of different sky temperature models to the resulting collector outlet
temperature is negligible.
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Figure E.1: Influence of different sky temperature models to the simulated collector outlet
temperature in case of cloudy sky conditions (Date of measurement 30.08.2016).
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E Sky Temperature Modelling
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Figure E.2: Influence of different sky temperature models to the simulated collector outlet
temperature in case of clear sky conditions (Date of measurement 31.08.2016).
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F Further Results of the Parametric
Study

F.1 Athens (Greece)
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Temperature T in °C
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Figure F.1:

Time
Weather conditions and heating parameters (flow temperature and mass flow
rate) at the reference location Athens (Greece). Minimum / maximum ambient
temperature: 0.5°C / 38.3°C. Maximum irradiation: 1,026 W/m?. Maximum

heating flow temperature: 48.6°C. Weather data source: Meteonorm 7.3, load
profile data source: DIN EN 12977-2:2016 (pp. 30-39).
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F Further Results of the Parametric Study

Fractional energy savings fsq, in %

4 900 SO

Figure F.2: Correlation between collector area, heat storage volume and fractional energy sav-
ings fsqv in case of a solar DHW system located in Athens (Greece). The yellow-
highlighted regions indicate systems with polymeric FPCs which yield higher
fractional energy savings than the reference system with metal-based collectors
(cf. section 6.1.2).
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F Further Results of the Parametric Study

Fractional energy savings fsq, in %

Figure F.3: Correlation between collector area, heat storage volume and fractional energy sav-
ings fsqv in case of a solar combi system located in Athens (Greece). The yellow-
highlighted regions indicate systems with polymeric FPCs which yield higher
fractional energy savings than the reference system with metal-based collectors
(cf. section 6.1.3).
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F Further Results of the Parametric Study
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Figure F.4: Collector temperatures Tg,; in case of solar DHW systems located in Athens
(Greece). Each system is equipped with a 2001 heat storage and a solar thermal
collector array varying between 4 m? and 20 m?. Maximum collector temperature:
124.7°C.

140 1 T 1711 1 1111 1 11711 T 117

120 === , .

100

¥
=
380 .
& — Acou = 14m?
© 60 . |
2 --~ Acou = 16m N
g 40 || — Acon = 18 m? 8 ]
§ === Agou = 20m*
ﬁ 20 | — Aco” = 24m2 ]
0l-|-- Acou = 30m? |
—— Acou = 40m?
_20 I I T T TT717 Ll I I
1 10 100 1,000 10,000

Duration in h

Figure F.5: Collector temperatures Ty in case of solar combi systems located in Athens
(Greece). Each system is equipped with a 6001 heat storage and a solar thermal
collector array varying between 14 m? and 40 m?
ture: 124.7°C.

. Maximum collector tempera-

F4



F Further Results of the Parametric Study

LCoH in €-Ct/kW h
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Figure F.6: LCoH in case of a solar DHW system with polymeric solar thermal FPCs located
in Athens (Greece). The highlighted yellow area indicates system configurations
which yield lower LCoH than the solar thermal reference system with metal-based
FPCs (cf. section 6.1.2). In addition, the circular markers indicate system con-
figurations with higher fractional energy savings than the solar thermal reference
system with metal-based FPCs.
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F Further Results of the Parametric Study

LCoH in €-Ct/kW h

6 2%
14600 SN

Figure F.7: LCoH in case of a solar combi system with polymeric solar thermal FPCs located
in Athens (Greece). The highlighted yellow area indicates system configurations
which yield lower LCoH than the solar thermal reference system with metal-based
FPCs (cf. section 6.1.3). In addition, the circular markers indicate system con-
figurations with higher fractional energy savings than the solar thermal reference
system with metal-based FPCs.

F6



F Further Results of the Parametric Study

F.2 Davos (Switzerland)
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Figure F.8: Weather conditions and heating parameters (flow temperature and mass flow
rate) at the reference location Davos (Switzerland). Minimum / maximum ambi-
ent temperature: —26.6°C / 27.8°C. Maximum irradiation: 1,071 W/m?2. Max-
imum heating flow temperature: 46.5°C. Weather data source: Meteonorm 7.3,
load profile data source: DIN EN 12977-2:2016 (pp. 30-39).
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F Further Results of the Parametric Study

Fractional energy savings fsq, in %

4 900 SO

Figure F.9: Correlation between collector area, heat storage volume and fractional energy
savings fsqp in case of a solar DHW system located in Davos (Switzerland).
The yellow-highlighted regions indicate systems with polymeric FPCs which yield
higher fractional energy savings than the reference system with metal-based col-
lectors (cf. section 6.1.2).
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F Further Results of the Parametric Study

Fractional energy savings fsq, in %

14600 &0

Figure F.10: Correlation between collector area, heat storage volume and fractional energy
savings fsqy in case of a solar combi system located in Davos (Switzerland). The
yellow-highlighted regions indicate systems with polymeric FPCs which yield
higher fractional energy savings than the reference system with metal-based
collectors (cf. section 6.1.3).
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F Further Results of the Parametric Study
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Figure F.11: Collector temperatures T, in case of solar DHW systems located in Davos
(Switzerland). Each system is equipped with a 2001 heat storage and a solar
thermal collector array varying between 4m? and 20 m?. Maximum collector
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Figure F.12: Collector temperatures Ty in case of solar combi systems located in Davos
(Switzerland). Each system is equipped with a 6001 heat storage and a solar
thermal collector array varying between 14 m? and 40 m?. Maximum collector
temperature: 117.9°C.
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F Further Results of the Parametric Study

LCoH in €-Ct/kW h
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Figure F.13: LCoH in case of a solar DHW system with polymeric solar thermal FPCs lo-
cated in Davos (Switzerland). The result indicate that no systems with poly-
meric FPC yields higher fractional energy savings than the reference system
with metal-based FPCs (cf. section 6.1.2). In addition, the circular markers
indicate system configurations with higher fractional energy savings than the
solar thermal reference system with metal-based FPCs.
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F Further Results of the Parametric Study

LCoH in €-Ct/kW h
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Figure F.14: LCoH in case of a solar combi system with polymeric solar thermal FPCs lo-
cated in Davos (Switzerland). The highlighted yellow area indicates system
configurations which yield lower LCoH than the solar thermal reference system
with metal-based FPCs (cf. section 6.1.3). In addition, the circular markers
indicate system configurations with higher fractional energy savings than the
solar thermal reference system with metal-based FPCs.
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F Further Results of the Parametric Study

