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a b s t r a c t 

Heat pipe collectors can significantly reduce stagnation loads in solar thermal systems due to their thermophysical 

properties. The paper experimentally investigates a novel system concept based on both evacuated tube collectors 

and flat-plate collectors with overheating prevention. Due to the resulting temperature limitation in the collector, 

the use of polymeric pipes as well as a significantly downsized expansion volume is possible. We implemented 

this concept in five demonstration plants and monitored their behavior over more than one year of operation. 

Both domestic hot water systems and combi-systems with space heating support in residential and office buildings 

are under consideration. The measured collector performance in all the systems matches the theoretical collector 

efficiency curve with a maximum deviation of five percentage points. Depending on the individual system config- 

urations, the specific annual yield ranges between 174 kWh/m 

2 and 445 kWh/m 

2 . During stagnation, we report 

a maximum temperature between 105 °C and 127 °C. In comparison to state-of-the-art systems, the maximum 

temperature in the solar circuit is 80–100 K lower and evaporation does not occur. The approach leads to reduc- 

tions in investment costs of up to 16% and can significantly decrease the annual maintenance effort. Assuming a 

system lifetime of 25 years, we estimate a cost reduction of up to 22% in Levelized Cost of Heat (LCoH) compared 

to common system configurations. 
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. Introduction 

Solar thermal systems are used to cover significant parts of the heat

emand for the domestic hot water supply and space heating of build-

ngs. Depending on the design of the plant and the heat demand, more or

ess intensive stagnation periods can occur. To handle stagnation loads

sually requires a complex hydraulic system design impairing the oper-

tional safety and leading to high maintenance costs, which make so-

ar thermal systems generally more expensive and less attractive. Thus,

 significant reduction of the stagnation load can help to increase the

hare of solar thermal energy in an efficient and safe way. In order to

revent overheating, different approaches are pursued. Most of them are

ased on cooling systems or collector draining strategies (drainback),

hich require additional components and control technology respec-

ively. Other technologies operate directly inside the collector, at the

oint where the solar irradiance is absorbed and heats up the heat trans-

er fluid of the solar circuit. 

In flat-plate collectors (FPC), the reduction of stagnation time

an be achieved by rear convection cooling, as demonstrated in Har-
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ison et al. [1] , and Kessentini et al. [2] , as well as by thermochromic

bsorber coatings, (see Müller et al. [3] ). Attention should also be drawn

o the work of Zenhäusern et al. [4] , which describes a thermome-

hanical device to shift the absorber towards the collector glass cover

nd increase the ambient heat losses. The convection cooling system

ses a thermally activated valve to open a channel to the ambient

ir, resulting in an increased heat loss. Experimental tests on proto-

ypes prove a reduction in the maximum temperature from 155 °C to

22 °C compared to a reference collector and almost identical behav-

or in the operating range. In the case of the thermochromic absorber

oating, the emissivity of the coating increases from 5% to 40% when

 temperature of approx. 70 °C is exceeded. With new material mix-

ures in the absorber layers, larger switching ranges of the emissivity

an also be achieved as the current research of Dittrich et al. [5] shows.

or thermochromic absorbers already available on the market, the in-

rease in the radiation heat losses leads to a reduction in the stagna-

ion temperature from 195 °C to 164 °C. The absorber shift to the col-

ector glazing can reduce the maximum temperature to about 100 °C.

owever, the operating behavior of the collector is still too strongly
 2023 
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Fig. 1. Sectional view of a heat pipe collector as well as the heat pipe itself in 

operating and stagnation state. 
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Abbreviations 

abs absorber 

Al aluminum 

amb ambient 

aperture aperture area 

aux auxiliary 

bal ballast 

boil boiling 

chap chapter 

col collector 

Cu copper 

DHW domestic hot water 

EPDM ethylene propylene diene monomer rubber 

ETC evacuated tube collector 

exp expansion 

fin final energy 

FPC flat-plate collector 

GFK glass-fiber reinforced plastic 

HP heat pipe 

max maximum 

PE polyethylene 

ref reference 

SCF solar circuit fluid 

sol solar thermal 

stag stagnation 

sys system 

tank heat tank 

Symbols 

A area in m 

2 

a 1 linear heat loss coefficient without power shut-off in 

W/(m 

2 K) 

a 2 quadratic heat loss coefficient without power shut-off in 

W/(m 

2 K 

2 ) 

E solar irradiation in kWh/m 

2 

G global irradiance in W/m 

2 

LCoH levelized cost of heat in €ct/kWh 

m stag slope of power shut-off in W/(m 

2 K) 

𝑚̇ mass flow rate in kg/h 

p pressure in bar 

𝑄 𝑎𝑢𝑥 auxiliary energy in kWh 

𝑄 𝑠𝑜𝑙 solar thermal yield in kWh 

𝑞 𝑠𝑜𝑙 specific solar thermal yield in kWh/m 

2 

𝑄 𝑠ℎ thermal energy for space heating in kWh 

𝑞 𝑠ℎ specific energy for space heating in kWh/m 

2 

sf solar fraction in % 

T ∗ corrected temperature difference in K 

U internal heat transfer coefficient in W/m 

2 K 

U int internal heat transfer coefficient in W/(m 

2 K) 

U loss heat loss coefficient in W/(m 

2 K) 

V volume in m 

3 

𝛼 inclination angle in ° (0°= horizontal) 

𝛾 azimuth in ° (0°= south) 

ϑ temperature in°C 

𝜂0 zero-loss coefficient 

ffected by the switching mechanism and the concept is still under

evelopment. 

For evacuated tube collectors (ETC), only solutions based on heat

ipes are known to the authors. The company Kingspan used a bimetal-

ic disk to separate the evaporator section of the heat pipe from the con-

enser section at a certain temperature [6] . However, the corresponding

roduct is no longer available on the market. The approach described in

his paper uses the thermo-physical properties of the heat pipe working
2 
uid to limit the heat transfer to the manifold section at high tempera-

ures, as shown in Fig. 1 and demonstrated in Schiebler et al. [7] . The

hermal load in stagnation states is locally limited to the absorber part

f the collector, whereas the maximum temperature in the solar circuit

nd thus the system load can be significantly reduced. In comparison

o all the other solutions, this concept enables lower maximum temper-

tures and is independent of mechanically loaded moving parts, i.e. is

ntrinsically safe. The companies Viessmann [8] and Narva [9] already

se this approach, whereby in [8] the maximum temperatures are so far

till above typical boiling temperatures of solar circuits. A suitable de-

ign for the temperature limitation can completely avoid evaporation of

he heat transfer fluid in the solar circuit. In recent years, this approach

as also been successfully integrated in FPC, as shown by Schiebler

t al. [10] . 

