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Summary

Summary

The present thesis aims to define the state of the art of parabolic trough collectors and to identify
the concepts in the framework of innovation’s requirements. These are the increase of operating
temperatures and of the plant’s overall efficiency, as well as the cost reductions of the solar field
by eliminating components and also the reduction of the parasitic power consumption [1].

The study is based on the investigation of 34 concepts. The collectors were classified according
to their main structural features depending on their mechanisms or materials. The categories
include conventional collectors (Category A), alternative structures and sheet reflectors
collectors (Category B), non-metallic materials (i.e. sandwich composite structures and
concrete), enclosed aperture collectors (Category D) and fix focus collectors (Category E).

In order to identify the potential among the collectors, an analysis is made of their optical and
thermal properties, as well as of their structures and performance. For this comparative analysis,
two conventional collectors are taken as the reference baseline, namely of both the EuroTrough
and the UltimateTrough, to compare them against the innovations. This analysis also separates
those collectors that operate with thermo-oils as heat transfer fluid and those that can operate

with molten salts.

A total of 16 collectors were included in the analysis for later evaluation. The design engineering
method of the guideline VDI2225 is used, which suggests the implementation of an evaluation
matrix, where the analysed criteria can be integrated. For the assessment, a metric table of these

criteria is additionally defined.

Results show that the collectors operating with molten salts, instead of thermo-oils, have a
significant techno-economic potential, for instance, the MS-Trough, the UltimateTrough and the
SkyFuelDSP. They also show that the inflatable Heliovis collector has an economic superiority

once operating with thermo-oils.

The detailed description of the collectors, which correspond to the basis of this work, is included
in Annex B or supplement of the thesis. In addition, Annex A includes the results of a previous

survey carried out to estimate the scope of the current most known collectors.

XV



1. Introduction Problem Statement

1. Introduction

Concentrated solar power technologies became of relevance with the first parabolic trough solar
power plants after the oil crisis in the 1980°s, when the hazard of an energy shortage was
feasible. Today the struggle of securing energy supplies remains and as fossil energy resources
gradually deplete, renewable energies represent the alternative pathway [2]. The last report of the
International Energy Agency sums up the current energetic consumption coverage by source,
where 79.5% are provided by fossil fuels and 17.2% from renewables, as seen in Figure 1. It
states that a significant impact on the global climate can be the consequence, if the fossil energy
consumption tendency keeps being maintained [3]. In this context, the limitation of CO, and
greenhouse gas emissions due to fossil fuels means, in fact, the greatest motivation to search for
environmentally sustainable systems.
@ Nuclear energy

Traditional

biomass

79.5%

Fossil fuels

Wind/solar/biomass/

geothermal/ocean power
10.4% 3.7%

0 9.7 Biofuels for
b=/ transport
< Hydropower

4 1 O/ Note: Data should not be

. ] compared with previous years

Biomass/solar/ because of revisions due to
improved or adjusted data or

gﬂomeﬂ'l"lal heat methodology. Totals may not

add up due to reunding.

Modern renewables

Figure 1 Estimate renewables share total of final energy consumption, 2016 [4]

A modern political incentive is the resolution of the Paris Agreement in 2015, which took until
the climate summit in Katowice (Poland) in December 2018, to put its targets into practice. With
it, 174 countries confront with the task of maintaining the global average temperature increase at
2°C above pre-industrial levels [5]. To achieve this, mitigation of greenhouse gas emissions is
the key strategy, which incentives the drastic reduction of current and future emissions caused by

transport, industry, electricity generation and individual consumption of fossil energy [2].



1. Introduction Problem Statement

Solar thermal energy generation together with biomass and geothermal heat, correspond to only
4.1% of the global renewable sources share. Within the solar thermal branch, nevertheless,
parabolic trough power plants remain with the greatest share of installed concentrating solar
technologies. Worldwide it covers 66% of the concentrated solar power (CSP) projects, followed
by solar towers (24%), Fresnel collectors (9%) and dish/Stirling collectors (1%) [6]. All together
are covering 5.8 GW of the world’s total energy consumption basis and in the near future
additional power plants will supply further 3.8 GW, as shown in Figure 2. In this figure countries
giving CSP a great impulse in the energy market like South Africa, Morocco, United Arab

Emirates, India, Chile and China are shown.

CANADA - 1 MW EUROPE - 96 MW
® 5
' 9
USA - 1740 MW SPAIN - 2304 MW 82
CHINA - 1370 MW
220
MENA - 1280 MW
60 oo INDIA - 200 MW
MEXICO - 14 MW MOROCCO - 530 MW “ . 1150 i
. 960 THAILAND -5 MW
@®
WORLDWIDE - 9603 MW
1592 AUSTRALIA - 152,5 MW
CHILE - 1210 MW SOUTH AFRICA - 700 MW i 23
5769 4 110 200 a0
2242 500

1100

(e SOIAIPACES

nnnnnnn Solar Powe
http://www.nrel.gov/csp/solarpaces/

M OPERATIONAL ~ ® UNDER CONSTRUCTION DEVELOPMENT  Last updatedJune 2019

Figure 2 Worldwide overview of operating, planned and under construction CSP projects [6]

1.1 Problem Statement

The Sun is the richest disposal source of renewable energies, where its radiation can be used by
photovoltaic technology to directly generate electricity or by concentrated solar thermal-to-

electric systems.

On one hand photovoltaic technologies gained high importance in the market, due to the drastic
decrease of its costs and the possibility to deploy solar fields at both, small scale and large scale
in the megawatt range. With this, the price of photovoltaic panels decreased from the period
between 2005 and 2014 from 40 €ct/kWh to 9 €ct/kWh and at adequate solar conditions even to



1. Introduction Objectives and Tasks

4-6 €ct/kwh [7]. On the other hand, for concentrated solar power technology with parabolic

trough collector it has been more difficult to remain a cost effective alternative.

CSP experienced nevertheless a market breakthrough in the beginning of the 2000°s, mainly due
to the integration of solar thermal storage blocks in the solar field, which enables the disposition
of energy to the grid even after sun hours. Thus the first power plant in Europe Andasol 1
produced energy for 27 €ct/kWh in 2006, then the first in Morocco Noor | for 18 €ct/kWh in
2013 and a near future hybrid power plant (PV+CSP) in Dubai DEWA, for 6.6 €ct/kWh' by 2021
[6]. Despite this, solar thermal power plants carry significantly higher financial investments and
risk than photovoltaic deployments.

In parabolic trough power plants around 38.5% of the investments go to the solar field block [8].
Even though significant tariff reductions were achieved and projected, the potential of further
reducing the costs of solar power plants is possible: first by up scaling effects, second by
increasing operational temperatures and subsequently the global efficiency, and third through

reduction of components in the solar field [9].

For that reason, the study aims to investigate the different types of current parabolic trough
collector concepts that have the potential to meet these requirements. It is also intended to
identify technologies that will enhance cost efficiency among solar plants, but also that will

allow this technology to increase its competitive prevalence in the renewable energy market.

1.2 Objectives and Tasks

Derived from the problem statement, a task is to define the state of the art on parabolic trough
concepts exclusively for large scale application, for instance, as in solar power plants and
relevant industrial process heat applications. Additionally, innovative aspects among the
collector concepts, which distinguish them from the state of the art, shall be identified.
Furthermore, the task is to estimate the cost effectiveness of such collectors by analysing their
components and performance. For the analysis relevant criteria are to be defined, so that a
methodical evaluation can be conducted. As a comparison tool for the concepts, an evaluation

matrix shall be created.

1 7.3%ct/kWh converted in Euro currency
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1.3 Methodology

An internal survey within the Institute of Solar Research of the DLR in Almeria is accomplished
to establish the scope of well-known collectors and also to identify the improvement potential of
a parabolic trough. Then a survey on solar power plant projects is done, to track the
conventionally implemented collector types on the globe. Once a number of collectors are
encountered, a categorization according to their common properties is sorted out between
conventional and innovative concepts. The exposition of the collectors’ variety implies the
description of the most relevant components. Therefore, a selection of the main elements is

enlightened.

Furthermore, the evaluation matrix proposes a methodology according to the guideline VDI12225
of the Association of German Engineers (german: “Verein Deutscher Ingenieure”). Sources of
reference are literature, product datasheets, patents and communication with manufacturers,
inventors or operators. This work contains the description of 34 parabolic trough collectors,

where 16 of them are subjected to the evaluation.

1.4 Thesis Structure

Chapter 2 first presents a general study of the essential components of a parabolic trough
collector and their relations to the performance of a solar field. In Chapter 3 a categorization
between conventional and innovative technologies is summarized highlighting their main
attributes. Chapter 4 defines the criteria for the evaluation, followed by their corresponding
argumentation. For the comparison, a conventional collector representing the state of the art is,
chosen as a reference towards the innovative concepts. Chapter 5 contains the conclusions of
this study. In the Annex, a wide presentation of the researched parabolic trough collectors is
attached and functions as the basis information for the comparison and evaluation procedures.
Furthermore results on the aforementioned department internal survey study is presented, which

can serve as a measure for the study’s scope in regards to the included concepts.
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a)

2. State of the Art

Working principle

Parabolic trough collectors (PTC) belong to line focusing systems. They concentrate the solar
energy by reflecting the incident light rays to its focal point. At this height an absorber tube is
placed containing a streaming fluid, the so called heat transfer fluid (HTF). Both elements have
the necessary properties to gain the heat and transfer it from the inlet to the outlet of the tube (see
Figure 3a). The one-axis tracking system enables the perpendicular facing of the collector’s
aperture to the sun, thus taking maximum advantage of the solar direct normal irradiance, as

illustrated in Figure 3b.

b o Sun path
C"w Sun East
" 42 _Glass envelope *

Evacuated
tube receiver

Rays

Position
over
day time

Absorber tube

b)
Figure 3 a) General scheme on concentrating solar energy at the focal point of a PTC [10] b) One-axis tracking of the sun [11]

This technology finds diverse applications and forms of implementation within two main

branches: electricity generation and industrial process heat production.

Commonly parabolic power plants operate at temperatures ranging from 300°C to 500°C and in
for industrial process heat generation between 100°C to 300°C. Some examples for the low
temperature heat demand process: water desalination, climate & industrial control (heat/cold)
and biogas heat assistance. Another alternative application, which needs large scale solar fields
for steam generation to access on heavy crude oil reservoirs, is known as enhanced oil recovery
(EOR).
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The collectors presented in this thesis adapt to those different applications, but above all for
commercial parabolic solar power plants to generate electricity. On large areas of about 200
hectares, e.g. Andasol |, solar fields are integrated into a conventional steam turbine cycle, either
directly or indirectly. The entire or partial substitution of the fossil fuels heat source by the solar

field makes the conceptual difference (see Figure 4).

Parabolic trough collectors take advantage of the Direct Normal Irradiance (DNI)? of the sun.
The collectors transfer this thermal energy by concentration into heat transfer fluid and it is
conducted into the steam cycle® to drive a steam turbine or it is led into the storage block. The
thermal energy storage block gives solar power plants the characteristic of energy
dispatchability, which enables the power block to operate after 6 to 12 hours without sun, thus

giving access to electricity on demand to the grid.

Condenser Power Block G':d

- Generator A

Heat p” |

Exchanger 'S ' d l' 1 2

~ Heat Storage ) '
Tanks

N Heat
e Y Exchange/
~

Transformer
Turbine

DNI
Storage Block

Solar Field

Solar Collector Assembly
(Parabolic Trough)

Figure 4 Scheme of a PTC Solar Power Plant, with three integrated blocks: Solar Field, Thermal Storage and Power Block [12]

Solar Field

The design of a solar field is commonly shaped by an extensive modular series of parallel
collector rows. They are connected by hot and cold pipelines to the storage and power block. The
format itself is designed to reduce losses and solar field costs by implementing pipelines as short
as possible. The conventional orientation of the collector rows is north-south in order to

maximize the annual output of the plant.

2 Direct Normal Irradiance (DNI), i.e., the fraction of solar radiation which is not deviated by clouds, fumes or dust
in the atmosphere and that reaches the Earth’s surface as a parallel beams [12]

® Also known as Rankine Cycle
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Figure 5 shows a large scale power plant project, Noor* I in Morocco, with an installed gross
capacity of 160 MW, and 3 hours of thermal storage. Andasol | in Spain, the first European
operational plant, has a designed gross capacity of 50 MW and 7.5 hours of thermal storage.

AN

)
)
I

g
7 1M
W

Figure 5 Noor | Power Plant 160 MW, Ouarzazate Morocco (2016). The second phase Noor Il has a capacity of 200 MW (2017)
and Noor Il of 150 MW with Solar Tower technology [13]

The total number of the rows is segmented into so-called loops, which define the size of the solar
field. The required solar power is collected along its length to achieve operational temperatures

at the end of the row.

The composition of a loop is based on a number of solar collector assemblies (SCA), which is
the series of adjacent collectors driven by a single drive. Figure 6 exemplifies the loop
subdivision within a solar field using HelioTrough collectors. The number of units and distance

per loop can vary depending on the implemented collector, yet the definitions remain general.