F.3 Stockholm (Sweden)
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Figure F.15: Weather conditions and heating parameters (flow temperature and mass flow
rate) at the reference location Stockholm (Sweden). Minimum / maximum
ambient temperature: —15.9°C / 30.2°C. Maximum irradiation: 892 W /m?.
Maximum heating flow temperature: 60.7 °C. Weather data source: Meteonorm
7.3, load profile data source: DIN EN 12977-2:2016 (pp. 30-39).
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F Further Results of the Parametric Study

60
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Figure F.16: Correlation between collector area, heat storage volume and fractional energy

savings fsqy in case of a solar domestic hot water system located in Stockholm
(Sweden). The yellow-highlighted regions indicate systems with polymeric FPC
which yield higher fractional energy savings than the reference system with
metal-based collectors (cf. section 6.1.2).
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F Further Results of the Parametric Study

Fractional energy savings fsq, in %

14600 &0

Figure F.17: Correlation between collector area, heat storage volume and fractional energy
savings fsqy in case of a solar combi system located in Stockholm (Sweden).
The result indicate that no systems with polymeric FPC yields higher fractional
energy savings than the reference system with metal-based collectors (cf. section
6.1.3).
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F Further Results of the Parametric Study
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Figure F.18: Collector temperatures T, in case of solar DHW systems located in Stock-
holm (Sweden). Each system is equipped with a 2001 heat storage and a solar
thermal collector array varying between 4m? and 20m?. Maximum collector
temperature: 118.4°C.
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Figure F.19: Collector temperatures T,y in case of solar combi systems located in Stock-
holm (Sweden). Each system is equipped with a 6001 heat storage and a solar
thermal collector array varying between 14 m? and 40 m?. Maximum collector
temperature: 118.4°C.
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F Further Results of the Parametric Study
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Figure F.20: LCoH in case of a solar DHW system with polymeric solar thermal FPCs lo-
cated in Stockholm (Sweden). The highlighted yellow area indicates system
configurations which yield lower LCoH than the solar thermal reference system
with metal-based FPCs (cf. section 6.1.2). In addition, the circular markers
indicate system configurations with higher fractional energy savings than the
solar thermal reference system with metal-based FPCs.
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F Further Results of the Parametric Study
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Figure F.21: LCoH in case of a solar combi system with polymeric solar thermal FPCs lo-
cated in Stockholm (Sweden). The highlighted yellow area indicates system
configurations which yield lower LCoH than the solar thermal reference system
with metal-based FPCs (cf. section 6.1.3). In addition, the circular markers
indicate system configurations with higher fractional energy savings than the
solar thermal reference system with metal-based FPCs.
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G Component Costs

To determine characteristic component costs for solar thermal systems, available price lists
from 15 different manufacturers (located in Germany, Austria and Switzerland) were evalu-
ated and averaged (cf. table 7.1).

The necessary volume of a membrane expansion vessel correlates with the volume of the
HTF inside the solar collector loop (and therefore with the overall area of the solar thermal
collector array), the system pressure, length and diameter of the pipes as well as further
parameters. In order to ensure a reliable and safe operation of a solar thermal system,
the membrane expansion vessel shall be sized according to DIN EN 12828:2014 (pp. 39 -
42). However, to estimate specific costs of membrane expansion vessels (with respect to the
corresponding area of the collector array), a specific value of 41/m? is assumed (cf. figure

G.1).
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Figure G.1: Ratio between collector area and related membrane expansion volume according
to literature and manufacturer’s data. Data source: Deutsche Gesellschaft flir
Sonnenenergie (2010, p. 83), Sonnenkraft GmbH (2018, p. 42), Roth Werke
GmbH (2014, p. 162).

As indicated in figure G.1, the assumed specific volume for membrane expansion vessels
over-estimate the necessary volumes available from both solar thermal manufacturers as well
as literature data. Therefore, the aforementioned value of 41/m? represents a conservative
assumption.
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Table G.1: Specific costs (without VAT) and volumes of solar thermal FPCs. Data source: Sonne, Wind & Wérme (2018), gross collector

area ranging between 2.10m? and 2.51 m?. Empty cells indicate that there is no information available.

Manufacturer Product Gross c‘ollecztor Lis.t price Spgciﬁc pgice Vglume Spe(?iﬁc Voéume
area in m in € in €/m in 1 in1/m

OEG 2plus 2.10 258.30 123.00 1.3 0.62

OEG 4plus Harfe 2.53 301.00 118.97 2.5 0.99

OEG 4Plus Maander 2.53 301.00 118.97

Rennergy AK2300 2.25 454.00 201.78

AS Solar ASFK 2.5 WLT 2.53 487.00 192.49

Remeha C250V / C250H 2.51 604.00 240.64 1.7 0.68

Capito CCPCW 252 2.52 631.00 250.40

Wolf CFK-1 2.30 575.00 250.00 1.1 0.48

Remeha D 230 2.30 604.00 262.61 2.3 1.00

Ufe Eco Star III blue 2.20 345.00 156.82

Wagner Solar EURO L20 MH AR 2.61 805.00 308.43 2.2 0.84

Brétje FK 25 R C 2.55 441.00 172.94

Brotje FK 26 W B 2.59 482.00 186.10

Brotje FK 26 WL B 2.59 561.00 216.60

Estec FK 8210 4H Prestige 2.02 380.00 188.12

Estec FK 8250 H Prestige 2.52 462.00 183.33

Estec FK 8250 Prestige 2.52 460.00 182.54

Estec Fk 8250 QQ Prestige 2.52 462.00 183.33

Westfalen FK23 2.34 455.00 194.44 1.6 0.68

Westfalen FK23 AR 2.32 495.00 213.36 1.7 0.73

s-power FK251 BlueLine 2.51 499.00 198.80 1.7 0.68

STI FKF 200 V Cu/Cu 2.13 855.00 401.41 2.1 0.99

STI FKF 240 V Al/Al 2.52 1,044.00 414.29 1.9 0.75

$9800) juouoduo)) )



€O

Table G.1: Specific costs (without VAT) and volumes of solar thermal FPCs. Data source: Sonne, Wind & Wérme (2018), gross collector
area ranging between 2.10m? 2.51 m?. Empty cells indicate that there is no information available. (Continued)

Gross collector List price Specific price  Volume Specific volume

Manufacturer Product area in m? in € in €/m? in 1 in 1/m?
Estec IDKM Integra 1.25 1.25 380.00 304.00