The suppression of steam formation in a solar thermal system sig-

ificantly increases its operational safety and enables a simpler design

f the system components. Most of the literature deals with the collec-

or development itself and the possibilities to decrease stagnation load,

hereby the optimization of the solar circuit with its components is

ot addressed. In the context of collectors with temperature limitation

nd drain-back systems, a few approaches for more cost-effective system
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olutions are discussed, for example by using polymeric pipes and GFK

eat tanks (glass-fiber reinforced plastic). Such a promising solution is

pecified by Philippen et al. [ 11 , 12 ]. However, this concept and its feasi-

ility were investigated only theoretically, because an intrinsically safe

ollector with temperature limitation has not yet been fully developed.

his also seems to be the reason why the system behind the collector

as not been modified up to now. 

. Optimized system concept 

Our cost-optimized system concept consists of heat pipe-based col-

ectors with intrinsically safe temperature limitation (see chapter 2.1).

or the piping of the solar circuit, we use polymeric pipes instead of

ommon metal pipes in a similar way as in [11] , factor 3–7 downsized

xpansion vessels and no cooling vessels as well as an optimized solar

tation (see illustration in Fig. 2 ). This concept leads to lower investment

osts and significantly reduced thermomechanical stress thanks to the

revention of overheating, which has a positive effect on the mainte-

ance effort over the system lifetime. In the context of this research, we

uilt five demonstration plants and equipped them with measurement

echnology to verify this novel cost-optimized concept (see chapter 3

nd 4). 

.1. Collectors 

The novel system concept is based on heat pipe collectors with over-

eating prevention, as schematically illustrated in Fig. 1 and compre-

ensively discussed in [7] for ETC and in [10] for FPC. The current

ollector prototypes were developed in cooperation with the companies

KOTEC (ETC) and KBB (FPC). With these collectors, we carried out in-

oor performance measurements to determine the zero-loss coefficient

s well as the whole collector efficiency curve. Fig. 3 shows the FPC

uring the tests in our sun simulator. The results of the performance

easurement of the heat pipe-based collectors are drawn with respect
ig. 2. Solar circuit configuration of an optimized solar system with overheating 

revention. 
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3 
o aperture area in Figs. 4 and 5 compared with a similar standard col-

ector curve (direct-flow collector). 

In the case of the heat pipe FPC (variant b), the zero-loss coefficient

0 is 0.73 (hemispherical with respect to aperture area) and thus about

.1 points lower than for the standard direct-flow collector (variant a),

s shown in Fig. 4 . Both collectors feature comparable design, e.g. in

ach case we use glass covers with anti-reflective coatings. The differ-

nce is due to the additional thermal resistances along the heat transport

ath of the collector and can be expressed by the overall internal heat

ransfer coefficient U int . Whereby U int of the standard FPC (a) is about

5 W/(m 

2 K), the FPC with heat pipes (b) reaches only 21 W/(m 

2 K).

he heat pipe-based thermal resistances for a FPC and their effect on

he collector efficiency is fully described by Schiebler et al. [10] . In

he operating range, the heat loss coefficient U loss of both heat pipe and

tandard collector have approximately the same values. At temperatures

bove 70 °C, U int of the heat pipe collector drops and U loss increases sig-

ificantly due to the beginning dry-out process, which can be noticed

rom the characteristic kink in the efficiency curve. As a result, the fluid

emperature in the solar circuit of the heat pipe collector at stagnation

s below 110 °C (measured without wind), which is significantly lower

ompared to 212 °C of the standard collector, as given in [13] . 

In the case of the heat pipe ETC (variant b and c), the zero-loss co-

fficient 𝜂0 is 0.72 (hemispherical with respect to aperture area) and

hus about 0.05 points lower than at the standard direct-flow collector

variant (a)), as shown in Fig. 5 . The difference is also due to the addi-

ional thermal resistances along the heat transport path of the collector

nd is in the typical range for the two different collector configurations.

he overall internal heat transfer coefficient U int of the considered stan-

ard ETC is about 127 W/(m 

2 K) and that of the heat pipe ETC only

6 W/(m 

2 K). The difference is much greater than that of the FPC, how-

ver, the effect on 𝜂0 is lower due to the lower heat loss coefficients

 loss . Similar to the FPC the heat pipe shut-off leads to a characteris-

ic kink in the collector efficiency curve at a higher temperature level.

e investigated two variants that differ only in their temperature lim-

tation. Variant (b) shows the kink at 78 °C and variant (c) at 50 °C.

e report their maximum temperatures at 128 °C (b) and 112 °C (c)

nder stagnation conditions (measured without wind). These tempera-

ures are significantly lower than the given stagnation temperature of

he direct-flow ETC (variant (a)) with 280 °C [14] . 

With both the FPC and ETC, the thermal output and efficiency curves

an be switched in a targeted manner and the maximum temperature in

he solar circuit can be significantly limited. The modeling of the heat

ipe-based temperature limitation in the TRNSYS simulation program

nd corresponding solar yield simulations are discussed in a separate

ublication (see in [15] ). The intrinsically safe avoidance of critical sys-

em temperatures and evaporation of the heat transfer fluid is the basis

or an optimized system concept with novel system components, which

s described in the following sections. 