Hot Header SCA191m 25m SCA: Solar Collector Assembly

1 Loop =4 SCA =40 SCE 2m

@ sCE: Solar Collector Element
B Drive Pylon

Cold Header 19m

Figure 6 HelioTrough Loop segmentation and dimensions [14]

In literature, a single parabolic trough collector unit is also known as solar collector element

(SCE). They are essential segments in a solar field, moreover their components, since they first

* Arabic for glow, illumination
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collect and convert the input energy of the entire process. The total optical and thermal
performance of a collector is characterized by the optical efficiency and the thermal losses of
these components respectively [15]. Figure 7 presents a breakdown of the main elements at the
example EuroTrough collector. Depending on their use, each of them fulfills a series of
mechanical, physical and economical requirements. Specific collector designs differ in aspects
such as aperture width, concentration ratio, reflector materials, support structure and receiver
design [2].

\( Receiver/ HCE

/3

N HCE Support

Reflector/ Mirror

Support Arms

Endplate Bearing Structure

Figure 7 Main components of a parabolic trough collector with EuroTrough collector as example [11]

The most relevant aspects considered in this thesis are summarized in Figure 8 in order to
provide the reader with an overview of the components reviewed to categorize the different

collector concepts and for the later analysis and their tasks along the energy conversion flow.



pIN|J Jajsues) 1eay Se 1jes uajjow yum uonesado (i

‘uonelauab wreass 19a11p (11 ‘[euonuUaAUOIewyouag (1 :suonedljdde Jualing saiyl pue pialy Jejos ybnouy aijogeted e ur weibeip moj siusuodwod pue ABisug g auanbi4

ALH SeIeS UMOW - L THL (w7 T T T T T T e I St iiiiii.! T
UONEIUAD) Wesl§ 10 - X TIL (11 ﬁwa_Sm » wEUmamv SISSO[ |

uoneuawa|dw yrewypuag - ¢ TIL (1| SoSsO] _MEOENHOQO SSSO[ JewnIay I, [edrawoar) 7 _NOSQO _ :0] payoeny

2. State of the Art

__ I
§ |
§ |
_ X B _
| i! I _
_ _“ N wd)sAg I
: : . [ _ Sunyoea] I
i __ ES USIO]N] « ! i !
i ol [oAIMG . "_ We)S/IAJBA, o _ i “Smo0} X1« _
suol-freg  « 4 [1Q O1RYIUAS s :
_ asoyxa i TiO-oua I sqerepur - i
i SOUXa[] i "o UL i papuadsng . |
| SJUWIA[D i! pmnyg i SUOIBAOUU] o i
T _ Uo110aUL0d i 19JSUBLY, i owey ooeds _ E:EM< SADOPL .
| -Ia)u] i | LER) S | i aqni anbio], i I9LJIPOJA Q[oUV JUIPIOU]
[euLIay} QEWW.mm . _ __ i x0q onbio], s _ QOURIPELI] [BULION J02II(] »
0 - _ __ & [PUONUAUOD) o i 1S .
| i :
KS1oug ; L wopuadop J1H - I ammanng I A3oUg
Tesodsiq i Surdumnd 14 . K Q0URNISURT) SSB[D) I ' 1e[0g
_ QALIp SUDJORI] . : (wnnoeA) UOTIR[OS] I I
(m ( (1 _ uondwnsuod 1Mo . _ _ Suneod 9ANAAS . _ “ _
I il i
. I I |
| Adoug ! IDA10Y i WNuTmy -« _
28e101g ABUEYING I SnIseled i i swiy oudwAod - i
1BOH i 4 : sse[d uryl
. I Il : |
_ i i ssed oL . i
_ il i _
; i | T e S iy
' . 10)02[J2
Y Rle) _ __ i | o3y i
weag | i! I _
i ! X |
_. ; _
_ mommo_ _w=o.2_:u< "_h&mﬁﬁh 29 uondiosqy _ | uopenudU0) " uonRIPR.LI] [0S
_ e o ¢t — — — — b ¢ m— — — — —r — — — — — — " —t — — — — — — — — — —
IIMO0J (I 0} .-chm ndury JIMOJ [BULIdY L, 0) 1IM0J 1e[oS

| Ko /-\ T 2%



2. State of the Art Geometry and Concentration Ratio

2.1 Geometry and Concentration Ratio

Parabolic troughs concentrate the incident direct irradiance on its focal line. In a cross-section
view, a symmetric parabola around its vertex is visible and the focus is reduced onto a point. An
analytical representation of the parabola is given as follows:

1
y=Ex2 (1)

f: focal length [m]

Moreover four important parameters characterize the collector’s geometry: aperture width a,
aperture length [, focal length f and rim angle y. These parameters are illustrated in Figure 9,

where the length [ is an unproblematic measure, included in the collector aperture area.

Another parameter is the concentration ratio C, which indicates the possible operating
temperatures in a solar field. It is defined as the ratio of the radiant flux at the focal line (G;,,) to
the direct irradiance on the collector’s aperture (Gp,qp). It is also simplified as the ratio of the
projected collector aperture area to the projected receiver aperture area. The last description is

commonly used and is distinguished as the geometrical concentration ratio Cg:

a-l a

_ Aapc _ _a
Co= Aapr  drl  dy @)
Agpc: collector aperture area [m?] a: aperture width [m]
Agpr: collector receiver area [m?] l: collector and receiver length roughly equal [m]

receiver diameter [m]

Figure 9 Geometrical parameters and geometrical concertation ratio of a parabolic trough
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Conventional parabolic troughs have a concentration ratio of about 82 suns. By now innovations
reach a geometrical concentration ratio of 104 and intended 110. Higher concentration ratios
mean a higher flux per length unit, reduction of receiver losses and also of the number heat

collector elements.

P > 90°,

P ~ 80°

RS 90°. I
:\‘

Figure 10 Dependence of the focal spot size on the rim angle [16]

Another relevant parameter is the rim angle. Its value alone is sufficient to determine the shape
of the cross-section of a collector. This means that parabolic troughs with the same rim angle are
geometrically similar [16]. This parameter affects the concentration ratio and the irradiance on

the absorber tubes, so it cannot be very small neither very large.

On the one hand, a very small mirror would be very narrow and not enough power would be
projected into the receiver. On the other hand, a large rim angle would imply longer distances
between the outer edges of the parabolic mirror, meaning a significant spread of the beam until
the focal point, as shown in Figure 10. In this case the beam might not even reach the focal point,
due to existing light deviations and slope errors on the mirrors. For these reasons large rim
angles could mean an economic disadvantage if a part of the mirror surface, does not fulfill the

required performance. In conventional parabolic troughs a rim angle of 80° is generally used.

11



2. State of the Art Mirror Materials

2.2 Mirror Materials

The mirror composition and its reflective material are key elements for the optical performance
of a parabolic trough. More than 90% of the incident solar radiation has to be concentrated on the
absorber tube, requiring high specular reflectance and high geometrical precision. Silver and
aluminum are commonly used due to their highly reflective properties. Their manufacturing and
maintenance should contribute to an economically viable option, while offering long time

durability in concerning resistance against UV-radiation, breakage, soiling and abrasion.

<y

mirror

X

Figure 11 Schematic representation of direct and diffuse reflection on a mirror surface [17]

The optical reflectance p of a surface is a parameter, indicating the amount of incident solar
irradiation that is reflected by this surface. A distinction is made between two extreme types of
reflection: the diffuse scattering reflection in the whole hemisphere pu.,, and the specular
reflection pg,.., both illustrated in Figure 11. The latter one obeys the law of reflection,
according to which the incident angle ; equals the reflected angle &, of the light beam.
Considering irregularities or slope errors of the mirror surface, a certain range of tolerance is
defined for this parameter. It is measured of with specular reflectometers, which allows an angle

of acceptance at 25 mrad and is shown by the offset half angle o in Figure 11.

In general, the reflectivity varies depending on the wavelength. It has to be specified for a given
wavelength or a given wavelength range [16]. For CSP applications, the parameter values are

therefore weighted with the solar spectrum, which result in the solar weighted hemispherical

12
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reflectance pgyy and the solar weighted direct reflectance pgy,p . The latter one is of relevancy
since it indicates the expected amount of sunlight that can hit the absorber [17]. Table 1 shows

current reflector types enlightening their multi-layer structure.

First commercial collectors implemented thick glass mirror facets (4-5 mm) with a silvered back
layer. In the glass the content of low iron increases the light transmission. Panels of that kind
demonstrated their initial optical qualities after more than 15 years of operation with a solar
weighted reflectance of 93.5% and a specular reflectance of 95.5%. The manufacturing of these
facets has been enhanced and industrialized over the last 30 years with the increasing number of
solar fields. Their specific price per square meter has dropped up to 44%, where current
estimates are around 16 €/m’ [18]. Measurement and practical experience have shown the
superior quality of silvered glass mirror reflectors compared to alternative materials. The later
presented category on conventional collectors shows a wide number of collector examples using

thick glass mirror facets.

A different reflector option derives from the optimization of thick glass mirrors. Thin glass
reflectors have demonstrated excellent optical qualities, durability, lightweight and cost
reduction potential. The material offers a higher degree of flexibility, but it also remains a
sensitive material towards breakage. Its use requires a rigid structural surface onto which it can
be embedded, for instance, with a proper adhesive material. Because of their proven number of
benefits these reflectors are been used in some of the innovative concepts (e.g. SL4600+,
toughTrough and in fixed focus collectors). There are more ongoing investigations on ultra-thin
flexible glass reflectors with a thickness of 100um and the standard coating structure. The

product is nevertheless not commercially available by now [18].

Aluminum reflectors are based on an aluminum substrate, commonly applying high-purity
aluminum as the reflective layer followed by a protective top coat. The performance on
reflectivity and durability has been too insufficient to get the breakthrough for large scale CSP
application. They are nevertheless thanks to the low weight an economical alternative and still
have optically improvement potential. Later studies have demonstrated an optimized layer
system in comparison to commercially used reflectors. In this example the solar direct
reflectance increased from 82.6% to 92.3% by using a reflective silver coating and silicon nitride
(Si3N4) as the top layer [18].
13
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Mirror Materials

Table 1. Overview on current reflector materials for parabolic tough collectors

Thick Glass (thickness 4-5mm) Thin glass (thickness 1-2mm)
o Glass
% b~ Silver
Copper
Prime Coat Glass
Silver
Intermediate Copper
Sont Prime Coat
\ Top Coat Top Coat
a) [16] b) [19]
Solar weighted hemispherical reflectance 93.5% Solar weighted hemispherical reflectance 93.0-96.0 %
Solar weighted direct reflectance 95.5% Solar weighted direct reflectance 96.0%
Durability Very good Durability Very good
Cost® (€/m?) 16 (36%) Cost’ (€/m?) 13- 36
Issue: Issue:
Breakage. Cost (earlier*), current price dropped to 44% Breakage, Handling
Aluminized reflector Polymeric film reflector
Solar lacquer £ I <
coating ;}——0 s
o - S S
system —%f 0
Anodised layer
Anodised layer i
Protective layer ;{ 9, g W ///\/
C) (Epoxy) on the back [18] d) [16]
Solar weighted hemispherical
Solar weighted hemispherical reflectance 86.0-90.0% reflectance* 92.5-94.0%
Solar weighted direct reflectance 79.0-92.3% Solar weighted direct reflectance 87.4-95.0%
- To be - To be
Durability improved Durability improved
Cost? (€/m?) <18 Cost? (€/m?) 9-13
Issue: Issue:
Hemispherical and direct reflectance Direct reflectance
IS Meyen [17]; 2ASME-Journal of Solar Energy Engineering [20]; 3ConSol Project [18]; *ReflechTech datasheet [21]

Since the 1990s reflective polymeric films have been studied and optimized in terms of optical
performance and longevity. This type of reflector gave an impulse to new collector concepts.

They are described for the innovative collectors of Category B: Metal Structures & Sheet

14
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Reflectors”. Polymeric films also have been compared to glass and aluminum reflectors. Results
show that the smoothness of the surface is not sufficient to reach the values of glass reflectors in
terms of specular reflection. In fact they show a beam deviation, 0.9 mrad in comparison to glass
with less than 0.3 mrad [17]. This means that polymeric films are characterized by a wider beam
deviation from the expected incident spot than glass mirrors. Figure 12 shows the hemispherical

reflectance of different mirror materials.

1,0 0,01
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Figure 12 Hemispherical reflectance spectra of different material samples according to standard ASTM G173-03 [17]

Figure 12 shows the wavelength ranges between 250-2500 nm containing the ultra violet, visual
and near-infrared fractions of the spectrum. It also shows the solar weighted hemispherical

reflectance value at each respective wavelength.

Even though aluminum coated and polymeric film reflectors have been implemented, their main
challenge to overburden is that of longevity. Both are front surface reflectors, which cause a
higher exposition of the reflective surfaces to the environment. From this follows a faster

decrease of the specular direct reflectance of these materials [17].
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2.3 Receivers

Receivers or absorber tubes have the task to convert the incident radiation into thermal energy
and to transport it to the connecting pipelines between the solar field and the power block. The
configuration of these components, Figure 13, defines the thermal performance of the collector,
which also depends on its constructive suitability for a given heat transfer fluid. This also
determines the operating temperatures at which the absorber tubes are used. The composition of
the receiver is based on a vacuum isolated glass envelope with the absorber tube inside, made of
stainless steel or carbon steel. It is sealed with bellows at each end, which also serve as

mechanical compensators for the tubes” thermal expansion.