Estec IDKM Integra 2.5 2.52 499.00 198.02

Sonnenkraft IDMK12AL 1.25 485.00 388.00

Sonnenkraft IDMK25A1 2.52 370.00 146.83

Brotje IK 25 K 2.52 445.00 176.59

Buderus Logasol SKT1.0-s 2.55 886.00 347.45 1.61 0.63
Solarbayer PremiumPlus AL 2.86 2.86 471.00 164.69 2.1 0.73
Reinhard Solarte RST Sol 4 Niox 2.21 669.00 302.71

Solar-Steiner Sanos LL40 2.61 490.00 187.74

NAU SAPHIRLINE 2.35 612.00 260.43 1.25 0.53
Siko Solar Sikosun 1200 2.08 740.00 355.77 1.6 0.77
NAU SILVERLINE 2.15 550.00 255.81 1.15 0.53
Sonnenkraft SK500L-ECO-AL 2.57 540.00 210.12

Sonnenkraft SK500N-ECO-AL 2.57 540.00 210.12

Sonnenkraft SKR500 2.57 600.00 233.46

Sonnenkraft SKR500L 2.57 600.00 233.46

Westfalen Solacept FK22 2.25 433.00 192.44

Westfalen Solacept FK22AR 2.25 550.00 244.44

MHG Solarmat FL 2.37 1,079.00 455.27

Solvis SolvisCala 254 AR 2.56 860.20 336.02 2.52 0.98
Oertli SUN D 230 2.30 766.00 333.04

Orange Energy Sun2 / Sun2Q 2.57 660.00 256.81 2.2 0.86
Sunset SUNDlue 25 2.51 739.00 294.42

Sunset SUNblue 25 -TA 2.51 739.00 294.42 1.3 0.52
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Table G.1: Specific costs (without VAT) and volumes of solar thermal FPCs. Data source: Sonne, Wind & Wéarme (2018), gross collector

area ranging between 2.10m? and 2.51 m?. Empty cells indicate that there is no information available. (Continued)

Manufacturer Product Gross c.ollec2tor Ligt price Spgciﬁc pgice Vc?lume Spe(?iﬁc Vo%ume
area in m in € in €/m in 1 in 1/m
Wolf TopSon F3-1 2.30 755.00 328.26 1.7 0.74
Wolf TopSon F3-1Q 2.30 755.00 328.26 1.9 0.83
Helvetic Energy Valor 2.40 467.00 194.58
Viessmann Vitosol 100-FM Typ 2.51 649.00 258.57 2.4 0.96
SH1F
Immosolar XLS 2.69 600.60 223.27 2.2 0.82
Immosolar XLW 2.69 613.60 228.10 2.2 0.82
Zewotherm ZewoSol Premium 2.09 465.00 222.49
AC200
Zewotherm ZewoSol Premium 2.51 609.00 242.63
AC250

©243.05 €/m?

20.731/m?

$9800) juouoduo)) )
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Table G.2: Specific costs (without VAT) of monovalent heat storages.

Source Product V(;l;uine Llsiiilfglce Spielflg;é)lglce
CitrinSolar GmbH (2018, p. 82) 306002 160 692.00 4.33
CitrinSolar GmbH (2018, p. 82) 306004 200 729.00 3.65
CitrinSolar GmbH (2018, p. 82) 306006 300 892.00 2.97
CitrinSolar GmbH (2018, p. 82) 306008 400 1,143.00 2.86
CitrinSolar GmbH (2018, p. 82) 306010 500 1,250.00 2.50
CitrinSolar GmbH (2018, p. 82) 321805 800 2,666.00 3.33
CitrinSolar GmbH (2018, p. 82) 321905 1,000 3,157.00 3.16
GASOKOL GmbH (2013, p. 21) 610804-24 200 870.00 4.35
GASOKOL GmbH (2013, p. 21) 610806-84 300 975.00 3.25
GASOKOL GmbH (2013, p. 21) 610808-84 400 1,206.00 3.02
GASOKOL GmbH (2013, p 21) 610810-84 200 1,317.00 2.63
ThiiSolar GmbH (2012, p. 15) 1099 200 843.00 4.22
ThiiSolar GmbH (2012, p. 15) 1100 300 975.00 3.25
ThiiSolar GmbH (2012, p. 15) 1101 289 1,044.00 3.61
ThiiSolar GmbH (2012, p. 15) 1102 400 1,112.00 2.78
ThiiSolar GmbH (2012, p. 15) 1103 500 1,230.00 2.46
ThiiSolar GmbH (2012, p. 15) 1104 800 1,649.00 2.06
ThiiSolar GmbH (2012, p. 15) 1105 1,000 1,946.00 1.95
Wikora GmbH (2017, p. 10) 55120000110 123 683.00 5.55
Wikora GmbH (2017, p. 10) 55155000191 152 738.00 4.86
Wikora GmbH (2017, p. 10) 55210000191 200 789.00 3.95
Wikora GmbH (2017, p. 10) 55310000191 298 936.00 3.14
Wikora GmbH (2017, p. 10) 55410000191 428 1,194.00 2.79
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Table G.2: Specific costs (without VAT) of monovalent heat storages. (Continued)

Source Product Voume List price Specifc prie
Wikora GmbH (2017, p. 10) 95510000191 499 1,321.00 2.65
Wikora GmbH (2017, p. 11) 95810000101 825 2,626.00 3.18
Wikora GmbH (2017, p. 11) 55101000101 978 3,285.00 3.36
Wikora GmbH (2017, p. 11) 55151000101 1,529  4,233.00 2.77
Wikora GmbH (2017, p. 11) 55201000101 2,002 5,162.00 2.58
Wikora GmbH (2017, p. 11) 55301000101 2,938  6,118.00 2.08
WOLF GmbH (2018, p. 06.25) 2444170 150 970.00 6.47
WOLF GmbH (2018, p. 06.25) 2444171 200 1,080.00 5.40
WOLF GmbH (2018, p. 06.25) 2444172 300 1,365.00 4.55
3.43€/1

$9800) juouoduo)) )



Table G.3: Specific costs (without VAT) of bivalent heat storages.