.2. Solar circuit piping 

The solar circuit of the innovative systems consists largely of a

olymeric-based composite pipe instead of typical metal-based pipes

see Fig. 6 ). The multi-layer composite piping system used can be han-

led in a similar way to conventional copper pipes. The solutions used

pipe and connector) are exclusively standard components from the

eating industry. These are usually approved for up to a maximum tem-

erature of 95 °C, some manufacturers specify temperatures up to 110 °C

or short exposure periods. In order to avoid material damage, we limit

he operation of the system by properly setting the controller for tem-

eratures below 95 °C. For indoor piping sections, pre-insulated pipes

ith PE foam can be used. For outdoor sections, weather-resistant EPDM

nsulation is strongly recommended. Since the temperatures at the col-

ector connections and close to the collector (0.8–2.5 m) can exceed

he allowed maximum temperature, we still use metallic connection

ieces there, depending on the configuration. These connection pieces
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Fig. 3. One of the FPC prototypes during labo- 

ratory tests carried out in the institute sun sim- 

ulator device. 

Fig. 4. Measured efficiency curve of the heat pipe-based FPC with respect to 

aperture area in comparison with a similar standard collector curve (direct-flow 

collector), as given in [13] . 
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Fig. 5. Measured efficiency curve of the heat pipe-based ETCs with respect to 

aperture area in comparison with a similar standard collector curve (direct-flow 

collector), as given in [14] . 

p  

w  

i

2

 

t  

m  

a  

s  

n  

i  

d  

t  

fl

 

e  

t  
re nowadays a standard solution and are usually supplied in suitable

engths with the collectors. 

.3. Solar station 

Due to the heat pipe-based temperature limitation, large parts of the

olar circuit are exposed to significantly lower thermomechanical loads

han those, which usually occur in solar thermal systems. Thus, the so-

ar station and adjoining components are also part of our system op-

imization. The components of the most state-of-the-art solar stations

re made of temperature-resistant materials, so that they can withstand

emperatures of about 160 °C in case of stagnation [18] . Our starting

oint of optimization is an existing two-line solar station manufactured

y the German company PAW [19] . In this case, the flow and return

ipe as well as the ball valves and the pump base are integrated into a

olymeric-composite block (see Fig. 7 ). First, we investigated this solar

tation experimentally in the laboratory under appropriate load condi-

ions and then installed two pieces in the demonstration plants. Based

n these experiments and taking into account the expected load tem-
4 
eratures, we identified possible design improvements in cooperation

ith the manufacturer. The corresponding cost savings potential was

ncluded in the economic evaluation (see chapter 5). 

.4. Pressure holding 

In practice, critical states in solar thermal systems often occur due

o a failure properly to consider stagnation problems. The correct di-

ensioning of expansion, cooling or ballast vessels is not insignificant

nd requires a detailed consideration of the individual system and the

pecific installation situation. Safety factors can compensate for plan-

ing failures, but are associated with high costs. The main uncertainty

s due to the evaporation of the heat transfer fluid in the collector field

uring stagnation and the required expansion volume, which is related

o the emptying of the collectors and the transportation of the boiling

uid into large parts of the system. 

As part of our research, we examined existing design guidelines for

xpansion vessels and ballast vessels to determine the current state of

he art. Our focus on this was in the German-speaking area. Some Ger-
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Fig. 6. Copper piping as standard component [16] and polymeric based multi- 

layer composite piping as optimized variant [17] . 

Fig. 7. Polymeric-based solar station in an optimized heat pipe system, as de- 

scribed [19] . 
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5 
an standards for example, do not address the evaporation or give only

eneral statements for the steam volume [ 20–22 ]. This can lead to an

nderestimation of the steam volume, as our measurements have shown.

ther rules only refer to manufacturer specifications [23] . A useful de-

ign guide from a practical point of view is provided by the planning

anuals of the companies Viessmann [24] and Reflex [25] , the calcu-

ation manual being used for the reference analysis in our considera-

ions. For the use of heat pipe-based solar collectors with the avoidance

f steam formation in stagnation mode, the uncertainties mentioned do

ot apply. The expansion vessel is only required for single-phase volume

hanges, so that the size of this component can be reduced by a factor of

–7 depending on the individual plant configuration. A cooling or bal-

ast vessel is usually installed in front of the expansion vessel to protect

t from high temperatures and steam. In our expectations, the cooling

essel can be omitted with heat pipe collectors as its cooling capacity is

ot needed anymore (see Fig. 2 ). Consequently, the total volume of the

ydraulic circuit is reduced, so that also significantly less solar circuit

uid (water/glycol mixture) is required. 

. Test- and demonstration plants 

.1. Overview of the installations 

Table 1 shows important system parameters of the demonstration

lants, such as system type, gross collector areas A col and heat tank vol-

me V tank . Furthermore, the size of the expansion vessel V exp and the

allast vessel V bal used are listed in relation to the reference design,

hich uses direct flow collectors. The amount of plastic-based piping

 PE is also given. The monitoring program includes two FPC and three

TC systems, whereby in two cases the collectors are used exclusively for

HW preparation and in three cases they are also used to support space

eating (combi-systems). In addition to the collector, the combi-systems

ave two auxiliary heating systems, such as gas boilers and wood stove

replaces. 

The DHW-system FPC 1 is part of the test plant installed at the in-

titutes facilities and is operated in parallel with a comparable reference

ystem with direct-flow FPC. The test procedure that we have applied

or both plants corresponds to the dynamic system testing methodology

DST) according to the ISO 9459–5 [26] . The heat pipes of the FPC are

esigned for a maximum temperature of 110 °C. In the heat pipe sys-

em FPC 1, we only use polymeric pipes for the complete solar circuit

including the collector nearside area). The technical data of the ref-

rence collector FPC 1, such as hydraulic specifications, correspond to

he manufacturers data sheet [27] . The performance parameters can be

aken from the corresponding certificate [13] . 

The combi-system FPC 2 assists the DHW preparation as well as

he space heating system of a single-family house. The collector area

orresponds to the typical dimensioning for such a solar thermal system.

s in FPC 1, we use heat pipes with a maximum temperature of 110 °C.

The DHW-system ETC 1 is installed in an office building with adja-

ent manufacturing areas. Three collectors were mounted on the facade

paced approx. 3 m apart to take the existing window areas into con-

ideration. The system feeds exclusively into a DHW tank and can thus

ater for corresponding loads in the building’s kitchen, WC and showers.

he collector area of this system was intentionally oversized in order to

chieve significant stagnation periods. The heat pipes of the ETC limit

he maximum standstill temperature to 110 °C in the solar circuit. 