Antireflective-coated Xenon capsule
glass envelope tube (minimises heat losses)

Absorber
coating (metal
absorber tube)
Glass-to-

metal seal

Vacuum between

the envelope tube  Bellows

and the absorber tube “Getter” gas molecule
a) b) for increasing the vacuum

Figure 13 a) Components of a receiver tube at the example of a PTR70 Schott receiver b) Integrated elements to enhance
longevity and performance [source: Schott AG]

The main requirements for receivers are high absorption of the light and low emissivity of the
thermal radiation. To achieve this, special treatments are essential for the single elements. The
glass envelope is made of borosilicate, for instance, to attribute high transmittance t levels up to
96%. Receivers also require low reflectance p rates, for which an anti-reflective coating is

applied.

The absorber tubes have a denominated selective coating, since optical behaviour parameters on
the surface can be manipulated (or selected). In the case of absorber tubes, the absorptance o
must be high for one spectral range, namely the solar spectral range (0.25 um< A< 2.5 um), and
its emittance € must be low for another spectral range, namely the infrared range (3 um< A< 50
um) to reduce thermal radiation losses [16]. Figure 14 illustrates the layer structure on an

absorber surface. The first layer is metallic and high reflective in the infrared range. It is
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typically made of Molybdenum (Mo), Aluminum (Al) or Copper (Cu). The following layer
consists of a Cermet® material, which is composed of a ceramic matrix and embedded metallic
nano-particles, for instance Mo-Al,O3; or Mo-Si,O [22]. On top the antireflection ceramic layer

consists of oxides like Al,O5 or Si,O.

CERAMIC LAYER
CERMET LAYER

METALLIC LAYER . .
®——— GLASS (high transmittance )

STEEL TUBE

Figure 14 Multi-layer coating of the absorber tube

Current receivers achieve absorptance values of the solar radiation between 0.95-0.96 and lower
values of 0.09-0.10 in emissivity of the thermal radiation at 400°C. These results correspond to
receivers dimensioned for thermo-oils. In the case of molten salt receivers surface emissivity
values of 0.10 can be attained at operational temperatures of 600°C [23]. A selective coating is
more difficult to design once temperatures rise, since there is a larger overlap between the
thermal emission spectrum and the solar spectrum. An example curve for the reflectance of a

selective coating is shown in Figure 15 at operational 700°C.

1.0 4
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=== S0lar Irradiance === Blackbody Radiation SSA Reflectance

Figure 15 Reflectance of a spectral selective coating, e.g. TaSi,, and spectral ranges of the solar radiation and the blackbody
radiation at 700°C [24]

Absorber diameters vary between 70, 80 or 90 mm with a glass diameter of 115-125 mm. The

diameter selection has an influence on the intercept factor y and it is conditions the thermal

® Cermet; name derived from the materials composition ceramic and metal
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losses of the system. The intercept factor is the ratio of the reflected radiation to the reflected
radiation hitting the absorber. A big diameter can increase the intercept factor, but it possesses at
the same time a larger surface area. This would subsequently increase thermal losses at high
temperatures. That is why smaller diameters have an advantage regarding thermal performance.

In the majority of collector concepts the receiver is a movable component through the entire
assembly, not only while it is tracking the sun, but also due to the thermal expansion it
experiences between standby and operational state. A rough calculation of the length difference
by thermal expansion is around ALy, =0.65 m per each L=100 m receiver tubes, at an outlet
operational temperature of 560°C° with molten salt as heat transfer fluid. The expansion

coefficient of the stainless steel tubes is as; = 0,012 mm/m-K [25].

ALth = L " aSt " AT (3)
ALy,:  thermal length expansion difference [mm] ag::  expansion coefficient [mm/m K]
L: receiver length [m] AT:  temperature difference [K]

A further receiver concept was developed for air as heat transfer fluid as an innovative approach
and it is implemented in the Airlight collector with an inner diameter of 140 mm.

Multi-shield insultation ==
Micro-porous insultation

Hot air pipe

Absorber tube cavity

Linear secondary concentrator

AR-coated window

Cold air T-branch feed

Figure 16 Receiver for air as heat transfer fluid implemented used in the Airlight collector [26]

The receiver tubes together with the specific heat transfer fluid are the main drivers that
determine the thermal performance of a collector. In the next section relevant fluids are

presented. Then a more detailed behaviour of the thermal losses in section 2.5.2 is treated.

® A rough calculation using thermos-oil as HTF at 400°C is a ALy, = 0,5 m per each L= 100m
18
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2.4 Heat Transfer Fluid

The heat transfer fluid (HTF) is the fluid circulating between the solar field cycle and the power
block cycle. Its main task is to accumulate the thermal energy from the solar field and transport it
to the storage block or power block. The type of HTF determines the operational temperature
range of the solar field and so the maximum power cycle efficiency that can be obtained [20]. On
the one hand the operational temperatures are limited by the freezing and decomposition
temperature of the medium. On the other hand the maximum theoretical efficiency of the power

cycle can be described with the Carnot-efficiency theorem, given as:

=1--1L

Ncarnot Ty (4)
Ty: highest temperature of the thermodynamic cycle [K]
T, lowest temperature of the thermodynamic cycle [K]

Nearnot: Carnot efficiency [-]

This way, when the highest temperature of the thermodynamic cycle increases, a higher heat-to-
work energy conversion can be reached. Therefore thermal stability for a HTF is a significant

criterion that should be fulfilled. Other requirements on HTFs are listed in Table 2.

First power plants at Solar Electric Generating Systems (SEGS) used mineral oil as HTF in the
solar field and simultaneously as storage fluid. Due to the high flammability of this medium, it
was substituted by organic oils enabling a higher thermal stability. Currently organic thermo-
oils, a compound of biphenyl (Ci,Hi0) and diphenyl-oxide (C12H100), are the most frequented
HTFs with over 25 years of experience. They satisfy the majority of the aspects listed in Table 2,
starting with a low freezing temperature at about 12°C, a high heat capacity and maximal
operating temperatures at 400°C [16]. However, for higher temperatures than that, thermal
cracking starts to occur, which deteriorates the oil composition. Therefore and because of aging
periodical replacement is necessary [27]. Thermo-oils are available in large amounts, but at the
expense of high costs. They are also deficient in flammability and environmentally more harmful
than other possible media. Current synthetic oils remain under research to improve the thermal

stability at higher temperatures and for more affordable prices.
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Table 2. Heat transfer fluid requirements [16]

HTF Requirement Motive

High evaporation temperature The HTF must be liquid and operated under manageable
pressure. The HTF cannot evaporate at the high temperatures
in the solar field.

Low freezing temperature No freezing protection measures are necessary, if temperatures
in the solar field drop.

Thermal stability The HTF needs to withstand operation temperatures and avoid
thermal cracking. Operating temperatures are constrained to
this requirement.

High heat capacity To favor the storage and transportation of high amounts of
thermal energy

Low viscosity Reduces important pumping energy

Low investment cost & Cost savings of the final LCOE and of logistic efforts

Availability

Environmental compatibility Common responsibility

Low inflammability & Reduction of operational fire hazards

Low risk of explosion

Other media are molten salts, which are salt mixtures heated up to their liquid temperature. They
have succeeded in CSP as storage medium, due to their low price and good thermodynamic
properties, which enhance some of the technical advantages compared to thermal oils (see Table
3). This HTF, aside of being accessible and available has high thermal stability, high density,
good thermal/electric conductivity and relative low viscosity [28]. They can operate at 550°C
with a thermal stability up to 600°C, for instance, with Solar Salts composed of a binary salt
mixture containing 60% sodium nitrate (NaNO3) and 40% potassium nitrate (KNO3). Its
volumetric heat capacity is reasonable and its vapour pressure is very low, allowing storage
under atmospheric pressure and eliminating the cost of thick walls for the storage tank [29].

Corrosion resistant materials should be considered, as molten salt tanks are prone to rusting.

The use of molten salts as heat transfer fluid suggests a direct storage system as an alternative
power plant design concept, making heat exchangers are negligible; see Figure 17. This design
could reduce the expenses on thermal storage costs by 65% and increase, not only the storage AT

up to 2.5 times, but also the steam cycle efficiency to >40% [30].
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Table 3. Characteristics of nitrate/nitrite salts and Therminol VP-1 [29]

Property Solar Salt Hitec Hitec XL Therminol VP-1

Composition (weight percentage)

Salt’ NalNO; 60% 7% 15%

KNO3 40% 53% 43%

NalNO, 40%

Ca(NOs)z 42%
Organic CizH1g 73.5%
Compound 2 Cy2H100 26.5%

Operating temperatures

Liquidus temperature [ °C] 2277 141° 140° 1224
Upper temperature [ °C]  593%.600" 454°-538* 460°-500*' 400%*

Chemical properties at 400 °C®

Viscosity (i) [mPas] 1773 1.710 n/a 0.149
Heat conductivity (1) 0.511 0.330 n/a 0.076
Wim/K]

Heat capacity (c) [J/kg/K] 1516 1562 1304 2635
Density (p) [kg/m?] 1834 1790 1903 694

Volumetric heat capacity (s) 2780 2796 2482 1829
[kJ/m3/K]

Economical parameters?

MNominal cost [$/kg] 0.49 0.93 1.19 22

'(Kelly 2007) ?(Solutia Inc 2012) *(Kramer 1980) *(Raade 2011b) *(Bradshaw 1990) %(Steag
2012) "(Keamney 2003)

A long-term concept of using molten salts has been demonstrated on a 5 MW, solar plant by
Archimede Solar Energy at Priolo Gargallo, Sicily. A further large commercial power plant has
not been deployed up to date since some disadvantages of molten salts could be considered a
risk. Above all, the high freezing temperatures of the fluid could affect key components like

receivers, pipelines, valves and pumps by salt solidification. Daily drainage concepts of the fluid
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[31], recirculation of the fluid [30]Jor heat trace systems in the receivers are current technical

options to maintain the fluid above the freezing temperature.
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Figure 17 Direct storage system cycle overview using molten salts. The solar field cycle and the steam generation cycle are
decoupled [32]

Special receivers with improved selective coatings have been developed to avoid higher thermal
losses at higher temperatures. Frequent breakdowns of interconnecting elements, like flexible
hoses and ball-joints between the collectors and the solar field piping, are a big problem, caused
when operating with molten salts. The state of the art collectors using this fluid are limited to
only a few.

The great advantage of molten salts is the cost efficient use of storable thermal energy.
Therefore, current solar research investigates the implementation of molten salts in the solar field

and storage block in one cycle.

Another accessible heat transfer fluid is water/steam. The cycle of implementation is called
direct steam generation (DSG). It is composed of a single cycle, where the HTF of the solar field
is the same circulating in the Rankine cycle. Demineralized water is heated in to steam and
again to water in the same cycle. DSG still remains under research, though the working principle
was demonstrated at the Plataforma Solar de Almeria on the DISS project at 100 bar steam

pressure and temperatures of 500°C [33].
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2. State of the Art Collector Efficiency

2.5 Collector Efficiency

In this section the relevancy of the above presented components regarding the collectors’
performance is highlighted. At first a general overview of the parameters that influence the

collectors’ and the solar fields" performance is shown in Figure 18.