Source Product Volume List price Specific price

LD

in 1 in € in €/m?
CitrinSolar GmbH (2018, p. 83) 306020 200 917.00 4.59
CitrinSolar GmbH (2018, p. 83) 306022 300 977.00 3.26
CitrinSolar GmbH (2018, p. 83) 306024 400 1,189.00 2.97
CitrinSolar GmbH (2018, p. 83) 306026 500 1,322.00 2.64
CitrinSolar GmbH (2018, p. 83) 322805 800 2,816.00 3.52
CitrinSolar GmbH (2018, p. 83) 322905 1,000 3,286.00 3.29
GASOKOL GmbH (2013, p. 21) 620804-24 200 945.00 4.73
GASOKOL GmbH (2013, p. 21) 620806-84 300 1,050.00 3.50
GASOKOL GmbH (2013, p. 21) 620808-84 400 1,281.00 3.20
GASOKOL GmbH (2013, p. 21) 620810-84 500 1,365.00 2.73
Wagner Solar GmbH (2017, p. 52) 130 103 04 300 1,100.00 3.67
Wagner Solar GmbH (2017, p. 52) 130 103 02 400 1,280.00 3.20
Wagner Solar GmbH (2017, p. 53) 130 141 14 300 900.00 3.00
Wagner Solar GmbH (2017, p. 53) 130 141 15 400 1,050.00 2.62
Wagner Solar GmbH (2017, p. 53) 130 141 13 500 1,270.00 2.54
Wikora GmbH (2017, p. 12) 55212000191 198 888.00 4.48
Wikora GmbH (2017, p. 12) 55312000191 296 1,024.00 3.46
Wikora GmbH (2017, p. 12) 55412000191 427 1,209.00 2.83
Wikora GmbH (2017, p. 12) 55512000191 297 1,452.00 4.89
Wikora GmbH (2017, p. 13) 55812000101 822 2,460.00 2.99
Wikora GmbH (2017, p. 13) 55101200101 975 3,185.00 3.27
Wikora GmbH (2017, p. 13) 55151200101 1,525 4,376.00 2.87
Wikora GmbH (2017, p. 13) 55201200101 1,998 5,438.00 2.72
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Table G.3: Specific costs (without VAT) of bivalent heat storages. (Continued)

Volume List price Specific price
Source Product i1 e in €/m?
Wikora GmbH (2017, p. 13) 55301200101 2,894 6,496.00 2.24
WOLF GmbH (2018, p. 06.22) 2483737 300 1,380.00 4.60
WOLF GmbH (2018, p. 06.22) 2483738 400 1,670.00 4.18
WOLF GmbH (2018, p. 06.21) 2444850 500 1,985.00 3.97
WOLF GmbH (2018, p. 06.21) 2444875 750 2,655.00 3.54
WOLF GmbH (2018, p. 06.21) 2444810 1,000  3,290.00 3.29
23.41€/1
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Table G.4: Specific costs (without VAT) of MEVs.

Source Product Volume List price Specific price

60

in 1 in € in €/m?
Buderus Thermotechnik GmbH (2018, p. 7087) 12 222 080 18 76.73 17.05
Buderus Thermotechnik GmbH (2018, p. 7087) 12 222 081 25 98.31 15.73
CitrinSolar GmbH (2018, p. 14) 196018 18 80.00 17.78
CitrinSolar GmbH (2018, p. 14) 196025 25 91.00 14.56
CitrinSolar GmbH (2018, p. 14) 196035 35 120.00 13.71
CitrinSolar GmbH (2018, p. 23) 196050 20 169.00 13.52
CitrinSolar GmbH (2018, p. 28) 196080 80 387.00 19.35
CitrinSolar GmbH (2018, p. 28) 196100 100 498.00 19.92
Consolar GmbH (2006, p. 20) PS050 18 60.00 13.33
Consolar GmbH (2006, p. 20) PS052 25 81.00 12.96
Consolar GmblH (2006, p. 20) PS053 35 93.00 10.63
Comnsolar GmbH (2006, p. 20) PS056 50 120.00 9.60
GASOKOL GmbH (2013, p. 35) 7504 18 48.40 10.76
GASOKOL GmbH (2013, p. 35) 7506 25 54.90 8.78
GASOKOL GmbH (2013, p. 35) 7508 40 88.00 8.80
GASOKOL GmbH (2013, p. 35) 7510 60 125.60 8.37
GASOKOL GmbH (2013, p. 35) 7511 80 173.60 8.68
GASOKOL GmbH (2013, p. 35) 7512 100 237.20 9.49
GASOKOL GmbH (2013, p. 35) 7516 200 412.80 8.26
GASOKOL GmbH (2013, p. 35) 7520 300 608.00 8.11
ROTEX Heating Systems GmbH (2018, p. 197) 16 20 70 12 88.87 29.62
ROTEX Heating Systems GmbH (2018, p. 198) 16 20 50 25 109.78 17.56
ROTEX Heating Systems GmbH (2018, p. 198) 16 20 51-RTX 35 134.89 15.42
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Table G.4: Specific costs (without VAT) of MEVs. (Continued)

Soure Prodct Volume ~Listprice Specifcpric
Roth Werke GmbH (2014, p. 162) 1135006675 18 90.05 20.01
Roth Werke GmbH (2014, p. 162) 1135006676 25 101.00 16.16
Roth Werke GmbH (2014, p. 162) 1135006633 35 154.00 17.60
Roth Werke GmbH (2014, p. 162) 1135006601 50 207.00 16.56
Roth Werke GmbH (2014, p. 162) 1135006602 80 313.00 15.65
Sonnenkraft GmbH (2018, p. 42) AGI18 18 40.00 8.89
Sonnenkraft GmbH (2018, p. 42) AG25 25 50.00 8.00
Sonnenkraft GmbH (2018, p. 42) AG35 35 60.00 6.86
Sonnenkraft GmbH (2018, p. 42) AGH0 50 90.00 7.20
Sonnenkraft GmbH (2018, p. 42) AGS80 80 150.00 7.50
Sonnenkraft GmbH (2018, p. 42) AG100 100 174.00 6.96
Sonnenkraft GmbH (2018, p. 42) AG150 150 203.00 5.41
Sonnenkraft GmbH (2018, p. 42) AG200 200 268.00 5.36
Sonnenkraft GmbH (2018, p. 42) AG300 300 465.00 6.20
Sonnenkraft GmbH (2018, p. 42) AG500 500 695.00 5.56
ThiiSolar GmbH (2012, p. 31) SP12 12 55.50 18.50
ThiiSolar GmbH (2012, p. 31) SP18 18 59.70 13.27
ThiiSolar GmbH (2012, p. 31) SP25 25 74.40 11.90
ThiiSolar GmbH (2012, p. 31) SP35 35 108.00 12.34
ThiiSolar GmbH (2012, p. 31) SP50 50 172.00 13.76
ThiiSolar GmbH (2012, p. 31) SP80 80 252.00 12.60
ThiiSolar GmbH (2012, p. 31) SP105 105 320.20 12.20
ThiiSolar GmbH (2012, p. 31) SP150 150 472.00 12.59
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Table G.4: Specific costs (without VAT) of MEVs. (Continued)