The combi-system ETC 2 is part of the central heating system of a

ingle-family house and represents a standard system dimensioning. The

ollector area consists of three individual fields on the saddle roof on the

ront of the main building. The heat pipes of the ETC are designed for a

aximum standstill temperature of 125 °C in the solar circuit. 

The combi-system ETC 3 supplies heat to a residential and seminar

uilding as well as to a neighboring guesthouse. At this site, we replaced

he existing defective FPCs with new ETCs. Therefore, we kept the exist-

ng copper solar pipe instead of installing new polymeric piping. As in
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Table 1 

Overview of the demonstration plants FPC 1–2 and ETC 1–3 with the individual collector area A col (gross area) and heat tank volume V tank , as well as the volume of 

expansion vessel V exp , the volume of ballast vessel V bal , the volume of solar circuit fluid V SCF and the length of polymeric piping L PE in comparison to a usual plant 

design. 

Variant Specifications Hydraulic scheme Collector field 

FPC 1 

(at institute 

test field) 

Type: 

A col : 

V tank : 

V exp : 

V bal : 

V SCF 

L PE : 

DHW 

5 m 

2 

0.3 m 

3 

18 l instead of 50 l 

0 l instead of 12 l 

22 l instead of 33 l 

20 m of 20 m 

FPC 2 

(external) 

Type: 

A col : 

V tank : 

V exp : 

V ball : 

V SCF 

L PE : 

Combi 

20 m 

2 

1 m 

3 

20 l instead of 140 l 

0 instead of 35 l 

80 l instead of 115 l 

22 m of 27 m 

ETC 1 

(external) 

Type: 

A col : 

V tank : 

V exp : 

V ball : 

V SCF 

L PE : 

DHW 

8 m 

2 

0.3 m 

3 

18 l instead of 80 l 

0 l instead of 18 l 

27 l instead of 45 l 

17 m of22 m 

ETC 2 

(external) 

Type: 

A col : 

V tank : 

V exp : 

V ball : 

V SCF 

L PE : 

Combi 

17 m 

2 

0.15 + 1 m 

3 

18 l instead of 80 l 

0 l instead of 18 l 

27 l instead of 52 l 

23 m of 28 m 

ETC 3 

(external) 

Type: 

A col : 

V tank : 

V exp : 

V ball : 

V SCF 

L PE : 

Combi 

11 m 

2 

1 + 2 m 

3 

18 l instead of 80 l 

0 l instead of 25 l 

60 l instead of 95 l 

0 m of 50 m 
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1  
TC 2 heat pipes are used, which limit the maximum temperature of the

olar circuit to 125 °C. However, it would also be possible to use poly-

eric pipes with a share of about 90% in this plant. In the light of the

omparatively high heat demand for DHW load, circulation and space

eating, the collector field is too small, but there was no more roof area

vailable. 

.2. Measurement equipment 

For the energy evaluation of the plants corresponding practical re-

uirements for the measurement technology need to be fulfilled. Due to

he limited budget and the desired simple mounting, in some cases we

se less expensive sensor technology. Further requirements are: 

• Robustness of the sensor technology and the whole measuring sys-

tems to reduce very time-consuming troubleshooting on site 
• Online access to data loggers as well as simple visualization and ac-

cess to measurement data 
• Hygienic requirements with regard to drinking water installations,

so that the energy balance in the DHW is realized by means of pipe

contact sensors and certified water meters 

Based on these requirements, we developed a measuring concept that

an be easily applied and adapted to the different system configurations

f the plants. Fig. 8 shows a representative system configuration with

he most important measuring points. In the solar circuit, the volume

ow is determined with a low-cost vortex flow meter. In addition to
6 
he reduced accuracy of the flow measurement, the temperature sensors

sed also exhibit deviations. Consequently, the solar yield measurement

as quite high uncertainties, so we carried out additional calibration

easurements to increase the accuracy. Thus, the solar yield (primary

ircuit) is measured with an uncertainty of about ± 7%. In the heating

ircuits of the solar combi-systems we use appropriately preconfigured

nd calibrated heat energy meters. In contrast to the DHW circuit, im-

ersed sensors measure the temperature. The uncertainty of the energy

ecorded in the heating circuits is ± 2% [28] . In the DHW circuits, digital

ater meters are used for hygiene reasons, which work based on the ul-

rasonic principle. Immersed sensors for temperature measurement are

ot possible for hygiene reasons, so that we use pipe contact sensors

Pt1000) for the cold and hot lines. We calibrated both sensors before

nstallation. An analysis of the uncertainties for such a determination of

he DHW loads came to about ± 7%. Additionally, we use simple pipe

ontact sensors at different sites in the solar circuit, especially at the col-

ector connections and in the area near the collector. Together with the

ressure measurement at the expansion vessel, this equipment allows

 proper evaluation of stagnation events. In the solar thermal plants

n the institute test field both the expansion vessel of the innovative

lant and that of the reference plant were calibrated in accordance with

cheuren [29] , which is necessary to determine steam volume and steam

xpansion. 

At the collector level, we measure ambient temperature and humid-

ty as well as global irradiance by means of pyranometers. In the FPC

 plant in the institute test field, the measurement concept described
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Fig. 8. Schematic illustration of the measurement concept for recording the 

energy flows in solar, domestic hot water and any heating circuits, as well as 

the temperature along the solar circuit piping, system pressure and ambient 

conditions (temperature, solar irradiance and humidity). 
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Fig. 9. Measured collector efficiencies of the ETC systems over the temperature 

difference T ∗ = ( ϑfluid – ϑamb ) / G in comparison to the measured efficiency curve 

of single modules. 

Fig. 10. Measured collector efficiencies of the FPC systems over the tempera- 

ture difference T ∗ = ( ϑfluid – ϑamb ) / G in comparison to the measured efficiency 

curve of single modules. 
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as operated in parallel to a laboratory measurement system with high-

uality sensors and data acquisition within the framework of the DST

ests. The comparison shows, that the simplified measurement technique

oes not significantly influence the result within the DST procedure. The

olar yields recorded differ by only about 2% compared to the laboratory

easurement technique. 