Ncollector
_ —mm,onT —IAM©) — Mo — 0
qQ | BRN eff
solar
operations
loss
thermal loss
optical/ Qioss
optical loss geometrical loss
(0, =0) (0;#0)

Figure 18 Calculation of the effective thermal energy in a PTC

Parabolic troughs only use a fraction of the incident solar energy for heat production because of
energy losses during the solar-to-heat conversion as expressed with Eq.(5) [34]. Here the
collector efficiency can be firstly introduced as the ratio between the gained to the effective

thermal power as in Eq. (6), derived from the general collectors” efficiency equation [35]:

Qeff = Qsotar — Qioss (5)
— Qefs — . (Tm=Tamp) (Tm=Tamp)* (6)
Neot = AesfDNI Nopt,oc — €1y €2 DNI

. . - - - 2
Qsolar: concentrated solar energy [W] DNI. direct normal irradiance [W/m ]
Qloss: thermal losses [W] Nopt.0°: peak optical efficiency [-]
Qess: effective thermal energy [W] €1 Gy linear, quadratic loss coefficient [W/m?K], [W/m’K?]
ool collector efficiency [-] T mean temperature [°C]
As: effective aperture area [m?] Tomb: ambient temperature [°C]

Additional parameters for a given collector have to be specified to describe its effective values.
Especially parameters regarding receiver losses and optical losses, which are empirically

estimated [34]. An example of a collector’s (type LS-2) efficiency curve is shown in Figure 19.
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Figure 19 Collector efficiency curve at the example of an LS-2 collector with empirical parameter values and DNI= 800 W/m?,

The graphic describes the composition of the effective thermal energy and the types of losses
that constrain the system. It also shows that the collector’s efficiency significantly drops, merely
due to thermal losses as AT increases. The optical losses fraction also remains theoretically
constant assuming ideal operational losses, by means of perfectly clean mirrors, no shades on the
aperture and no end losses. This diagram is a model based on previous results to highlight the
parameters and the general behaviour curve of a parabolic trough collector. In real operations an
LS-2 collector can operate up to 300°C with mineral oil as heat transfer fluid. The introduced

parameters in Figure 19 are next further explained.
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2.5.1 Optical Losses

Peak optical efficiency

Optical losses occur even at optimal direct normal irradiance. This happens when the sun is
perpendicular with respect to the collecting surface, or in other words, when the incidence angle
is 0; = 0°. These losses have to do with the optical properties of the mirrors and receivers: the
total reflectance py, the absorptance a behavior, the transmittance t of the glass materials and
finally the qualitative inaccuracies of the mirrors. The last causes optical deviations, which
influence the intercept factor y of the collector-to-receiver light beam concentration. According
to the definition, that the maximal collector’s efficiency is constrained by the maximal (peak)

optical efficiency [36]:

nopt’oo = ptOt ' y Tra (7)
Noproe  Peak optical efficiency [-] r transmittance []
Prot total specular reflectance [-] a: absorptance [-]
v: intercept factor [-]

State of the art collectors for electricity production possess a peak optical efficiency of 78% to
82%. This value can be identify in a graphical representation of a collector’s efficiency, if no
thermal losses are considered, for instance, when AT= 0 K. In Figure 19 a peak optical efficiency

for the LS-2 at 0.73 can be read and for the UltimateTrough at 0.82.
Incident angle modifier IAM(8;) and cosine losses cos(0;)

For a following observation on the optical parameters, an incidence angle 6; # 0° is assumed.
So the sun is not perpendicular to the aperture area. Figure 20 shows this scenario for an East-
West-oriented parabolic trough with the tracking angle p # 0° as well. As the sun position varies
from east to west each day and the tracking angle over the seasons, a parameter called Incident
Angle Modifier IAM(6;) is describes the angular dependent loss mechanisms. Correlations of the
incident angle modifier are usually based on measurement campaigns for each specific collector
[34].
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Only the vertical fraction of the direct normal irradiance is useful for concentrating the solar
power. For incident angles 6; # 0° the radiation does not hit the aperture area with its maximal
intensity, but it does with the direct normal irradiance times the cosine of the incident

angle cos(0;). The so called cosine losses correspond to the greater fraction of losses.

zenith

(aperture normal)
N

tracking angle

% e
/RN
y collector U

orientation

Figure 20 Tracking case for an east-west- oriented PTC to explain the Incidence Angle Modifier [34]

With the introduction of these two parameters, it is possible to calculate the amount of solar
energy that is concentrated onto the receivers as in Eg. (8). The direct normal irradiance is
delimited by the dimensions of the aperture area, thus the fraction of usable power is its value

times the effective aperture. Operational losses are also included in the equation [34]:

Qsotar = Aeff *DNI - cos(6;) - Nopt,0° IAM(6;) * Nshad * Mendioss * Netean (8)
Osolar: concentrated solar energy [W] IAM(6;) incident angle modifier [-]
Ayt effective aperture area [m?] Nshad shading [-]
DNI: direct normal irradiance [W/m?] Nendloss €N effects [-]

cleanliness [-]

cos(,): cosine losses [-] Netean

Nopto°: peak optical efficiency [-]

* 1Nsnaq. Refers to optical losses due shading of adjacent components on the aperture of the
collector, for instance, the shade of the next collector row or possible heat collector element

supports.

26



2. State of the Art Collector Efficiency

*  Nendloss- Refers to the reflected light beam losses at each collector end that do not hit the
receivers due to the sun inclination. On one end the fraction is reflected out of the receivers
range and on the other end a part of the receiver remains untouched by the rays. In between
adjacent modules the end losses retained, since the next collector uses the reflected light of
the previous one.

e 1N.ean. Refers to the degree of cleanness of the mirrors and receivers, for instance, from dust,

soiling or humidity.

2.5.2 Thermal Losses

In an operational solar field, heat losses occur in the receivers and the heat transfer fluid pipes.
These losses depend on the temperature difference between the heat transfer fluid and the
surrounding. The thermal balance on a receiver is delimited by a glass envelope to the air. The
heat on this surface gradually decreases in form of convection and radiation losses. This specific

receiver’s heat losses can be expressed as followed:

éIloss = CIconv—> air + Qrad—> sky (9)
Qioss: specific thermal losses [W/m]
Geonv— air- thermal losses due convection [W/m]
Grad— sky- thermal losses due radiation [W/m]

Figure 21 shows a one dimensional receiver heat balance including conductive, convective and
radiative transfers. Values are usually expressed in relation to the receiver’s length in W/myeceiver.
Conductive losses are neglected in Eqg. (9) since this type of losses merely occurs in the heat

transfer fluid transport pipes [34].

Figure 22 shows the heat losses grow more exponentially the greater the temperature difference.
The reason is the radiation losses that increment the losses to the forth power of the temperature
difference value. Convective and conductive losses grow in proportion to AT. For this study an

approximation of the thermal losses can be written as followed:

27



2. State of the Art Collector Efficiency

Qloss = Qioss (THTF) “Lrec (10)

Qloss thermal losses [W]
10ss(Tyrr):  SPecific thermal receiver losses in dependence to the mean operational temperatures [W/m]

Lec: receiver length [m]

q sol,abs

i qcond

CIsol,abs

vacuum  absorber tube HTF glass envelope
(inner/outer surface) (inner/outer surface)

Figure 21 A one-dimensional heat balance on a receiver cross-section; adapted from [34]
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Figure 22 Heat loss measurements for different receiver types [37]

In the graphic different receiver types were measured to demonstrate their thermal behaviour.

Comparing this with Figure 19 a correlation between the receiver losses and the collector’s
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efficiency can be seen. The trivial statement is that higher operating temperatures increase losses,

hence also the collector’s performance.

2.5.3 Parasitic Energy Losses in the Solar Field

Another type of loss is the parasitic energy consumption, which appears at the power plant level.
These losses constitute the required electrical power to operate the plant. Normally this
electricity is rather provided by the thermal plant itself or by the grid-network, when the plant is
offline [34]. The majority of this power is consumed by the pumping of the heat transfer fluid
trough the extensive collector rows or through the storage tanks and also by the tracking drives
of the collectors. A percentage of the parasitic consumptions is also attributed to further
electrical components, valves, ventilators, adding other drives and pumps in the BOP (Balance of
plant). The parasitic energy consumption amounts around 6-8% of the generated power or about
2% of the input power [38]. The average operating efficiency of parabolic trough plants ranges
from 9% to 14% [39]

Direct irradiance on aperture (100%)

optical losses
=~25%

thermal solar

field losses
~ 15%

power block losses
~42%

Parasitic energy consumption
=2%

net electric output
=~ 16%

Figure 23 Estimated energetic flow in a parabolic trough power plant [38]
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3. Parabolic Trough Collector Concepts

The chapter presents a selection of information to highlight the characteristics of various
collectors, some that have been implemented in solar power plants and others that comprehend
innovative approaches to enhance the current performance or application. Mainly aspects which
define the optical and thermal efficiency are included, as a transition to the analytic section in
Chapter 4.

First a categorization of the collectors was required as preparation for the comparative analysis.
Following aspects were considered: bearing structure, reflector type and structure materials. The
purpose of it is to identify similar aspects of the manufacturing, the assembly, working
mechanism and also that of the optical and thermal properties. There are together 34 collectors

reviewed in Annex B and sorted in their respective categories as shown in Figure 24.

Parabolic Trough Collectors
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Figure 24 Genealogy of selected parabolic trough collectors categorized into the main conventional and innovative concepts with

a further subdivision according to their prevalent feature (see Annex B)
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3. Parabolic Trough Collector Concepts Collector Efficiency

The collectors are divided into conventional and innovative concepts. Innovative concepts of
parabolic trough collectors are understood according to Pitz-Paal et. al (2005) [1]. Innovative

concepts will:

I.  “Increase the power generation efficiency, mainly through increasing operating
temperatures
ii.  Reduce solar field costs by minimising components” costs and optimising optical design

iii.  Reduce operational consumption of water and parasitic power. ”- EASAC, 2011 [40]

Conventional collector concepts are classified in Category A and further subdivided by their
main body structure, namely: the central torque tube, central torque box and space frame. These
structures are the main support of the reflectors and are the torque transmission mechanism along

the collector solar collector assembly.
Furthermore innovations are classified in:

e Category B for Alternative Structures and Sheet Reflectors
e Category C for Alternative Materials e.g. Sandwich Composites and Concrete Structures
e Category D for Enclosed Aperture Collectors

e Category E for Fix Focus Collectors

Additionally a category of historical collectors is included to emphasize the development of the

design’s structures and geometries.
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3.1 Category: Historical Collectors

Figure 25 a) Augustine Mouchout’s sun power engine with axis tracking system and truncated concentrator cone. b) John
Ericsson’s schematic parabolic trough collector with a steam engine and a regulating device (flywheel) for energy storage [41]

Using the solar power as an energy source was not an enigma back in the 19" century. In fact a
group of inventors believed that the sun had the potential to replace coal power. The way of

implementation rather meant a technical challenge.

Pioneers of the field like John Ericsson (1803-1889), Augustin Mouchout (1825-1912) and Frank
Shuman (1862-1918) shared the notion that one day coal deposits would be lacking easy access
at someday. They recognized the need to use another, abundant source of energy. For this reason
first concepts were developed for the production of steam by concentrated solar radiation,
leading to the construction of the first reflectors, receivers, geometries, tracking systems and

plans for new fields of application.

In 1907 Dr. Wilhelm Maier and Adolf Remshardt patented a device for the general use of sun's
heat for steam generation in Germany. In 1912 Frank Shuman & Charles Vernon Boys invented

the Sun Boiler and set an important milestone in the history of CSP.

A first solar field was deployed in 1913 to generate steam for a low pressure engine to pump
water from the Neil River to irrigate a cotton plantation (see Figure 26). The power output at the
low pressure steam engine was around 45kW enabling the pumping of around 23 m*® of water per
minute. The configuration of the plant was composed of five rows of collectors of each 61 m
long and 4 m aperture with a 6 m wide space gap between the rows. In total the operating
aperture area of the solar field was around 1200 m?. A rough calculation estimates a 41% to 46%

peak optical efficiency of those collectors.
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Figure 26a) Front sight b) back sight of a collector row at the Solar Engine One power plant in Al Meadi, Egypt 1912 [41]

The solar field’s format possessed similarities to current operating plants. It showed the
collectors in rows with the pipeline distribution and connections to the main steam pipe. The
collector’s structure was made out of iron frames with a lead coating which were connected to
one another and geared, by means of central rack and cog wheels to the engine at ground level
[42]. The boiler (in analogy to the current absorber tubes) was coated with a dull black paint or
treated with a chemical process (e.g. the treatment of lead with sulphureted hydrogen) followed
by a coating of varnish or enamel to reduce the loss of heat by conduction and convection [42].

At that time terms like automation, efficiency optimization, auxiliary storage tanks and mirror
shapes, were already topics with a future vision. Shuman considered also an application of the
technology to generate electricity at large scale between the tropics of Cancer and Capricorn (i.e.
solar belt), yet limitations were significant. Even though the technology was already proven, the
plant operated only for one year (1914) and none of its kind was built in the world until the late
1980s. The First World War led to the dismantling of the plant to supply the metal for Britain’s
munitions industry. Later the industry, still focused on fossil resources, gave no chance to the

still ineffective and expensive solar technology.
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3.2 Category A: Conventional Collectors

Parabolic trough collectors within this category follow the same concept defined by their

components. They determine the common design and functionality while tracing the sun. Their

specific elements and mechanisms are for example

(1)

(@)

(3)

(4)

()

Silvered glass reflector facets, about 4 to 5 mm thickness, with a specular reflectance of
93.5% and more than 15 years durability.

Figure 27 Reflector facets [43]

Vacuum insulated receivers, with stainless steel tubes and respective selective coating,
are usually of a maximum length of 4 m. Modern receivers are suitable for other heat
transfer fluids at higher temperatures and pressures.

Heat transfer fluid and operating temperatures ranging up to 300°C with mineral oil and
400°C with silicon and synthetic oil. Further adaptation of some collectors for steam can
reach up to 500°C (at high pressures ~100 bar) and others with nitrate molten salts up to
550°C.

Hydraulic or geared drive system with a tracking axis bellow the vertex of the parabolic
cross-section. The rotary axis is built coaxial to the centre of mass axis as an
optimisation, to reduce the loads on the drives.

Flexible interconnection elements such as ball-joints or flex-hoses. These elements suffer
from frequent breakdowns during operation and tend to have low resistance against high
pressure.
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(6)

Central torque unit, from which further arms extend to support the mirrors and the heat
collector elements supports (HCE) in the case of torque box and tubes. Other alternative

or well optimized structures like space frame came to use to minimize the assembly costs,

achieve lightweight structures with standardized frame components.

()

(8)

Figure 28 From left to right: double torque box, torque box, torque tube, space frame [44]

Assembly jigs, which are usually installed on-site rather in the open sky or in an
assembly hall. With the jigs the accurate mounting of the central body and the arms is
achieved up to a structure tolerance of 0.5 mm. An assembly without costly jigs is
suggested for space frame structures while for other types like the UltimateTrough an
automatic assembly line is proposed.