Volume List price Specific price

|59

Source Product . € in €/m?
TiSUN GmbH (2018, p. 24) AG18 18 40.00 8.89
TiSUN GmbH (2018, p. 24) AG25 25 50.00 8.00
TiSUN GmbH (2018, p. 24) AG35 35 60.00 6.86
TiSUN GmbH (2018, p. 24) AG50 50 90.00 7.20
TiSUN GmbH (2018, p. 24) AGS80 80 150.00 7.50
TiSUN GmbH (2018, p. 24) AG100 100 174.00 6.96
TiSUN GmbH (2018, p. 24) AG150 150 203.00 0.41
TiSUN GmbH (2018, p. 24) AG200 200 268.00 5.36
TiSUN GmbH (2018, p. 24) AG300 300 465.00 6.20
TiSUN GmbH (2018, p. 24) AG500 500 695.00 5.56
Viessmann Werke GmbH & Co. KG (2017, p. 5.4-3) 7248241 18 111.00 24.67
Viessmann Werke GmbH & Co. KG (2017, p. 5.4-3) 7248242 25 139.00 22.24
Viessmann Werke GmbH & Co. KG (2017, p. 5.4-3) 7248243 40 180.00 18.00
Viessmann Werke GmbH & Co. KG (2017, p. 5.4-3) 7248244 50 269.00 21.52
Viessmann Werke GmbH & Co. KG (2017, p. 5.4-3) 7248245 80 375.00 18.75
Wagner Solar GmbH (2017, p. 60) 150 450 10 12 92.65 30.88
Wagner Solar GmbH (2017, p. 60) 150 450 11 18 112.14 24.92
Wagner Solar GmbH (2017, p. 60) 150 450 13 24 150.64 25.11
Wagner Solar GmbH (2017, p. 60) 150 450 14 35 164.34 18.78
Wagner Solar GmbH (2017, p. 60) 150 450 15 50 228.61 18.29

$180)) juouodwo)) x)



Table G.4: Specific costs (without VAT) of MEVs. (Continued)

Volume List price  Specific price

¢ld

Source Product i1 e in €/m?
Wikora GmbH (2017, p. 55) 01 5318 0 0101 18 90.00 20.00
Wikora GmbH (2017, p. 55) 01 5325 0 0101 25 100.00 16.00
Wikora GmbH (2017, p. 55) 01 5340 0 0101 40 140.00 14.00
Wikora GmbH (2017, p. 55) 01 5350 0 0101 50 160.00 12.80
Wikora GmbH (2017, p. 55) 01 5380 0 0101 80 180.00 9.00
Wikora GmbH (2017, p. 55) 01 5310 0 0101 100 270.00 10.80
Wikora GmbH (2017, p. 55) 01 5320 0 0101 200 510.00 10.20
WOLF GmbH (2018, p. 04.22) 2444210 12 66.00 22.00
WOLF GmbH (2018, p. 04.22) 2444211 18 82.00 18.22
WOLF GmbH (2018, p. 04.22) 2444212 25 100.00 16.00
WOLF GmbH (2018, p. 04.22) 2483075 35 126.00 14.40
WOLF GmbH (2018, p. 04.22) 2444223 50 182.00 14.56
WOLF GmbH (2018, p. 04.22) 2483608 80 301.00 15.05
WOLF GmbH (2018, p. 04.22) 2482818 100 472.00 18.88
WOLF GmbH (2018, p. 04.22) 2484096 150 775.00 20.67
WOLF GmbH (2018, p. 04.22) 2484097 200 905.00 18.10

©13.60€/m?
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Table G.5: Specific costs (without VAT) for piping. Empty cells indicate that there is no information available.

Source Product D.iameter L.ength Lis:t price Sp§ciﬁc price
in mm in m in € in €/m
Armacell GmbH (2018, p. 58) SO-DV-14X16/100 DN 14 100 48.11
Armacell GmbH (2018, p. 58) SO-DV-14X16/E10 DN 14 10 48.11
Armacell GmbH (2018, p. 58) SO-DV-14X16/E15 DN 14 15 48.11
Armacell GmbH (2018, p. 58) SO-DV-14X16/E20 DN 14 20 48.11
Armacell GmbH (2018, p. 58) SO-DV-14X16/E25 DN 14 25 48.11
Armacell GmbH (2018, p. 58) SO-DV-14X16/E50 DN 14 50 48.11
Armacell GmbH (2018, p. 58) SO-DV-14X20/100 DN 14 100 56.76
Armacell GmbH (2018, p. 58) SO-DV-14X20/E10 DN 14 10 56.76
Armacell GmbH (2018, p. 58) SO-DV-14X20/E15 DN 14 15 56.76
Armacell GmbH (2018, p. 58) SO-DV-14X20/E20 DN 14 20 56.76
Armacell GmbH (2018, p. 58) SO-DV-14X20/E25 DN 14 25 56.76
Armacell GmbH (2018, p. 58) SO-DV-14X20/E50 DN 14 50 56.76
Armacell GmbH (2018, p. 58) SO-DV-14X25/100 DN 14 100 64.15
Armacell GmbH (2018, p. 58) SO-DV-14X25/E15 DN 14 15 64.15
Armacell GmbH (2018, p. 58) SO-DV-14X25/E25 DN 14 25 64.15
Armacell GmbH (2018, p. 58) SO-DV-20X16/E15 DN 20 15 55.50
Armacell GmbH (2018, p. 58) SO-DV-20X16/E25 DN 20 25 55.50
Armacell GmbH (2018, p. 58) SO-DV-20X20/E15 DN 20 15 65.22
Armacell GmbH (2018, p. 58) SO-DV-20X20/E25 DN 20 25 65.22
Buderus Thermotechnik GmbH (2018, p. 7090) 12 055 320 DN 12 15 562.89 37.53
Buderus Thermotechnik GmbH (2018, p. 7090) 12 055 321 DN 12 20 749.94 37.50
Buderus Thermotechnik GmbH (2018, p. 7090) 12 055 322 DN 12 25 936.99 37.48
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Table G.5: Specific costs (without VAT) for piping. Empty cells indicate that there is no information available. (Continued)