. Experimental investigations 

The aim of the monitoring is the practical evaluation of the heat pipe

ollectors and the testing of the temperature limitation in different sys-

em configurations. Based on representative measurement periods, we

valuate the behavior in operation, system yields and the practicability

f the innovative system concept. 

.1. Collector output 

The collector and the shut-off characteristics are sufficiently known

or both the ETC and FPC used from the performance measurements on

he single modules (see Figs. 3 and 4 ). Based on the measured collector

ower, the reference to the efficiency characteristic is obtained for all

est systems. In Figs. 9 and 10 , the measured collector efficiencies in the

lants are plotted in comparison to the curves of the single module over

he temperature difference T ∗ , whereby the collector output was experi-

entally determined by means of a vortex flow rate sensor and temper-

ture pipe contact sensors. The focus of the illustrations in Figs. 9 and

0 is more on the functional control rather than on the quantitative eval-

ation of the collector efficiency. Corrections due to the incident angle

nd direct/diffuse solar radiation contributions are not considered, but

ave a small impact on the results. Based on the selected measurement

oints (about 10 min steady state), we can verify the performance of the

eat pipe collectors in the field application. For all plants, the deviation

f the real collector efficiencies from the theory is at most 5 percent-
7 
ge points, which is a good approximation taking the simplicity of the

omparison into account. 

In addition to the behavior within the operating range of the heat

ipes, we also consider the collector performance in the shut-off range.

igs. 11 and 12 show the results for two ETC systems and two FPC sys-

ems over the average fluid temperature. The efficiency approximates

ell in each case the described shut-off function. The behavior of the

eat pipe collectors in the demonstration plants thus corresponds to the

xpected curve over the whole temperature range. 

.2. Stagnation load 

For all systems, stagnation events were investigated in the summer

f 2020 and 2021 in order to evaluate the thermal load at critical points,

.g. at the collector connections and along the PE/Al/PE-composite pipe.

or this purpose, the collectors are divided into two categories or shut-

ff temperatures of approx. 110 °C and approx. 125 °C (in dependency

f heat pipe design). 
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Fig. 11. Measured collector efficiencies in the heat pipe power limitation range 

of ETC 2 and ETC 3 in comparison to the theoretical characteristic curve and 

the predicted shut-off curve. 

Fig. 12. Measured collector efficiencies in the heat pipe power limitation range 

of FPC 1 and FPC 2 in comparison to the theoretical characteristic curve and the 

predicted shut-off curve. 
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Fig. 13. Temperature over time of a stagnation day of FPC 1 at typical operating 

pressure (p sys = 1.3 bar). 

Fig. 14. Temperature over time of a stagnation day of FPC 1 at low operating 

pressure (p sys = 0.4 bar). 

Fig. 15. Maximum temperature and boiling point as well as steam volume as 

a result of the stagnation events in the demonstration plants; for FPC 1 with 

typical system pressure and reduced system pressure ∗ ( << 1 bar) as well as in 

comparison to the reference system with direct-flow FPC. 
Fig. 13 shows the temperature curves of a stagnation event in the

HW-system FPC 1 (test plant at the Institute), with a common operat-

ng pressure p sys > 1 bar. This case can be classified as a typical stag-

ation event. The maximum temperature of 105 °C is measured at the

ollector (solar circuit), far below the boiling point of 126 °C. The nearly

ressure-less condition (p sys ≈ 0.4 bar), shown in Fig. 14 , is intended to

epresent a so-called "worst-case" scenario, where the pressure drop can

esult e.g. from a creeping leak. For these tests, in contrast to the inno-

ative system concept, a large expansion vessel volume is used in order

o compensate the pressure increase due to steam formation and to keep

he collector temperature above the boiling point for as long as possible.

he results for this extreme case show that the temperature at the col-

ector or manifold reaches 107 °C and thus the boiling point, although

nly small amounts of steam volume are generated. 

In addition to the maximum temperature and individual boiling

oint at collector level, Fig. 15 also shows the steam volume produced

uring stagnation events for all demonstration plants. In general, the
8 
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Fig. 16. Maximum temperature at stagnation along the pipe in the close 

range of the collector (0 m = collector connection) for all systems considered 

(red = connection to the polymeric pipe). 
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aximum temperature in the solar circuits with heat pipe collectors is

etween 105 °C and 127 °C, depending on the collector configuration.

or a typical system pressure level (p sys > 2 bar), the boiling point at the

ollector is not reached in any of the systems, so that critical evapora-

ion processes can be avoided. The considered reference system (FPC 1

eference) has identical system dimensions as the DHW-system FPC 1

ith heat pipes and is always operated in parallel. In the reference sys-

em, significantly higher temperatures of about 190 °C and 199 °C re-

pectively are recorded in the solar circuit and the steam volume lies

etween 6 l and 8 l (depending on pressure level) because the boiling

oint is exceeded. For the extreme case ("worst case") with very low

ressure, the heat pipe system of FPC 1 also reaches the boiling point,

hereby the amount of steam is only about 1 l and thus limited to the

ollector or manifold section. A relevant expansion of the collector’s

emperature level to the piping system and other components is never-

heless avoided. 

Fig. 16 shows the maximum temperature at stagnation along the pipe

n the close proximity to the collector. As shown in all the demonstra-

ion plants (only heat pipe) the maximum temperature of 95 °C, which

s relevant for the use of polymeric piping, is no longer significantly ex-

eeded from approx. 1 m and reliably undercut from 2.5 m onwards. In

he case of heat pipe system FPC 1, the maximum temperature at the

ollector connections is below 100 °C and even at a distance of 0.2 m

rom the collector, temperatures above 95 °C no longer occurred. For

he “worst case ” with evaporation (p sys << 1 bar), slightly higher tem-

eratures at the collector as well as in the close proximity (0.2 m) are

ecorded, because the expansion displaces the heat transfer fluid from

he collector due to boiling. In this case, we measured 103 °C instead of

9 °C at position 0.2 m. 