Figure 29 (left) assembly jig of a torque box structure [45], (right) assembly jig of a torque tube structure [46]

Hydraulic or geared drive system with a tracking axis bellow the vertex of the parabolic
cross-section, with optimized properties by placing the tracking axis on the centre of

mass axis.
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(9)  Flexible interconnection elements such as ball-joints or flex-hoses. These elements suffer
from frequent breakdowns during operation and tent to have low resistance against high

pressure.
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Figure 30 Flexible interconnection elements [43]

The successful deployment of solar fields using several of these concepts for energy production
established the basic standards for modern solar power plants in the global market, making them
indispensable for the study. Within the category technological advances aiming the cost
reduction are observed, for example the standardization of components, simpler assembly
structures, manufacturing methods and logistics. A baseline for a solar field cost is drawn by the
EuroTrough collector with a total of 230 €/m? in the example of 50MW Andasol and similar

solar power plants. Elements included in the cost estimation are later specified.

Solar field efficiency and economic feasibility calculation models conclude that higher
concentration ratios can lead to a significant reduction of element square meter. The scaling
effect of the collector’s aperture can, for example, reduce the total area of the solar field, thus
reducing elements like pipelines, receiver tubes, mirrors, pylons and drives among other
elements. The efforts to reach these aims are presented in the description of the concepts of this
class. It is important to keep in mind that larger apertures are subject to stricter requirements in
accuracy and robustness of their structure. Figure 31 shows a timeline with an overview of the
collectors and their respective modules dimensions.
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CATEGORY A: Conventional Parabolic Trough Concepts
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LS-1

LS-2
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Figure 31 Time line conventional collectors and module’s dimensions
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3.3 Category B: Metal Structures & Sheet Reflectors

In category B there are concepts derived from the structural advances of conventional collectors.
Included are collectors with space frames and an alternative metallic structure that seek to lighten
the weight and reduce the elements per square meter. These collectors aim for a significant costs

reduction per module without adjudicating the characteristic performance.

More important than the structural implementation of metals such as aluminum, is the reflector
material that replaces the conventional thick glass panels. Three types of products are shown in
the included concepts, among them polymeric reflective films and coated aluminum sheets (see
also Chapter 2.2 Mirror Materials). Each of these has not only different optical properties, but
also other needs of maintenance, assembly and durability properties. Glass mirrors make around
13% of the costs of a solar field and weight around 10 kg/m?, e.g. RP2 Flabeg type facet.
Aluminum reflectors, e.g. ALMIRR, can weigh 4.8 kg/m? with 4 mm thickness and similar to

polymeric films, which are in nominal thickness 0.1 mm, attached to an aluminum sheet surface.

Thanks to the standardization of the profiled tubes and connection nodes, the installation of these
collectors does not require assembly jigs. Their structure also allows a more efficient assembly in

terms of workmanship (cranes, men power...), reducing the installation expenses.

Collectors in these category target higher concentration ratios to up to 104 in the example of the
Large Aperture Trough by enlarging the aperture’s width. The suitability for molten salt as heat
transfer fluid is also present in the case of the SkyFuelDSP. With regard to the structure both

apply aluminum tube space frames.

A further innovative approach is targeted by the Solabolic Trough, with aluminum sheet
reflectors mounted by tension cables in the structure. The concept was inspired on hanging
bridges as for example the Golden Gate in San Francisco, USA. Two segments of a module were
prototyped and showed some structural challenges. These limitations currently imped a large
scale deployment of the collector’. Therefore the concept is excluded from the evaluation and

analysis.

" See Annex B
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3.4 Category C: Non-Metallic Materials

This category presents parabolic trough collectors implementing (i) composite sandwich
structures and (ii) high performance concrete materials. While the first subdivision (i) is more
focused on the parabolic aperture structure, the concepts with concrete suggest an overall casting

of the main body and the support structures.

A different line of manufacturing, transport and assembly process is demanded for these
collectors. The use of alternative materials aims a breakthrough in costs reduction with concrete
as a cost efficient and worldwide accessible material. Furthermore the enhancement of the
geometric parabolic accuracy and resistance towards strong winds should also be favored with
the composite materials. In both cases a significant weight reduction can be achieved and Table 4

sums up the density values of the here alluded materials.

Table 4. Densities and Young’s moduli of diverse materials [18]

Material density Young’s modulus
[kg/m?] [GPa]

Steel 7850 210
Aluminum 2710 70
Sandwich Composite (et. Schapitz 2011):

i. Fiberglass 1460 25.25

ii. Foam 25 1.7

iii. Thin glass 2500 70
Ultra-High Performance Concrete- 2510 0.045 - 0.053

(UHPC) e.g. Nanodur®, Ductal®

(1) Fiberglass sandwich composite structures

The first subdivision includes the Solarlite SL4600+ and the Tough Trough collector. In general
the elements are constituted of a three layered composite. The outer layer is a mat of fiber glass
and resin, which encloses an inner core usually of Polystyrene (PS) or injectable Polyurethane
(PU) foam, see Figure 32. In both cases the structure results in an increased bending stiffness,

where epoxy resin is utilized in the case of a PU core.

In addition to the higher stiffness, the production of sandwich composites has the advantage that

the mirror material is incorporated directly in the manufacturing process. For this purpose an
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adhesive technology is applied. Furthermore, the reverse side of the composite is equipped with a

UV-stable protection to avoid the material’s degradation.

N _glass

> foam
S _~fiber glass reinforcement

Figure 32 Self-supporting fiber glass reinforced sandwich structure [47]

(i)  High performance fiber reinforced concrete

This subdivision is represented by two examples, namely the SOL.CT and the ConSol collectors.
The Airlight collector corresponds also to a further concept with this properties section, but it is
sorted in 3.5 Category D: Enclosed Aperture Collectors due to its prevalent characteristic of an

enclosed aperture.

Ultra-high performance concrete (UHPC) is commercially used for architecture and civil
infrastructures, which require great durability and tensile strength. A composition example of an
UHPC is shown in Table 5. For the application on parabolic trough confectioning specific
machinery is needed, e.g. mixture machines for concrete processing, transportation cranes and
molding elements. Due to the intended apertures and large size elements a production hall is
required, which should also be big enough to enable the storage of the pieces while hardening.

Table 5. Example mixture of an UHPC composition [48]

Material Amount (kg/m® (Ib/yd’)) Percent by Weight
Portland Cement 712 (1,200) 285
Fine Sand 1020 (1,720) 40.8
Silica Fume 231 (390) 93
Ground Quartz 211 (355) 8.4
Superplasticizer 30.7 (51.8) 1.2
Accelerator 30.0 (50.5) 1.2
Steel Fibers 156 (263) 6.2
Water 109 (184) 4.4

1 kg/m’ = 1.686 lblyd’
RDM = relative dynamic modulus (see p. 134)

40



3. Parabolic Trough Collector Concepts Category D: Enclosed Aperture Collectors

3.5 Category D: Enclosed Aperture Collectors

The collectors of this category are necessarily differentiated from the conventional ones, since
they include a type of translucent cover above the collecting area in their structure. Different
configurations and materials like polymeric membranes or glass types have been developed for
these collectors as an adaptation to certain regions of the world. More likely environments of
implementation are strong winds, high rate of humidity and heavy air due to dust, sand or
pollution. These conditions mean exhausting maintenance work of the collector’s components
and a significant drop of the performance due soiling layers in the reflectors and absorber tubes.
Moreover resources like water could be less accessible in such an environment, for instance in a
desert region in the Middle East. In fact these collectors could not be considered a technology of

application, if it was not for their adapted solutions to the environment.

They also give an alternative perspective on the implementation of technology and contemplate
the use of heat transfer fluids like air, steam and oil for different industrial processes that propose
a significant saving of CO, emissions.

Figure 33 Enclosed collector concepts. (left) HelioTube (by Heliovis AG), (center) Airlight (by R. Presley), (right) Glasspoint

It can be observed that none of the collectors follow a specific design, but rather overflow to new
approaches in order to adapt them to the enclosed aperture. The main curiosity of the concept
focusses on the optical performance, since placing a layer in front of the collecting area cause
additional optical effects. A general assumption on these collectors is based on a lower optical
efficiency in comparison to the conventional collectors. The reflectance, transmittance and
absorbance that are attached to the covering materials, can be the main reasons, as described for

the maximal optical efficiency in Eq.(7).
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3.6 Category E: Fixed Focus

In a fix focus collector the main characteristic is featured by the stationary focal axis along the
module, which implies alternative structures to those conventionally applied. In general a fix
focus collector has the purpose to place the receivers on the focal axis and coaxially to it, the

rotary axis of the parabolic concentrators.

Rotation axis

. i
Rotation axis

Figure 34 a) Conventional version: The torque axis is placed at the torque unit of the collector (e.g. torque tube), which implies
the movement of the receiver while tracking the sun. b) Fixed focus: The rotational axis coincides with the focal line of the
parabola where the receivers are placed. In this case the reflector surface is the movable element. T stands for the torque and &

for the torque angle from the middle plane as reference.

Collectors out of this category usually have their rotary axis at the vertex of the parabola
structure or slightly below, making the absorber tube to rotate together with the whole
concentrator, as schematized in Figure 34a). For this reason, flexible connections are required in
those collectors between the modules and the main pipelines, which comprehend on standard

elements like ball joints or swivel joints.

A fixed focus collector instead, can eliminate these components since no movement influences
the absorber tubes and “non-flexible” elements can be used at the end of their solar collector
assembly, by means of direct welded or flanged piping connections. This specifically targets the
elimination of parts that present frequent breakdowns in solar power plants, which are in addition

not only costly in acquisition, but also in maintenance. The capital costs of these components are

42



3. Parabolic Trough Collector Concepts Category E: Fixed Focus

estimated at 8%°® of the total share in a conventional solar field, including: material, assembly
and installation cost [49]. One last aspect to remark on these elements is that they have a
significant influence on the performance of the solar field. In operation the gaskets of the ball-
joints exhaust with time, thus causing temperature and pressures drop, thus increasing thermal
and parasitic losses. In the worst case, a failure of a joint could lead to important flammable

leakages causing fire hazards®.

The movability of the absorber tube has been one limitation for the use of molten salts as heat
transfer fluid and also for direct steam generation, due to the high operational temperatures and
process pressure. Therefore, this concept offers the potential to increase the solar field’s
efficiency, while reducing, first solar field components per square meter and second, reducing

operations and maintenance (O&M) costs.

In conventional collectors an optimized solution to alleviate the stress requirements on
components like bearings on the pylons and drive units, is that of placing the collector’s center of
mass on the rotary axis (e.g. UltimateTrough, HelioTrough). Since the rotary axis of a fix focus
is constrained to the focal line, the concept requires a meticulous mass distribution of the
components in order to achieve this particular coaxial alignment. Figure 35 shows two case

sketches regarding the center of mass on a fixed focus collector.

The center of gravity at the estimate position can be influenced by the parabolic geometry for
example with the variation of the rim angle. In this case a rim angle of less than 90° (¥'< 90°) is

exemplified, not meaning the restriction for #> 90°.
For situation in Figure 35a) the torque load M, around the axis is the force F at distance a:
Mt == FG a (10)

In order to relocate the center of mass at the focal point S; of the collector additional masses can
be included. In Figure 35b) as an example the mass M can be implemented to achieve this

balance around Ss:

& Case study for an EuroTrough
® Fire accident at Andasol Solar Power Plant on 15" December 2009
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SM, =0 - 0= Fs-a—Fy-b+3M, (1)

In practice all elements need to be taken into account by means of possible heat collector element

supports or torque units (etc.), which is expressed by the term ¥.; M;, on last equation.

(ground) (ground)

Figure 35 Mass distribution in a parabolic trough with the rotation axis at focal length f from its vertex. a) The parabola’s centre
of gravity Fg at point S alone represents a toque load that can only be compensated by rigid bearings and counter load of the drive
unit. b) The centre of mass at the focus S; can be in balance by adding a mass M with a centre of gravity S that equalizes the

load of Fg at now named S”. The parabolic trough will be balanced around the mass point for any value of @.

Following this thought also elements like holding structures and drive mechanisms are more
likely to be adapted to the designed. The concept needs special bearings enabling the support of
the collector’s structure as well as a continuous connection between the receivers along the solar

collector assembly.
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3.7 Technical Overview

The following tables sum up the researched collector concepts of this thesis. Annex B offers a
complementary and more detailed overview on materials, structures and special features of each
collector. Moreover a pictorially exposition of these aspects can be seen, as well as further

information about the manufacturers and projects of implementation.