Source Product D.iameter L.ength Lis.t price Spe.lciﬁc price
in mm in m in € in €/m
Buderus Thermotechnik GmbH (2018, p. 7090) 12 055 323 DN 16 15 621.18 41.41
Buderus Thermotechnik GmbH (2018, p. 7090) 12 055 324 DN 16 20 828.24 41.41
Buderus Thermotechnik GmbH (2018, p. 7090) 12 055 325 DN 16 25 1,036.17 41.45
Buderus Thermotechnik GmbH (2018, p. 7091) 12 055 326 DN 20 15 708.18 47.21
Buderus Thermotechnik GmbH (2018, p. 7091) 12 055 327 DN 20 20 943.08 47.15
Buderus Thermotechnik GmbH (2018, p. 7091) 12 055 328 DN 20 25 1,178.85 47.15
Buderus Thermotechnik GmbH (2018, p. 7091) 12 055 329 DN 25 15 950.04 63.34
Buderus Thermotechnik GmbH (2018, p. 7091) 12 055 330 DN 25 20 1,265.85 63.29
Buderus Thermotechnik GmbH (2018, p. 7091) 12 055 331 DN 25 25 1,582.53 63.30
CitrinSolar GmbH (2018, p. 54) 191844 DN 16 15 352.00 23.47
CitrinSolar GmbH (2018, p. 54) 191848 DN 16 20 587.00 29.35
CitrinSolar GmbH (2018, p. 54) 191849 DN 16 25 1,173.00 46.92
CitrinSolar GmbH (2018, p. 54) 191850 DN 20 15 421.00 28.07
CitrinSolar GmbH (2018, p. 54) 191854 DN 20 20 699.00 34.95
CitrinSolar GmbH (2018, p. 54) 191857 DN 20 25 1,397.00 55.88
CitrinSolar GmbH (2018, p. 54) 191886 DN 25 15 566.00 37.73
CitrinSolar GmbH (2018, p. 54) 191888 DN 25 20 939.00 46.95
CitrinSolar GmbH (2018, p. 54) 191890 DN 25 25 1,877.00 75.08
Consolar GmbH (2006, p. 18) LE005 DN 12 15 430.00 28.67
Consolar GmbH (2006, p. 18) LEO15 DN 15 15 480.00 32.00
Consolar GmbH (2006, p. 18) LE025 DN 18 15 560.00 37.33
GASOKOL GmbH (2013, p. 36) 35031 DN 16 10 42.90
GASOKOL GmbH (2013, p. 36) 35032 DN 16 15 42.90
GASOKOL GmbH (2013, p. 36) 35036 DN 20 10 51.90
GASOKOL GmbH (2013, p. 36) 35037 DN 20 15 51.90
ROTEX Heating Systems GmbH (2018, p. 197) 16 20 73 DN 16 15 469.45 31.30
ROTEX Heating Systems GmbH (2018, p. 197) 16 20 74 DN 20 15 594.91 39.66

$9800) juouoduo)) )



aro

Table G.5: Specific costs (without VAT) for piping. Empty cells indicate that there is no information available. (Continued)

Source Product D.iameter L.ength Lis:t price Spe.ciﬁc price
in mm in m in € in €/m
Roth Werke GmbH (2014, p. 163) 1135004131 DN 16 15 568.00 37.87
Roth Werke GmbH (2014, p. 163) 1135004132 DN 20 15 729.00 48.60
Roth Werke GmbH (2014, p. 163) 1135004551 DN 16 25 984.00 39.36
Roth Werke GmbH (2014, p. 163) 1135004552 DN 20 25 1,215.00 48.60
Sonnenkraft GmbH (2018, p. 41) EWRID16/10 DN 16 10 205.00 20.50
Sonnenkraft GmbH (2018, p. 41) EWRID20/10 DN 20 10 260.00 26.00
Sonnenkraft GmbH (2018, p. 41) EWRID16/15 DN 16 15 310.00 20.67
Sonnenkraft GmbH (2018, p. 41) EWRID20/15 DN 20 15 370.00 24.67
Sonnenkraft GmbH (2018, p. 41) EWRID16/20 DN 16 20 410.00 20.50
Sonnenkraft GmbH (2018, p. 41) EWRID20/20 DN 20 20 495.00 24.75
Sonnenkraft GmbH (2018, p. 41) EWRID25/20 DN 25 20 550.00 27.50
Sonnenkraft GmbH (2018, p. 41) EWRID16/50 DN 16 50 1,020.00 20.40
Sonnenkraft GmbH (2018, p. 41) EWRID20/50 DN 20 50 1,230.00 24.60
Sonnenkraft GmbH (2018, p. 41) EWRID25/50 DN 25 50 1,590.00 31.80
ThiiSolar GmbH (2012, p. 37) wws202010 DN 16 10 57.50
ThiiSolar GmbH (2012, p. 37) wws203010 DN 20 10 62.50
TiSUN GmbH (2018, p. 13) EWRID16/10 DN 16 10 205.00 20.50
TiSUN GmbH (2018, p. 13) EWRID20/10 DN 16 15 310.00 20.67
TiSUN GmbH (2018, p. 13) EWRID16/15 DN 16 20 410.00 20.50
TiSUN GmbH (2018, p. 13) EWRID20/15 DN 16 50 1,020.00 20.40
TiSUN GmbH (2018, p. 13) EWRID16/20 DN 20 10 260.00 26.00
TiSUN GmbH (2018, p. 13) EWRID20/20 DN 20 15 370.00 24.67
TiSUN GmbH (2018, p. 13) EWRID25/20 DN 20 20 495.00 24.75
TiSUN GmbH (2018, p. 13) EWRID16/50 DN 20 50 1,230.00 24.60
TiSUN GmbH (2018, p. 13) EWRID20/50 DN 25 20 550.00 27.50
TiSUN GmbH (2018, p. 13) EWRID25/50 DN 25 50 1,590.00 31.80
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Table G.5: Specific costs (without VAT) for piping. Empty cells indicate that there is no information available. (Continued)

Sotrce Product Dilameter L.ength LlS.t price Sp§c1ﬁc price
in mm in m in € in €/m
Viessmann Werke GmbH & Co. KG (2017, p. 5.4-3) 7419567 DN 16 15 557.00 37.13
Viessmann Werke GmbH & Co. KG (2017, p. 5.4-3) 7373478 DN 16 12 482.00 40.17
Viessmann Werke GmbH & Co. KG (2017, p. 5.4-3) 7373477 DN 16 6. 265.00 44.17
Wagner Solar GmbH (2017, p. 67) 150 301 33 DN 16 15 354.64 23.64
Wagner Solar GmbH (2017, p. 67) 150 304 10 DN 16 15 449.38 29.96
Wagner Solar GmbH (2017, p. 67) 150 301 34 DN 20 15 429.08 28.61
©41.35€/m
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Table G.6: Specific costs (without VAT) of the substructure for solar thermal FPCs.