The red dots in Fig. 16 mark the transition from the metallic collec-

or connection pipe to the polymeric piping system, which takes place

t 0 m (FPC 1 heat pipe), approx. 1 m (ETC 1, FPC 2) or 2.5 m (ETC

), depending on the chosen design. In ETC 3 we still use the standard

opper pipe for various reasons, although polymeric pipes could also be

nstalled here from approx. 2 m onwards. Compared to all the heat pipe
9 
ystems with overheating prevention, the reference system FPC 1 shows,

s expected, significantly higher temperatures in the close range of the

ollectors. The maximum temperature at the collector connections is ap-

rox. 150 °C and at a distance of 1 m still approx. 140 °C. In this case,

he boiling process forces liquid or even vaporized heat transfer fluid at

igh temperatures a long way into the piping system. 

The significantly smaller expansion volumes and the elimination of

he cooling vessels in the heat pipe systems have no impact on the oper-

tional safety. Compared to state-of the-art collectors (reference), heat

ipe-based overheating prevention reduces the maximum solar circuit

emperature by 80 - 100 K and prevents the spread of critical steam

olume with an intrinsically safe approach. 

.3. System performance 

The evaluation of system performance is based on the solar yield in

he solar circuit Q sol , which was measured directly in all demonstration

lants in accordance with the procedure described in chapter 3.2. The

verage specific yield for Germany is about 378 W/m 

2 per year for so-

ar thermal combi-systems of single-family and multi-family houses, as

iven by Weiss et al. [30] . It should be noted that this performance pa-

ameter is heavily dependent on the system design (collector size and

rientation, heat demand) and, that some of the plants studied do not

epresent typically dimensioned systems. In the case of the DHW-system

PC 1 (both heat pipe and reference) we considered the results from dy-

amic system tests (DST) in accordance with the ISO 9459–5 [26] . The

tandardized DST-method is not appropriate for collectors with such low

hut-off temperatures. In our experience – also confirmed by TRNSYS

imulations – this leads to a slight underestimation of the solar yield. 

In addition to the solar yield, we also use the solar fraction sf as per-

ormance indicator for the systems. sf indicates what proportion of the

nergy demand can be covered by the solar system and directly depends

n the solar yield Q sol and the conventional auxiliary energy Q aux (see

q. (1) ). In solar thermal DHW-systems, the proportion of sf is usually

etween 30 and 60%. The proportion of sf is also dependent on the sys-

em design (collector size and orientation, heat demand). For example,

n Bachmann et al. [31] a typically designed DHW-system for single-

amily houses in Germany with a solar fraction of 40% is described. In

ombi-systems with space heating support, 10 to 50% is usually achiev-

ble. For example, Bachmann et al. [32] and Helbig et al. [33] specified

f for the reference systems in Germany between 20% and 31%. 

𝑓 = 

𝑄 𝑠𝑜𝑙 

𝑄 𝑠𝑜𝑙 + 𝑄 𝑎𝑢𝑥 

(1)

Table 2 shows the system specifications, such as collector area or

rientation, and results after one year of operation for all demonstration

lants. In addition to solar yield Q sol and solar fraction sf , the energy

emands for domestic hot water preparation Q DHW 

and space heating

 sh as well as the conventional auxiliary energy Q aux are also given. In

ig. 17 , the specific solar yield with regard to the aperture area of the

ollectors as well as the values of sf are shown graphically. 

The specific annual yield of the demonstration plants considered

anges between 174 kWh/m 

2 and 445 kWh/m 

2 , whereby the solar frac-

ion is between 5% and 93%. In the DHW-system ETC 1, we measure

he lowest specific solar yield due to the intentional oversizing of the

ollector area. As consequence of this, sf is unusually high ( > 90%).

n contrast, the combi-system ETC 3 achieves the highest specific solar

ield, which can be attributed to the high heat demand. In the case of

he DHW-systems FPC 1 (heat pipe and reference), the solar yield is de-

ermined based on DST-measurement in parallel operation. Therefore,

 sol and sf are both affected by the thermal losses in the heat tank (in

ccordance with the DST-assumptions). Thus, the results are more real-

stic, but in comparison to the performance parameters of all the other

emonstration plants slightly lower. The solar yield of the systems FPC 1

ather represents a usable yield or avoided auxiliary energy. The com-

arison between the FPC 1 systems shows that the specific solar yield of
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Table 2 

Important parameters and results of the demonstration plants from one year of operation, for the FPC 1 (heat pipe and reference) DST results for the Würzburg site 

are given. 

Parameter Unit 

ETC 1 

(hp) 

FPC 1 

(hp) 

FPC 1 

(ref) 

FPC 2 

(hp) 

ETC 2 

(hp) 

ETC 3 

(hp) 

A aperture m 

2 5.0 4.2 4.6 16.8 10.0 7.0 

𝛼 ° 80 45 45 45 55 25 

𝛾 ° 46 0 0 − 11 5 12 

E sol kWh/m 

2 919 1 267 1 1 267 1 1 176 1 045 1 200 

Q sol kWh 868 876 1 057 5 258 4 451 3 366 

q sol kWh/m 

2 174 209 230 313 445 481 

sf % 93 42 51 44 25 6 

Q DHW kWh 337 2 085 2 2 085 2 2 605 1 027 6 058 

Q sh kWh – – – 5 788 12 425 51 398 

q sh kWh/m 

2 – – – 48 104 91 

Q aux kWh 62 1209 1 028 7 658 13 338 3 55 599 

1 E sol of Würzburg, as DST reference location of Germany according to ISO 9459–5 [26] . 
2 For daily tapping volume of 140 l/d. 
3 Estimated on the basis of pellet consumption in the 2020/2021 heating season. 

Fig. 17. Results of the specific solar yield as well as the solar fraction for the 

demonstration plants after one year of monitoring; the results at FPC 1 (hp) and 

FPC 1 (ref) are based on DST-sequences. 
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he heat pipe collector is 9% lower than the result of the reference sys-

em due to the additional heat resistance. The proportion of sf is 42% for

he heat pipe FPC 1 and thus about nine-percentage points lower than

he sf of the reference FPC 1. The three combi-systems FPC 2, ETC 2

nd ETC 3 achieve almost typical solar yields. The proportion of sf is

lso in a common range with 44% for FPC 2 and 25% for ETC 3. Only

n ETC 3 the collector field is comparatively undersized – with regard

o the high heat demands (approx. 56 MWh/a for space heating and

pprox. 6 MWh/a for DHW) - so that the solar fraction here is only 6%.