Table 6, Table 7 and Table 8 compare the composition of the bearing structure, the type of
reflector, receivers and to geometrical and dimensional properties. The heat transfer fluid for
which each collector is suitable is contained and the abbreviations are to be understood as

follows:

e “TO” for “Thermo-Oil” includes mineral, synthetic and silicone oils
e “MS” for “Molten Salt”

e “HS” for “Heated Steam” meaning demineralized water as high-pressure steam
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Table 6. Overview of Category A: Conventional Parabolic Trough Collectors

3. Parabolic Trough Collector Concepts
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Table 7. Overview of Category B: Alternative Structures & Sheet Reflectors and Category C: Alternative Materials

3. Parabolic Trough Collector Concepts
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Table 8. Overview of Category D: Enclosed Aperture and Category E: Fix Focus of different Parabolic Trough Collector

3. Parabolic Trough Collector Concepts
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4. Value Analysis and Evaluation Comparison Criteria

4. Value Analysis and Evaluation

4.1 Comparison Criteria

With the definition of the state of the art on different parabolic trough collectors and their
relevant components, a value analysis is intended with a comparative character. As seen in Table

6, Table 7 and Table 8, a variety of parameter combinations form the basis for the analysis.

The main interest is to identify those collectors with the potential to have a competitive
performance for the large scale solar field deployment for electrical power generation. In the
Chapter 2 the collector performance drivers were exposed, as well as the roles of selected
components like concentration factor, geometry, mirrors, receivers and heat transfer fluids. The
categories in Chapter 3 enable some generalizations to facilitate the study of structure materials,

manufacturing and the cost of their introduction.

In the following subsections the collectors are compered on specific criteria, which are derived
on the basis of the study’s objectives. The definition of these criteria is based on a techno-

economic perspective.

4.1.1 Optical Performance

The optical performance is influenced by the type of reflector and structural geometric accuracy.
The investigated parameters of comparison are: mirror material, peak optical efficiency, 1AM,

end losses and shading.
Reflector Type

A previous study for the characterization of the optical properties of reflector materials for
concentrating solar power technology measured the specular reflectance pg,.. and the surface’s
degradation rate among others. Using these results, it is possible to rank the reflector types
according to the beam deviation of the reflected incident solar rays. The importance of the
concentration of the light in a minor area (i.e. focus) is that of the interception accuracy at the
focal point. The greater the beams diversion, the greater are the optical losses caused by the

material or its surface.
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Thick & thin glass, polymeric films and sputtered aluminum reflectors, are the state of the art.
Results of the aforementioned study are presented in Figure 36. The images show the measured
specular beam profile and demonstrate the marginal size of specular beam diversion of all
samples [17]. Even though thin glass mirrors were not measured similar results to Figure 36a are

assumed, due to the similar architecture and materials of thick glass.

2 1 0 1 s mrad mrad

a: Glass mirror

mrad

¢: Aluminum 1 d: Aluminum 2

Figure 36 Images of specular beam diversion of different material samples. Profile in the range of 3-4 standard

deviations respectively ospec in both directions to zero [17]

Furthermore degradation rates are higher in first surface mirrors, which is the case for polymeric

films and aluminum. For the analysis the reflector ranking is shown Table 9.

Table 9. Ranking of reflector types for large scale application of parabolic troughs

Thin glass Thick glass Polymeric film Aluminum Sheet

i i i v
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Peak optical efficiency

In most of the commercial collectors the peak optical efficiency is explicitly given. An
estimation approach can be applied for others. Considering equation Eq. (6) only the absorbed
thermal output Qs and the dimensions of the effective aperture area are required to determine

the peak optical efficiency:

_ Qabs (12)
nopt,peak - Aeff'DNI
Noptpeak-  PEAK Optical efficiency [-] Agsy effective aperture area [m’]
Qups: absorbed thermal energy [W] DNI: direct normal irradiance [W/m?]

The DNI is considered at a value of 800 W/m?. Table 10 shows the values for each collector. In

some cases the estimation was accomplished by using Eq. (12).

Table 10. Peak optical efficiency of different parabolic trough collectors

Category/ Collector Topt peak Category/ Collector TMopt,peak
A |UltimateTrough 0.80! Airlight N.A
SkyTrough 0.762 D |GlassPoint 0.68’
B |SkyTroughDSP 0.75° Heliovis 0.718
LAT73 0.77* Hittite Solar N.A"
SL4600 0.75° £ Brenmiller N.A"
Tough Trough N.A Split Mirrors 0.75°
¢ Sol.CT N.A" MS-Trough 0.78 0
ConSol 0.67°

Sources Table 10: [9]%, [50]1% [51]3, [52]% [18]°, [18]°, [53]", [541°, [471°, [55]™

Among the collector types, the peak optical efficiency ranges between 80.1% attributed to the
UltimateTrough [9] and 61% as estimated for the Airlight collector. In the case of the MS-
Trough (78%) [55] and Split Mirrors (75%) [47], both innovations are reported on the basis of
numerical results as an estimation for real scale modules. Other collectors present no access on
this parameter, and neither an estimation chance. The influence of this parameter can be seen

once comparing the overall performance in the coming sections.
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4. Value Analysis and Evaluation Comparison Criteria

Incidence Angle Modifier - IAM

This parameter is collector specific, defined by the structure, mirror errors and reflectivity, as
well as by the geometry, including end losses. Considering the incidence angle of the solar rays
the natural cosine losses are also calculated within the modifier factor. Figure 37 shows the
behaviour of this factor at different incident angles for two different collector types. Table 11

contains the respective correlation factors, for instance, b,. and b,.

Table 11. Incidence Angle Modifier at the example of an EuroTrough and SkyFuel collector [56] [57]

_ by-6? by-0 _ )
IAM(0) =1+ cos @ T cos®) K = TAM(8) - cos(0)
factor by b,
EuroTrough* —2.8596921- 1075 —5.25097-107*
SkyFuel —-0.1227 0.0278

*computing the units for cos(6) [deg] and ¢ [rad]

0.8

e
fol

modification factor [-]
<
=

<
()

0 10 20 30 40 50 60 70 80
incidence angle 0; [°]
—IAM_SkyTrough - -IAM_EuroTrough IAM_UltimateTrough =~ == Cos_phi
K_SkyTrough - -K_EuroTrough —K_UltimateTrough

Figure 37 Incidence Angle Modifier curves with and without cosine losses

IAM correlations are collector specific and determined after measurement campaigns of the
operational modules. This detail constrains the comparison to present the IAM behaviour of each
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collector, due to accessibility of information. This factor will be equally considered at 6 = 0°

and subsequently IAM(8) = 1, to simplify the later performance estimation of all collectors.

For conventional structurally similar collectors the tendency of this factor curve seems to be
similar as could be appreciated in Figure 37. Once compering a conventional collector with glass
facets against a collector with polymeric film reflectors (considered an innovation), the similarity
is remarkable. It is also seen that the largest fraction of losses is based on the cosine losses,

which affect all collectors.
End losses

These factors are normally included in the IAM. They are nevertheless geometrical parameters
that can be estimated and exposed with a comparative character. A simplified equation in
dependence of the specific SCA collector length I.,; and the focal length f can be expressed as
follows [57]:

2-f+tan(6;)
Nena =1 — ) : (13)
col
Nend: end losses efficiency [-] Leot: collector length [m]
f: focal length [m] 0;: incidence angle [rad]

Results on Figure 38 show greater losses for instance on the GlassPoint collector as a
consequence of the lower length (8 m) and a greater focal length (1.95 m). On the other hand the
MS-Trough and the Split Mirror collectors both with 12 m module length, have lower losses
because of their reduced mean focal length: 0.98 m for the Split Mirror and 1.2 m for the MS-
Trough.

Since the relevant range of the solar incident angle for parabolic trough applications is between
0° and 60°, the losses in all collectors suppose a small fraction in comparison to the above

presented cosine losses and 1AM [2].
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Figure 38 End losses curves of different collectors neglecting the spacing between the modules of a solar collector assembly

Shading

The argumentation for the shading efficiency does not defer from that. The shade losses are
strongly depended on the construction format of the collector rows. To minimize these kind of
losses the distance between the rows is more or less 3 times the collector aperture width
ord,,, = 3-a., . For a total estimation of the solar field shade losses, it is necessary to fix the
number of rows contained in it. To enable a comparison an equal number of collector rows is

given for each collector, namely at n,.,,,=12. Figure 39 show the results using Eq. (14) [34].

-1 _d .
Nshade = 1— n;ow . Qcol (rlow cos(p) (14)
row col
Nshade - shade loss efficiency factor [-] QAcor” collector aperture width [m]
Nyow - number of rows [-] Arow: distance between rows [m]
p: tracking angle [rad]

For the GlassPoint collector the computed dimensions represent an entire glass house module.
Since the collectors are compactly built, shade losses start appearing at p=49° and increase

linearly. The represented shade losses do not include the shadings caused by elements above the
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aperture of the collectors, as it is the case on the GlassPoint (due to the glasshouse structure) and
Heliovis collectors (due to the receiver’s support and main circular support structure). All other

collectors following the three times aperture value for the row distance, do not show significant

losses until p=71°, which is above the relevant range of 60°.

0.8

2
Z 0.6
=
-
o
g
‘s 0.4
=
o
2
=
o
= 0.2

0

0 10 20 30 40 50 60 70 30 90
tracking angle o [°]

—UltimateTrough —SkyTrough —SkyTroughDSP —LAT73 —SL4600 -=-S0l.CT
——ConSol —Airlight GlassPoint —Heliovis ——Split Mirrors MS-Trough

Figure 39 Shade losses of different parabolic trough collectors
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4.1.2 Thermal Performance

To describe the thermal performance it is important to take elements like the receivers and the
streaming fluid of the solar field into account. Also operational parameters like the volumetric
flow, mass flow and the pressure of the cycle are relevant to get at operational temperatures. As
summed up before, there are suitable receiver types, for thermo-oils, pressurized steam and
molten salts; (see Table 6 to Table 8). Assumptions are made for the theoretical comparison of
the thermal aspects, because the operating temperatures and specific heat capacity factors vary

according to the fluid and concentration ratio of the collectors.

First a comparison of all evaluable collectors using the same heat transfer fluid is made, in this
case thermo-oil of type VP-1. Secondly the suitable collectors for molten salts are differed from
those suitable only for thermo-oil. In both scenarios a global assumption is made for the receiver
specific heat losses ¢ in W/m.

90 I I o o

800~ __FiT (s0) B o o o o o s

FIT (94)

700 -

600 -

500 -

400 -

300 -

specific heat loss q [W/m]

0 50 100 150 200 250 300 350 400 450 500 550
T [C°]

Figure 40 PTR70 specific heat loss curve fit with a polynomial of 3" order (red) and 2™ (black). A 1.14 factor defines the

@80mm loss curve and 1.34 respectively for &94mm.

56



4. Value Analysis and Evaluation Comparison Criteria

Figure 40 shows the heat losses of a PTR70 (&J70 mm) receiver tube for thermo-oil used to
operate at T=400°C. The loss values are taken from the product data sheet and interpolated with
a 3rd order polynomial. As the diameter tube varies from each collector, a further factor is
introduced accordingly to simulate the losses at higher temperatures e.g. for T=550°C for molten
salts. By this factor the percentual additional loss caused by larger receiver diameter is taken into
account, implying a larger receiver surface. It is estimated for a diameter &80 mm that receiver
losses will at least be increased by a factor of 1.14 (80/70), while for &90 mm by a factor of 1.34

(94/70) as the ratio of the diameters is calculated.

Scenario 1: Length estimation

To introduce the influence of the concentration ratio on the thermal power output, the operation
of all collectors with the same fluid is assumed. The thermo-oil VP-1 is a suitable choice for this
scenario, because thermo-oil is the benchmark for PTC power plants and the receiver losses
(above) can be described. Furthermore it is presumed that the collectors are operated at the same
mass flow m to achieve operational temperatures from the inlet (T;,, = 290°C) to the outlet
(Tyyue = 400°C). The output thermal power per loop is estimated from a 30 MW solar field
composed of 40 EuroTrough loops in Kuraymat, Egypt. For each loop an estimate of 2.0 MWy,

(thermal output) results in a mass flow of m = 7.5% according to Q = m-c, - AT and
S

considering a mean heat capacity factor of ¢, = 2.44 k";—{K.

Under these conditions, it is up to find the respective collector length, for which Qs is equal to

2.0 MWy,. The following equation shows the approach:

Qeff = Myrp * Cp* (Tout = Tin) = Qsotar — Quoss (15)
Qesr: effective thermal energy [W] Myrr: heat transfer fluid mass flow [kg/s]
Qsolar: incident solar energy [W] Cp: specific heat capacity factor [J/kg-K]

Qloss: thermal losses [W] Tip, Toue - COllector inlet and outlet temperature [K]

The output temperature is most important. Therefore an iterative equation is introduced: T,,; is

calculated after each receiver meter described as T;,., (L), until T;,;(I) = 400°C. Considering
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Eq. (5) for Q04 and Eq. (10) for Qs the results are suited to each collector property and the
temperature can be written dependant on the length as follows:

T (1) = 1+ | 2L optpea _qm)] T 290°C < Ty(l) < 400°C (16)
MYyTF Cp
Tiyq: outlet temperature [°C] DNI: direct normal irradiance [W/m?]
T;: inlet temperature [°C] a,: aperture width [kg/s]
l: length [m] g(T,): specific heat receiver losses [W/m]

For this calculation, the results vary according to the collector aperture width a,, (i.e. geometry),

the peak optical efficiency Nopt pealk (i.e. optical performance) and the specific thermal

losses q(T;), which depend on the receiver’s diameter. For the proposed scenario the collectors

are considered to be under the same irradiation of DNI1=800 W/m?.