Sotrce Product Collector area List price Specific price

LTD

in m? in € in €/m?
Buderus Thermotechnik GmbH (2018, p. 7016) 7736 614 796 2.37 165.30 69.75
Buderus Thermotechnik GmbH (2018, p. 7016) 7 736 614 799 2.37 159.21 67.18
CitrinSolar GmbH (2018, p. 41) 114010 2.57 254.00 98.83
CitrinSolar GmbH (2018, p. 41) 115010 2.57 281.00 109.3
CitrinSolar GmbH (2018, p. 41) 114020 5.14 387.00 75.29
CitrinSolar GmbH (2018, p. 41) 114080 5.14 345.00 67.12
CitrinSolar GmbH (2018, p. 41) 114090 2.57 174.00 67.70
CitrinSolar GmbH (2018, p. 41) 115090 2.57 237.00 92.22
Consolar GmbH (2006, p. 14) KF331 2.55 155.00 60.78
Consolar GmbH (2006, p. 14) KF330 5.10 227.00 44.51
Consolar GmbH (2006, p. 14) KF325 7.65 341.00 44.58
GASOKOL GmbH (2013, p. 8) 03081 2R 2.25 163.40 72.62
GASOKOL GmbH (2013, p. 8) 03081 2R 4.50 381.30 84.73
GASOKOL GmbH (2013, p. 8) 03081 2R 6.75 599.30 88.79
GASOKOL GmbH (2013, p. 8) 03081 2R 9.00 762.60 84.73
GASOKOL GmbH (2013, p. 8) 03081 2R 11.25 980.60 87.16
GASOKOL GmbH (2013, p. 8) 03081 2R 13.50 1,198.60 88.79
GASOKOL GmbH (2013, p. 8) 03081 2R 15.75 1,362.00 86.48
GASOKOL GmbH (2013, p. 8) 03081 2R 18.00 1,580.00 87.78
GASOKOL GmbH (2013, p. 8) 03081 2R 20.25 1,798.00 88.79
GASOKOL GmbH (2013, p. 8) 03081 2R 22.50 1,961.30 87.17
ROTEX Heating Systems GmbH (2018, p. 195) 12 38 gg / 1.79 95.95 53.60
1115008698 /
Roth Werke GmbH (2014, pp. 129-130) 1135004083 5.04 312.00 61.90
1115008699 /
Roth Werke GmbH (2014, pp. 129-130) 1135004084 2.52 119.20 47.30
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Table G.6: Specific costs (without VAT) of the substructure for solar thermal FPCs. (Continued)

Collector area List price

Specific price

Source Product i m? e in €/m?
Sonnenkraft GmbH (2018, p. 19) SDI]?RPE)\I//IL / 2.52 139.00 55.16
Sonnenkraft GmbH (2018, p. 19) SD}]{%}P{’(l)\I//QL / 5.04 200.00 39.68
Sonnenkraft GmbH (2018, p. 19) SDI](BPP{)(l)\I/éL / 7.56 343.00 45.37
Sonnenkraft GmbH (2018, p. 19) SDI]?PIz(l)\I//élL / 10.08 406.00 40.28
Sonnenkraft GmbH (2018, p. 19) SDI](BTE(l)\I//BL / 12.60 517.00 41.03
Sonnenkraft GmbH (2018, p. 19) E)I]?RP(I)\I/GL / 15.12 612.00 40.48
Sonnenkraft GmbH (2018, p. 19) SD}]?}I;(I;I//?L / 17.64 723.00 40.99
Sonnenkraft GmbH (2018, p. 19) SDI]?IP{)E)\I/SL / 20.16 818.00 40.58
Sonnenkraft GmbH (2018, p. 19) SDI]?RP(l)\I//E)L / 22.68 929.00 40.96
Sonnenkraft GmbH (2018, p. 19) SDI]{BPP{)(l)\I//ll(; / 25.20 1,024.00 40.63
ThiiSolar GmbH (2012, p. 6) 1075 2.50 40.17 16.07
TiSUN GmbH (2018, p. 4, p. 10) 1128;?2 / 2:59 182.00 7137
TiSUN GmbH (2018, p. 4, p. 10) 1421398 / 5.10 313.00 61.37
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Table G.6: Specific costs (without VAT) of the substructure for solar thermal FPCs. (Continued)

Collector area List price  Specific price

61D

Source Product - i€ in €/m?
Viessmann Werke GmbH & Co. KG (2017, p. 5.1-10) 008464 2.51 126.00 50.20
Viessmann Werke GmbH & Co. KG (2017, p. 5.1-10) 008465 5.02 221.00 44.02
Viessmann Werke GmbH & Co. KG (2017, p. 5.1-10) 008466 7.53 321.00 42.63
Viessmann Werke GmbH & Co. KG (2017, p. 5.1-10) 008467 10.04 449.00 44.72
Viessmann Werke GmbH & Co. KG (2017, p. 5.1-10) 008468 12.55 549.00 43.75
Viessmann Werke GmbH & Co. KG (2017, p. 5.1-10) 008469 15.06 654.00 43.43
Viessmann Werke GmbH & Co. KG (2017, p. 5.1-10) 008470 20.08 882.00 43.92
Viessmann Werke GmbH & Co. KG (2017, p. 5.1-10) 008471 25.10 1,102.00 43.90
Wagner Solar GmbH (2017, p. 34) 192 001 42 5.22 133.08 25.49
Wagner Solar GmbH (2017, p. 34) 192 001 46 2.61 93.25 35.73
Wagner Solar GmbH (2017, p. 34) 192 001 44 2.61 29.28 22.71
Wikora GmbH (2017, pp. 47, 49) 81 ;?;i g 818; / 1.98 90.00 45.45
WOLF GmbH (2018, p. 04.04) 7701592 4.60 785.00 170.65
260.95 €/ m?
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G Component Costs

Table G.7: Costs (without VAT) for solar stations.