Overall, the system performance of the heat pipe collectors with

verheating prevention is demonstrated for both the ETC systems and

he FPC systems. All the systems have also been modeled and studied

ith the TRNSYS simulation tool in parallel to the experimental evalu-

tions. The solar yields were evaluated for each case in comparison to

 reference system with direct flow collector without overheating pre-

ention. The results of the simulation study are presented and compre-

ensively discussed in [15] . 

. Cost reductions 

For a holistic evaluation of the innovative system concept, we con-

ider both the cost benefits due to overheating prevention and the in-

ividual solar yields to carry out a LCoH analysis. For this purpose, we
10 
onsider the solar circuit components of the implemented demonstration

lants (see chapter 3) and the state-of-the-art components of a reference

ystem for each case. Table 3 gives an overview of the assumptions and

ossible cost advantages of the components. For example, the polymeric-

ased pipe system leads to a cost reduction of about 40%. Due to the

ixed installation with metal pipe segments, the actual saving potentials

re up to 8 percentage points lower, depending on the system configura-

ion. For the Swiss market, Philippen et al. [11] determined the savings

otential with polymeric pipes in a similar context to be 52%, which

onfirms our assumptions. 

In addition to the component costs, we also take the installation and

he maintenance costs over a period of 25 years into account. For the

valuation of the so-called "Levelized Cost of Solar Heat" (LCoH sol,fin )

n accordance with the IEA TASK54, the costs of the conventional en-

rgy (i.e. final energy) are compared, which can be saved with the solar

hermal system, as specified by Louvet et al. [34] . In order also to ob-

ain these results for the reference plants with direct flow collectors, we

o simulations with TRNSYS (see [15] ). For the cost analysis, we use

n actual test reference year with representative climatic conditions of

he German reference location Würzburg, as specified by Remund and

üller [35] . We do not take the measured meteorological data in or-

er not to affect the validity of the results through individual climate

nfluences of the measurement periods 2020–2021. For the ETC 1 sys-

em, we use a daily DHW taping volume of 100 l/d instead of the mea-

ured 21 l/d, which corresponds to a typical expected value. The uncom-

on measured value is due to the Covid19 pandemic-related reduced

ccupancy and correspondent demand in office and manufacturing

reas. 

For the installation costs, we use the data from the IEA TASK54 as a

asis in accordance with the available system configurations, whereby

e scale the costs depending on the individual collector areas of the

emonstration plants. The underlying costs for installation come from

achmann et al. [31] for DHW-systems, from Bachmann et al. [32] for

ombi-systems in single-family houses and from Helbig et al. [33] for

ombi-systems in multi-family houses. There are corresponding advan-

ages for the innovative system concept, which result from the lower

ssembly costs for the plastic pipe installation as well as the possible

ynergies in material procurement and logistics, if components from the

eating industry can be used for the most part in the solar circuit. For

xample, no special seals are required. Finally, the simpler filling and

ushing of the systems with heat pipe collectors also leads to advan-

ages during commissioning. It is difficult to quantify these points in the

ontext of cost analysis, even with the involvement of technical part-

ers. Accordingly, we use assumptions from a previous R&D project, as

pecified in [36] as a basis for the evaluation of installation costs. These

ssumptions were comprehensively discussed in the scope of the IEA

ASK54 expert groups and described in [37] . 
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Table 3 

Overview of the main assumptions taken in the evaluation of the component costs for the reference and heat pipe systems. 

Components Reference system Heat pipe system Difference in% 

Collector ETC: offer prices 

FPC: as Bachmann et al. [31] 

ETC: offer prices 

FPC: as Bachmann et al. [31] 1 
− 2% 

0% 

Piping Costs for metallic piping Costs for polymeric-based 

composite pipe 

− 40% 

Expansion vessel Offer prices according to typical 

dimensioning 

Offer prices for 3–7 times smaller 

expansion vessels 

− 70–85% 

Ballast vessel Offer prices according to typical 

dimensioning 

Without ballast vessel − 100% 

Solar station Offer price for a standard two-line 

solar station 

Price calculation for an optimized 

polymer station 

− 16% 

Heat Tank Offer prices for DHW-, buffer and combined heat tanks, 

Considerations of the credit conventional heat store , for the double-use in both 

the solar thermal system and the auxiliary system as specified in Bachmann 

et al. [ 31 , 32 ], Helbig et al. [33] 

–

1 The manifold of the heat pipe FPC will lead to additional costs even in serial production. However, costs can be saved 

by using aluminum heat pipes compared to copper piping in direct-flow FPCs. Therefore, we assume that both effects 

compensate each other and the same collector costs are possible. 
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Fig. 18. Specific investment costs and annual operating costs of the innovative 

systems compared to the corresponding reference system as well as illustration 

of the relative savings in investment and LCoH sol,fin . 
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The annual operating costs include the energy demand for pump and

ontroller as well as the maintenance and servicing costs. These are de-

ermined for all plant types, as in Bachmann et al. [31] , Bachmann et al.

32] and Helbig et al. [33] . In the reference case, 2% of the investment

osts are assumed for maintenance and servicing. For the innovative

ystem concept, there are advantages resulting from the lower thermo-

echanical load on the solar circuit components. This aspect plays an

mportant role in particular for the solar circuit fluid (water/glycol mix-

ure). Furthermore, operational breakdowns due to stagnation can also

e avoided. Therefore, the hydraulics of the closed solar circuit must

e opened and the system pressure released, a condition that causes

ystem standstill, workload and additional material (all associated with

orresponding costs). Similar to installation costs, such cost items are

ifficult to evaluate. In [36] the possible cost benefits particularly due

o the longer lifetime of the heat transfer fluid were investigated. The

esults were evaluated and comprehensively discussed in the context of

he IEA TASK54. According to this previous study the annual mainte-

ance costs of heat pipe systems with overheating prevention is halved

nd can be set at 1% of the investment costs [38] . This figure is also

ssumed for the present cost analysis. 