Table 12. Required PTC aperture length to reach operational temperature of thermo-oil T=400°C.

Ny
2 o "
. S5 | . 2| E|E| 2| 2 +
= = o o —~ — o
5 clE| 2 BIE %2558 ¢
— 1 — = = 2] =
= N = = > < v— > et c <
8 = D % 5 7 O & 7 @ 8 f)
Required length Lot 2.0 mw [M] 425 | 435 | 459 | 461 | 498 |501 | 574 | 578 | 606 | 683 | 771
%- difference to
() - 0, 0, 0, 0, 0, 0, 0, 0, 0, 0,
the shortest length Al min [26] 2% | 8% |[8% | 17% | 18% | 35% | 36% | 43% | 61% | 81%

Table 12 sums up the results of the simulation and Figure 41 gives a graphical representation.
They show that the MS-Trough and the UltimateTrough have the shortest and similar required
lengths with a 10 m difference to each other. The difference of 346 m between the MS-Trough
and the SL4600+ is much greater. This example emphasizes the potential of larger aperture
widths, or rather aperture areas to gain more thermal power, assuming a good optical efficiency.
From an economic point of view, shorter collectors require less specific elements, as for example
receivers and drives, and thus reducing thermal losses and structural material. The large
apertures and their high concentration ratio to the receiver are certainly favourable. The MS-
Trough with 7.8 m aperture has 4% more collecting area than the UltimateTrough with 7.51 m

aperture.
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Figure 41 Required collector length of different PTC to achieve operational temperatures with VP-1

In PTC power plants a modular structure is applied, with rows in different formats, also called
loops. This scenario is based on a theoretical frame, to expose the potential of each collector
once set under the same operational and fluid media conditions, to show the relevant parameters

influence the required deployment of the collectors.

Scenario 2.1: Thermal power & performance with VP-1

Approaching a more practical scenario, the length parameter is now defined, by the length of the
respective collector loop. The collectors are further considered with thermo-oil as HTF, but also
the ones for molten salt operation are differentiated and separately compared. This scenario aims
not only to describe the performance at optimal conditions, but also to simulate the respective
loop thermal power gain and losses at operational design mass flow. Last not least, the study
aims to demonstrate the improvement potential of a power plant under the use of molten salts
(vs. Thermo-Qils) as HTF.
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The analysis is considered at optimal conditions for incident angle 6;=0°, for which the cosine
losses and IAM take the value of 1'°. For the cleanliness factor, brand new installed reflectors are
assumed (ncean=1) at a normal irradiance of 800 W/m?. According to Eq. (8) the solar thermal

energy is computed as follows:

Qsolar = Aeff * DNI - Noptoe N [TAM(0°), cos(0°), Nshadr Nendloss) Nclean = 1] 17)

Osotar: solar thermal energy [W] cos(8): cosine losses [-]

Ay effective aperture area [m’] Nshad: shade loss efficiency factor [-]
DNI: direct normal irradiance [W/m?] Nenaloss:  €Nd loss efficiency factor [-]
Topt.o°: peak optical efficiency [-] Netean: cleanness efficiency factor [-]
IAM: incidence angle modifier [-]

And for the thermal losses in analogy to Eq. (10), where x is the loop length [34]:

Qloss = fCI(T) dx (18)
Quoss: thermal losses [W] T: mean temperature [K]
q(T): specific heat collector losses [W/m] X length [m]

To find out the performance at AT between the atmospheric and heat transfer fluid temperatures,

Eqg. (6) can be solved as followed:

Q loss (AT)

Necot = Nopt — DNI-Agsf (19)
Neot collector efficiency [-] AT: loop inlet/outlet temperature difference [K]
Nopt- optical efficiency [-] DNI: direct normal irradiance [W/m?]
OQloss thermal losses [W] Agsr effective aperture area [m’]

To facilitate the comparison from a global point of view, three collectors have been adapted for
the study.

e GlassPoint: The collector is specifically used for process heat generation with steam,
more precisely for enhanced oil recovery (EOR). An operational assumption with

thermo-oil as heat transfer fluid is set for this scenario.

% Driven by the IAM and cosine losses, End losses and shadings are equal tol
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e SL4600: Its main operational purpose is direct steam generation (DSG). Same
assumption is met as the previous collector.

e MS-Trough: The collector is specifically designed to operate with the denser molten salt
medium in comparison to oil, which is the reason for its 800 m to 1000 m continuous
solar collector assembly length. The pressure drop in a collector loop of these dimensions
represents an unrealistic implementation at approximately 20 bar*. The loop length is
therefore established at 600 m for oil operations.

Figure 42 exposes the performance curve of the collector concepts, with their respective receiver

diameter.

On one hand, it is important to highlight, that the computed receiver losses are based on
laboratory environment measurements by the receiver’'s manufacturer. In practical cases, the
thermal conductive and radiation losses are greater than considered. The trend of the collector
performance remains nevertheless describable, since the thermal losses are rather depended from
the receiver and not from the collector concept itself. On the other hand optical properties are
considered accordingly to realistic inputs. At operational temperature Tsg 0, =400°C the thermal
efficiency can be determined, as well as the amount of thermal losses in relation to the gained

thermal power.

Table 13 sums up the computed parameters as well as the results for the respective collectors.
The UltimateTrough yields the best thermal performance at operational temperatures (T=400°C)
with 76% followed by the MS-Trough with 75%. Heliovis (68%), GlassPoint (65%) and ConSol
(63%) have the lowest thermal performance of this case.

Adding up the respective thermal losses of each collector and calculating the thermal gain, it is
possible to estimate a factor, which describes the efficiency of the loop. The MS-Trough loses
3.6% for each MWy4,, while GlassPoint 4.2%, the UltimateTrough 4.9%, and the SL4600+ 6.5%.
The conclusion: The smaller the loss per gained MWy, power, the more effective is the use of the

thermal energy.

! See case in section 4.1.3 Parasitic Consumption (Table 15).

61



4. Value Analysis and Evaluation

Comparison Criteria

0.90

0.80

0.70

0.60

Collector efficinecy M yector [-]

0.50

—UltimateTrough (94)
—GlassPoint (70)

50 100
Temperature difference AT = Typ - T, [K]

—SkyTrough (80)
Heliovis (80)

150

200

—LAT73 (70)

—MS-Trough (70)

Figure 42 Performance comparison of different PTC loops with Thermo-Oil as HTF

DNI= 800W/m?

Table 13. Simulation results of different PTC loops and relevant parameters for the computation with Thermo-Oil as HTF

PTR70/80/94
.......... 6i=0°
250 300 350 400
— -SL4600 (70) —ConSol (70)
SkyTroughDSP (80) ----Split Mirrors (70)

NN RN A A AR A A AN AR NG
o 7 2 AN N\ %, N\ 28\ % %, % ‘X
5 N\ N, N \© % ¥ R\ % L \%
Collector with VP-1 as HTF %, \Ex N % o “n %,
% /"0(/ O& 75 6@’0
D
% Y
Aol Aperture width m | 577 | 751 | 6.00 | 7.00 | 7.30 | 4.60 | 577 | 7.64 | 8.00 | 6.00 | 7.80
Lioop Loop length m 600 | 960 | 460 | 592 | 576 | 720 | 576 | 360 | 440 | 576 | 600
Ddaps Absorber diameter m 0.07 | 0.094 | 0.08 | 0.08 | 0.07 | 0.07 | 0.07 | 0.07 | 0.08 | 0.07 | 0.07
Noptical peak optical efficiency - 0.75 | 0.801| 0.76 | 0.75 | 0.77 | 0.75 | 0.67 | 0.68 | 0.71 | 0.75 | 0.78
Mpegign Mass flow at Loop design | kg/s | 7.62 | 16.40 | 590 | 8.86 | 9.30 | 6.97 | 6.30 | 535 | 6.80 | 7.40 | 10.50
Qloss Thermal Loss per Loop |MW,| 0.10 | 0.22 | 0.09 | 0.11 | 0.15 | 0.12 | 0.10 | 0.06 | 0.08 | 0.10 | 0.10
Qsolar Solar Thermal Power MWy,| 2.04 | 440 | 158 | 2.38 | 250 | 1.87 | 1.69 | 1.44 | 1.82 | 1.99 | 2.82
Qe Effective Thermal Energy |MW,,| 1.94 | 418 | 149 | 226 | 234 | 1.75 | 159 | 1.38 | 1.74 | 1.89 | 2.72
Losses for each MW
- [0) 0, 0, 0, 0, 0, 0, 0, 0, 0 0, 0,
Qioss™ Quolar |permal bower % | 4.9% | 4.9% | 5.6% | 4.8% | 6.0% | 6.5% | 5.7% | 4.2% | 4.4% | 4.9% | 3.6%
Nth Thermal Efficiency - 074 | 0.76 | 0.72 | 0.72 | 0.73 | 0.70 | 0.63 | 065 | 0.68 | 0.72 | 0.75
Global Efficiency o
Tglobal (Carnot factor = 0.52) % | 0.38 | 040 | 0.37 | 0.37 | 0.38 | 0.37 | 0.33 | 0.34 | 0.35 | 0.37 | 0.39
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Thermal scenario 2.2: Thermal power & performance with Molten Salt

This scenario only deals with collectors designed for operation with molten salts. The
comparison follows the same format as in “Thermal scenario 2.1”, yet considering operational

solar field outlet temperatures at Tsg 0, =550°C. Two collectors are adapted for the comparison as

follows:

e UltimateTrough: Operational conditions for Molten Salt have been simulated in a
previous study to optimize its performance. The computed parameters are based on them,
regarding the receiver diameter to @&70mm and subsequently the optical efficiency of
75.5% [9].

e MS-Trough: Once operating with salt the previous modification for “thermal scenario

2.1 is no longer required. The collector length is at 800 m as designed.

0.90
DNI= 800W/m?
PTR70/80
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=
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—Ultimate Trough (70) —MS-Trough (70) — SkyTroughDSP(80) -=-Split Mirrors (70)

Figure 43 Performance comparison of different PTC loops with Molten Salt as HTF

Figure 43 shows the collector performance curves of the four collectors. The parameters show a

higher overall performance of the MS-Trough collector with an optical efficiency difference of
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3.2% higher than the UltimateTrough and 3.8% to the SkyFuelDSP and Split Mirrors. In the

thermal performance at 550°C, the MS-Trough shows also higher results than the

UltimateTrough, SkyFuelDSP and Split Mirrors by 4.3%, 5.8% and 7.4% respectively.

The computed parameters and the thermal power values are shown in Table 14. The
UltimateTrough has a higher thermal power output compared to the other collectors. Yet it
shows a 7.4% portion of losses related to the gained thermal power. The SkyFuelDSP lost 9.4%
and the Split Mirrors 9.6%. The difference between the MS-Trough and the UltimateTrough is

marked by only a 0.5%.

Table 14. Simulation results of different parabolic trough collector loops and relevant parameters for the computation

with Molten Salt as heat transfer fluid

O’?},)) &'f//)} %6; 4762 5N
Collector with Molten Salt as HTF %))’\“o 0?9,50 @’&%‘ ﬁo({%
ERNS @’09

Acol Aperture width m 7.51 7.00 6.00 7.80
Lioop Loop length m 960 592 576 800
DBdaps Absorber diameter m 0.07 0.08 0.07 0.07
TNoptical peak optical efficiency - 0.76 0.75 0.75 0.78
Tipesign Mass flow at Loop design kals 10.30 | 5.78 4.80 9.25
Qioss Thermal Loss per Loop MW;, 0.30 0.21 0.18 0.25
Qsolar Solar Thermal Power MW;, 4.06 2.28 1.89 3.64
Qett Effective Thermal Energy MWy, 3.76 2.06 171 3.39
Qioss Qsolar Losses for each MW thermal power % 74% | 9.4% | 9.6% 6.9%
Nin Thermal Efficiency - 0.70 0.69 0.68 0.73
Nglobal (GC'ZE;"]‘('J tEf;f Icctfrniyo. 1) 043 | 042 | 042 | 044

The optical efficiency seems to be decisive on the results for molten salts, but also for thermo-
oils, where the UltimateTrough outperformed the other collectors. There are only few collectors

suited for molten salts applications, but they come to a competitive thermal efficiency ranging of

73% and 69% at 550°C.
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4.1.3 Parasitic Consumption

Departing from the previous scenarios for the thermal performance estimation 2.1 and 2.2, it is
possible to study the electric parasitic consumption. Here only the electric consumption by the
heat transfer fluid pump in the solar field is calculated. The aim is to find out, if there is an effect

of this criterion, when thermo-oils or molten salts are applied as heat transfer fluid.

Other power consumers like ventilators, valves and BOP pumps for instance, are not included.
The power for tracking and control can be considered constant over the day. Thus, fixed aperture

area specific base load values are considered such as 0.25-0.3 W/m?[34].