Source Product L1§t price
in €
Buderus Thermotechnik GmbH (2018, p. 7080) 7 735 600 041 651.63
Buderus Thermotechnik GmbH (2018, p. 7080) 7 735 600 049 992.67
Buderus Thermotechnik GmbH (2018, p. 7080) 7 735 600 051 1,547.73
CitrinSolar GmbH (2018, p. 60) 195097 574.00
CitrinSolar GmbH (2018, p. 60) 195100 627.00
Comnsolar GmbH (2006, p. 19) PS022 331.00
Comnsolar GmbH (2006, p. 19) PS082 331.00
GASOKOL GmbH (2013, p. 32) 07103 410.50
GASOKOL GmbH (2013, p. 32) 07104 442.70
GASOKOL GmbH (2013, p. 32) 07107-130 707.50
ROTEX Heating Systems GmbH (2018, p. 197) 16 20 49 479.91
Roth Werke GmbH (2014, p. 161) 1135002274 440.00
Roth Werke GmbH (2014, p. 161) 1135004442 480.00
Roth Werke GmbH (2014, p. 161) 1135006101 982.00
Sonnenkraft GmbH (2018, p. 31) SSTX25/2E 430.00
Sonnenkraft GmbH (2018, p. 31) SST25/2E 610.00
Sonnenkraft GmbH (2018, p. 31) SST25VME 670.00
ThiiSolar GmbH (2012, p. 32) 1431 285.00
ThiiSolar GmbH (2012, p. 32) 1432 329.00
TiSUN GmbH (2018, p. 21) SSTX25/2E 430.00
TiSUN GmbH (2018, p. 21) SSTX100/E 790.00
Viessmann Werke GmbH & Co. KG (2017, p. 5.4-1) 2012020 763.00
Viessmann Werke GmbH & Co. KG (2017, p. 5.4-1) 7012027 858.00
Wikora GmbH (2017, p. 54) 01 5200 7 0101 630.00
Wikora GmbH (2017, p. 54) 01 5200 8 0101 650.00
WOLF GmbH (2018, p. 04.21) 2484991 610.00
WOLF GmbH (2018, p. 04.21) 2484992 630.00
2617.88€
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G Component Costs

Table G.8: Costs (without VAT) for solar controllers.

Source Product L1§t price
in €
Buderus Thermotechnik GmbH (2018, p. 7084) 7 747 004 406 303.63
Buderus Thermotechnik GmbH (2018, p. 7084) 7 735 600 069 370.62
Buderus Thermotechnik GmbH (2018, p. 7084) 7 739 602 105 716.88
CitrinSolar GmbH (2018, p. 58) 192132 369.00
CitrinSolar GmbH (2018, p. 58) 192017 262.00
CitrinSolar GmbH (2018, p. 58) 192008 178.00
Comnsolar GmbH (2006, p. 21) RE003 300.00
Consolar GmbH (2006, p. 21) RE035 460.00
Consolar GmbH (2006, p. 21) REO037 620.00
GASOKOL GmbH (2013, p. 27) 06016 147.00
GASOKOL GmbH (2013, p. 27) 06017 147.00
GASOKOL GmbH (2013, p. 27) 06062 259.40
GASOKOL GmbH (2013, p. 27) 06064 359.00
GASOKOL GmbH (2013, p. 27) 06093 406.80
GASOKOL GmbH (2013, p. 27) 06091 369.60
GASOKOL GmbH (2013, p. 27) 06063 278.30
GASOKOL GmbH (2013, p. 28) 06000 564.00
ROTEX Heating Systems GmbH (2018, p. 197) 16 20 84 173.53
Roth Werke GmbH (2014, p. 159) 1135003975 249.00
Roth Werke GmbH (2014, p. 159) 1135003976 395.00
Roth Werke GmbH (2014, p. 159) 1135006102 275.00
Roth Werke GmbH (2014, p. 160) 1135006103 435.00
Roth Werke GmbH (2014, p. 160) 1135007151 500.00
Sonnenkraft GmbH (2018, p. 39) STRGO 159.00
Sonnenkraft GmbH (2018, p. 39) STRGBXPLUS 419.00
ThiiSolar GmbH (2012, p. 22) 11541020 248.00
ThiiSolar GmbH (2012, p. 23) 11542040 320.00
ThiiSolar GmbH (2012, p. 24) 11542210 354.00
ThiiSolar GmbH (2012, p. 25) 11566130 470.00
ThiiSolar GmbH (2012, p. 26) 11599020 557.00
TiSUN GmbH (2018, p. 20) STRGO 159.00
TiSUN GmbH (2018, p. 20) STRGBXPLUS 419.00
Viessmann Werke GmbH & Co. KG (2017, p. 5.5-1) 2007387 331.00
Viessmann Werke GmbH & Co. KG (2017, p. 5.5-2) 7007388 584.00
Wagner Solar GmbH (2017, p. 70) 150 115 11 233.60
Wagner Solar GmbH (2017, p. 70) 150 115 12 433.41
Wagner Solar GmbH (2017, p. 71) 150 115 13 776.48
Wikora GmbH (2017, p. 54) 01 7820 0 0101 180.00
Wikora GmbH (2017, p. 54) 01 7840 0 0101 310.00
WOLF GmbH (2018, p. 04 19) 2745936 300.00
WOLF GmbH (2018, p. 04.19) 2745869 423.00
2361.35€

G21



¢GD)

Table G.9: Specific costs (without VAT) for HTF. The necessary amount of water-glycol-mixture per square metre collector area is
determined by considering an average volume of 0.731/m? (cf. table G.1).

Source Product Voilrﬁne Llilpélce Spierflg;riglce
Buderus Thermotechnik GmbH (2018, p. 7089) 8 718 660 947 20 160.08 5.84
CitrinSolar GmbH (2018, p. 62) 194015 10 61.00 4.45
CitrinSolar GmbH (2018, p. 62) 194030 20 105.00 3.83
CitrinSolar GmbH (2018, p. 62) 194050 200 705.00 2.57
GASOKOL GmbH (2013, p. 35) 07822 10 5.04
GASOKOL GmbH (2013, p. 35) 07824 25 5.04
GASOKOL GmbH (2013, p. 35) 07826 200 5.07
ROTEX Heating Systems GmbH (2018, p. 198) 16 20 52-RTX 20 78.41 2.86
Roth Werke GmbH (2014, p. 162) 1135002277 25 77.25 2.26
Sonnenkraft GmbH (2018, p. 42) FSM25 25 85.00 2.48
ThiiSolar GmbH (2012, p. 33) 1440 10 46.50 3.39
TiSUN GmbH (2018, p. 25) FSM25 25 85.00 2.48
Viessmann Werke GmbH & Co. KG (2017, p. 5.4-5) 7159727 25 120.00 3.50
Viessmann Werke GmbH & Co. KG (2017, p. 5.4-5) 7159729 200 966.00 3.53
Wagner Solar GmbH (2017, p. 64) 150 304 23 5 34.65 5.06
Wagner Solar GmbH (2017, p. 64) 150 304 24 10 63.17 4.61
Wagner Solar GmbH (2017, p. 64) 150 304 25 25 157.60 4.60
Wikora GmbH (2017, p. 55) 01 5420 0 0101 20 114.00 4.16
WOLF GmbH (2018, p. 05.31) 2484552 3 24.80 6.03
WOLF GmbH (2018, p. 05.31) 2483422 20 166.00 6.06

4.14 €/m?
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