The LCoH sol,fin for the reference systems considered (direct flow col-

ectors and standard solar circuit components) are between 18 €ct/kWh

nd 24 €ct/kWh, based in each case on the individually determined costs

nd measured heat demand. 1 For the DHW-system ETC 1, the LCoH sol,fin 

re extremely high ( > 50 €ct/kWh) and not representative due to the

versized collector field. Fig. 18 shows the specific investment costs and

nnual operating costs of the innovative systems, each in comparison to

he reference system. In addition, the relative savings in investment and

CoH sol,fin are plotted for each site. The results of the innovative systems

how that between 7% and 16% of the investment costs can be saved

ompared to a standard installation. The optimized pressure holding (ex-

ansion vessel and ballast vessel) represents the greatest share of these

avings, with proportions between 40% and 63%. The share of invest-

ent cost reduction for polymeric pipes is 8% to 17%, depending on

he system configuration. The share for a polymeric-based solar station

s 5% to 9%. 

The LCoH sol,fin can be determined by taking the operating and main-

enance costs as well as the individual usable solar yields into account.

e calculate that for all the innovative demonstration plants over a pe-
1 For the DHW-system FPC 1, a daily tapping volume of 140 l/d is used as a 

ypical case in each case. 

t  

p  

u  

t

11 
iod of 25 years in comparison to their individual reference systems. For

TC systems, the LCoH sol,fin can be reduced by 21% and 22%, respec-

ively, as a result of the innovative approach with heat pipe overheating

revention. In the case of the FPC systems, the solar yields are consider-

bly lower compared to the reference collector due to the significantly

ower aperture area ( − 9%), so that the LCoH sol,fin benefits are only 14%

or the FPC 2 (combi-system) and 18% for the FPC 1 (DHW-system).

ith respect to the LCoH sol,fin savings, the cost benefits for the compo-

ents (investment) play a comparatively minor role. For the optimized

ressure holding, the share is still between 9% and 25%, for the poly-

eric piping, it is approx. 2% to 5% and for the polymeric solar station,

he maximum benefit is only 1.4%. Considering the whole evaluation

eriod of 25 a, the influence of the running costs dominates. In partic-

lar, the share of maintenance costs has the most significant effect on

he LCoH sol,fin . 
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. Conclusion 

Based on solar thermal collectors with overheating prevention, we

ave developed a novel system concept that offers more flexibility com-

ared to the commonly used components and design guidelines. For ex-

mple, the pressure holding has significantly less requirements and the

se of commercially available polymeric pipes from the heating industry

s possible. We have implemented this innovative concept in five demon-

tration plants and evaluated their operation in a practical way based on

 corresponding plant monitoring. The experimental results show, that

vaporation of the heat transfer fluid and critical system conditions can

e completely avoided in all the systems. Depending on the collector

nd system configuration, we measured the maximum temperatures as

etween 105 °C and 127 °C. Temperatures of 95 °C were not exceeded in

he pipe at a distance of 1 m from the collector. Compared to collectors

ithout temperature limitation, the maximum solar circuit temperature

as reduced by 80 - 100 K. Within the scope of one-year operation, both

he collector performance and the system yield are confirmed based on

orresponding key figures. 

The use of significantly smaller expansion vessels as well as poly-

eric pipes has proven to be unproblematic in all the plants. Neverthe-

ess, the collector connection should be carried out with metallic pieces

n the close proximity to the collector. Depending on the individual sys-

em configuration, the metal connection pieces should have a length of

etween 0.8 m and 2 m and can be delivered together with the collec-

or, in accordance with a procedure which is already standard for some

anufacturers today. The transition to polymeric pipes can take place

fter roof penetration and the pipe can easily be assembled by the in-

taller. Due to the temperature limitation, the rest of the solar circuit

an be built similarly to a normal heating circuit. This mainly concerns

he thermal durability of components, including sealing materials. Fur-

hermore, this new approach significantly reduces the risk of incorrectly

esigned cooling and pressure vessels and the associated consequences.

Based on a cost analysis for the components used and the assump-

ions for the installation procedure, the novel system concept can re-

uce the investment costs by 7% to 16% compared to a state-of-the-art

eference system. In addition to the initial costs, we also considered

he operation and maintenance costs over a period of 25 years. Taking

he significantly lower thermomechanical load and a lower failure rate

nto account, we estimate the maintenance requirements in accordance

ith the previous studies on this topic. The total costs in relation to the

aved conventional auxiliary energy thus result in a lower heat price

LCoH sol,fin ) for the innovative system concept with heat pipe collectors

n comparison to the reference. For the ETC plants considered, this cost

dvantage is between 21% and 22%. For the FPC plants, the differences

re lower due to the unfavorable ratio between aperture and gross area

s well as the associated lower solar yield. Here the benefits are be-

ween 14% and 18%. While the ETC with overheating prevention are

lmost ready for series production and, for specific maximum tempera-

ures, already available on the market, the FPC are still at the prototype

tatus. Due to the heat pipe manifold, which is not typical for FPC, and

he necessary area requirements for the current technical solution, the

dvantage in the heat price (LCoH sol,fin ) is lower for the demonstration

ystems considered compared to typical direct-flow FPC-systems. At this

oint, further work is needed to develop a more efficient and competi-

ive FPC concept with shut-off heat pipes. 

With regard to the developed system concept, all the stakeholders

s system suppliers, installers and end users (operators) must decide

o what extent they can and want to implement this approach. For ex-

mple, manufacturers of the polymeric pipes have not approved their

roducts for use in solar thermal systems. The considered optimized so-

ar station is also not available on the market in this form. The cost

nalysis carried out as part of this study has shown that the direct cost

avings of using polymeric pipes and solar station have no significant in-

uence on the LCoH sol,fin . An optimized pressure holding, on the other

and, has a strong impact on this. All the results presented are based on
12 
orresponding assumptions, e.g. for installation and maintenance costs,

hich still have to be confirmed after long-term system operation. How-

ver, it is currently undisputed that the intrinsically safe prevention of

ritical overheating conditions and evaporation of the heat transfer fluid

an offer a relevant advantage for the reliable operation of solar ther-

al systems and can lead to cost savings. Both aspects are crucial for

he future of this technology. 
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