The electric consumption of the heat transfer fluid pumps ranges between 0.8 and 0.9*? and it can

be estimated in dependence of the following parameters [34]:

p _ VHTF ADHTF (20)
HTF =

Pyrr: electric power consumption [W] ApyrE: pressure loss of the solar field [bar]

Vyrr: volumetric flow of heat transfer fluid [m®/h] pump efficiency [-]

npump:

Considering as well the mean density of the fluid, the volumetric flow is written also as follows:

V — mDesign — QSF (21)
Pmean Pmean'Cp'ATHTF
V: volumetric flow [m®/h] Qgr: thermal energy from solar field [W]
Mpesign: ~ Mass flow at design [kg/s] cy: heat capacity factor [J/kg-K]
Pmean’ mean density [kg/m’] AT,rp:  inletand outlet temperature difference [K]

For the example only the pressure drop over the loop will be simulated, which decreases over the
receivers, cross-over pipelines, ball-joints and 90° elbows, until the pipelines to the hot head.
Since the simulation for each collector requires a certain study on how the loop is deployed and
on the number of interconnection elements, a common design is considered as shown in the
Figure 44. A EuroTrough loop is set as standard case and only those collectors following this
format are evaluated under these conditions, namely the: UltimateTrough, SkyFuel,
SkyFuelDSP, LAT73, SL4600+ and ConSol collectors.

12 Depends on supplier

65



4. Value Analysis and Evaluation Comparison Criteria

GlassPoint, Heliovis, Split Mirrors and MS-Trough implement their specific format. In all of

them, elements like ball joints are due to their concept design not required.

SCA 1 SCA2

i -0~

i SCA 4 SCA3

Figure 44 Scheme of a conventional loop. (i) Receiver piping, (ii) cross-over piping with ball-joints, (iii) 90°-elbows and (iv)

In the scheme straight tubes as (i) and (iv) are differentiated since they normally differ in
diameter and material. Number (ii) considers the cross-over pipes between solar collector
assemblies, for instance, as previously illustrated in Figure 30. This section is composed of a
combination of straight tubes, ball-joints and 90° elbows. As the turbulent streaming flows
through this straight tubes and obstacles, the pump has to compensate the caused pressure drop

Ap at the expense of the parasitic electric consumption. The total pressure drop of the loop is

here defined as:

Ap = Apreceiver + Apcrossover + Apobstacle (22)
Ap: overall pressure drop [bar] APcrossover.  Pressure drop in the crossover-sections [bar]
APreceiver.  Pressure drop in the receivers [bar] APobstace pressure drop in ball-joints or elbows [bar]

Where the pressure drops due to the straight receiver tubes (i) Ap,eceiver 1S given as:

8-L-mh?
Apreceiver = A+ dS2p (23)
A friction coefficient, turbulent stream [-] d: tube’s inner diameter [m]
L: tube’s length [m] p: mean density of the fluid [kg/m°®]

m: mass flow at design [kg/s]
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Here 2 = 0.015 is the friction coefficient for a turbulent stream, L the total receiver length and d
the receiver inner tube diameter. Also due to the aforementioned obstacles (ii) and (iii) the

following equation is valid for a single obstacle:

f’ D.S.mz *
Apobstacte = jlz-T-p (*13) (24)

Here &50- = 0.35 is the pressure loss coefficient and d the inner tube diameter of the cross-over

pipeline. For the study pressure losses at the ball joint are assumed as equal as the 90° elbows to

apply this equation.

For the situation of the elements in (iii), the Eq. (23) and Eq. (24) need to be added. The length L

and the inner diameter d are now those of the cross-over pipes:
AL\ 8m?  (x13
Apcrossover + Apobstacle = (n ) €90° + 7) m 19 (25)

The n corresponds to the number of ball-joints and 90° elbows. The value of A is generalized for

the cases.

Finally it is necessary to convert the thermal-to-electric power gained by the simulated loops to
estimate the parasitic consumption in relation to the produced power. Here the effective thermal
output Qeff is multiplied by the efficiency factor of the solar power plant ngp given between

0.36 and 0.38:

Py = Qefr * Msp (26)

P thermal-to-electric power [Wy] nsp . solar field’s efficiency [-]

Qeff3 effective thermal energy [Wi,]

The portion of electric power for self-consumption of the plant can be described as follows:

_ Pyrr
Pparasitic ~— p. (27)
el
Pparasitic: parasitic power consumption [%] Pyrp:  parasitic power consumption of the
P, thermal-to-electric power [W] heat transfer fluid’s pump [We]

13 For Eq.(24).-Eq.(25) same units and descriptions are use as in Eq.(22). - Eq.(23)
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Results

The results on Table 15 describe the scenario for the parasitic consumption of the heat transfer
fluid pump. Since the collectors are evaluated at design mass flow, higher mass flow also results
in higher pump parasitic consumption Pyyr. This scenario is highly variable, as real power plants
count with a designed pressure drop of about 10 bar to 14 bar, which in operation may be
influenced by the design of the piping’s and interconnection elements. Also the length of the
collector influences significantly the value for the pressure drop on the receiver Ap,eceiver
significantly. This can be seen in the case of SkyFuel (Lioop=460 m) vs. the LAT73 (Lio0p=576 M)
or even the UltimateTrough (Lio0p=960 m).

The assumed length modification of 600 m instead of 800 m for the MS-Trough exemplifies this
behaviour, which results in an increased pressure drop from 8.4 bar to 19.9 bar (42% difference)
on the straight receiver tubes by just varying the length of the receiver tube. A possible
alternative to reduce the pressure drop are also tubes with greater diameters, as can be seen from
Eq.(23) to Eq.(25).

Table 15. Parasitic power consumption due to the HTF pump of the solar field with Thermo-Oil as HTF

KRN S $
VRN RARNAN DX\ D, N\, %, %, %5 %
o X D )}, & P (* S ‘%}o (% (9 A 2
% % 2, Q, \ 0 4 N @,} /bO ﬁO(/
s\, \B N\ & o &, &
[>) &
% S %, N\,

Pressure Drop with VP-1 as HTF

Pressure drop on receiver

APreceiver tubes

Apcrossover  |Pressure loss on cross-
+APobstacies  |OVEr Pipes and obstacles

bar | 34 2.9 0.9 2.2 5.2 2.7 2.3 0.3 0.4 0.7 0.2 0.4

Total preassure loss per
A
X Ap loop

bar 7.8 9.9 1.9 51 115 7.2 52 1.6 1.7 4.7 8.6 20.3

Parasitic Consumption

Electric power

Pute consumption of the HTF | kW, [ 9.8 26.4 | 1.9 7.3 174 | 8.2 5.3 1.4 1.9 5.7 14.8 | 46.3
pump
Thermal-to-electric

Pe MW; | 0.70 | 151 | 054 | 0.81 | 0.84 | 0.63 | 0.57 | 0.50 | 0.63 | 0.68 | 0.98 | 1.27

power

Parastic Power

pumping

P parasitic consumption due to HTF % |14% | 1.8% | 0.3% | 0.9% | 2.1% | 1.3% | 0.9% | 0.3% | 0.3% | 0.8% | 1.5% | 3.7%
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In the case of the MS-Trough, GlassPoint and Split Mirrors, the absence of ball joints rectifies
lead to lower pressure losses ranging from 0.7 and 0.2 bar. Compared to that, other collectors

show a pressure drop between 5.2 and 0.9, for the computed loop conditions.

For the scenario with molten salts as heat transfer fluid Table 16 shows the results. The
SkyTroughDSP and the Split Mirrors collectors require the lowest mass flow as presented in
Table 14. These collectors have also the shortest collector loops compared to the UltimateTrough
and the MS-Trough, which is the main reason for their low parasitic consumption. All four
collectors represent s an evident enhancement on the pressure losses, and subsequently on the
parasitic consumption. The main reason for this is the implementation of molten salts as

compared in Figure 45.

Table 16. Parasitic power consumption due to the HTF pump of the solar field with molten salt as HTF

Ry S
(”o,)) Lo \ % & ~
%, N2\, \ %
2\ % % %,
o) % O Q. %
%y "\ \” %
% 9

Pressure Drop with Molten Salt as HTF
Pressure drop on receiver

APreceiver tubes bar 5.4 0.5 0.7 3.6
A -

Perossover P_ressure loss on cross-over bar 97 04 01 01
+APobstacles pipes and obstacles
S Ap Total preassure loss per bar 81 14 0.8 37

loop
Parasitic Consumption
Electric power

Pute consumption of the HTF kW, 5.7 0.5 0.2 2.4
pump

Pe Thermal-to-electric power | MW, 1.35 0.74 0.62 1.22
Parastic Power

P parasitic consumption due to HTF % 0.42% | 0.06% | 0.03% | 0.19%
pumping
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Figure 45 Pressure drop and parasitic consumption of different PTC loops with Thermo-Qil (VP-1) VS. Molten Salt as HTF
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4.1.4 Global Efficiency by Heat Transfer Fluid

The analysis on the heat transfer fluid is not only necessary to underline the potential of molten
salts vs. thermo-oil collectors to enhance the solar power plant’s performance, but also to point
out technical challenges. Thermo-oils are state of the art, for which 38% efficiency of the power
block can currently be attained. A conversion efficiency to up to 43.3% is achievable with the

implementation of molten salts as heat transfer fluid [9].

As the UltimateTrough and the MS-Trough were the collectors outperforming the others in both
scenarios, only these are chosen for the following example. To characterize the global (or
maximal theoretical thermal-to-mechanical) efficiency, the Carnot efficiency n.grnoc 1S
necessary to introduce. This theorem derived from the second law of thermodynamics, describes

the rate of thermal energy that can theoretically maximal be converted into work (see Eq.(4)).

Ngiobal = Ncarnot " Ncol (28)

Nglobal- global efficiency of power plant [-] Neol collector efficiency [-]

Nearnot: Carnot efficiency [-]

The study now allocates in the power block, where the highest temperature of the cycle is
defined by the thermal exchange from the solar field. For both thermo-oil and molten salt an
ideal thermal exchange from the solar field to the power block is assumed. Therefore the
respective operational temperatures Thigh Of the fluid are considered, which are for thermo-oils
400°C (673K) and for molten salt 550°C (823K)™. In both cases the lowest temperature T, of
the Rankine cycle at 50°C (323K) is supposed [34].

Table 17. Collector efficiencies with Thermo-Oil and Molten Salt as heat transfer fluid

Collector MNcol MNcarnot MNglobal HTF Thigh
0, 0, 0, _0i °
UltimateTrough 74.6% 52.0% 38.8% Thermo-Oil 400 °C
65.3% 60.8% 39.7% Molten Salt 550 °C
0, 0, 0, -0Oi
MS-Trough 74.0% 52.0% 38.5% Thermo-Qil 673 K
68.2% 60.8% 41.4% Molten Salt 823 K

14 A thermal stability for molten salts at 565°C has been demonstrated [28]
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Table 17 contains the results that characterize the global efficiency of the power plant. The MS-
Trough with 41.4% reaches a greater outcome once operating with molten salts in comparison to
the UltimateTrough with 39.7%, by a difference of 1.7%. These values are in fact a
demonstration of the improvement of the global efficiency with molten vs. thermo-oils, where
the highest global efficiency is achieved by the UltimateTrough with 38.8%. To complement the

overview of this study Figure 46 shows the different curves.
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Figure 46 Global conversion efficiency at the example of the UltimateTrough and MS-Trough with Thermo-Oil and Molten Salt

The collector efficiency curves are taken from the thermal scenarios 2.1 and 2.2 as mentioned
before and global efficiency is estimated according to Eq. (31).

Looking at these results, molten salts have the potential to improve the overall performance of
the power plant. There are still more aspects, supporting, but also limiting its application. The
state of the art solar salt 60% NaNOs; + 40% KNO3 has a freezing temperature at 223°C and a
solar field freeze protection temperature at 272°C. Compared to that, thermo-oils remain in a

liquid state to up to 12°C and require a solar field freeze protection at 62°C [9].
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Molten salt solar fields require a constant higher thermal state to avoid the solidification of the
salt in the pipelines, including receivers and cross-over elements. Thus the requirements on the
piping material, isolation material and antifreeze heating system are also higher and therefore
higher in cost. The piping needs to be first made of stainless steel as a corrosion resistant
material and secondly, it should be fully equipped, for instance, with induction heaters trough the
kilometers of piping on the solar field. Also the heating of movable components i.e. ball-joints or
swivel joints, comprehend on a cost intensive character. (This will be discussed in the next
section).

It represents indeed a high risk to implement molten salt as heat transfer fluid in the solar field
for which the reliability of the fluid has been proven, yet not as satisfactory as thermo-oil®.
Although experiments have demonstrated the feasibility of a melting reaction system through
induction, in case the salt solidifies'®. Furthermore adapted solar field formats are suited to

prevent this from happening with new operating strategies for molten salt [31].

15 See Archimede Solar Energy
16 See Novatec Puerto Errado demonstration for Linear Fresnel collectors
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4,15 Costs Scenario

In a parabolic trough power plant the capital cost of the solar field amounts about 31% with a 7.5
hours storage system that adds further 11% to the total costs as described for the Andasol plant in
Spain. In the solar field the costs of the heat transfer fluid (approx. 5% to 8%) are excluded, yet it
is included in the storage block [8]. This means that the parabolic trough collectors and the
supplementary operational equipment (e.g. drives, pylons, electric components, inter loop

piping...), plus the header piping, among others, are carriers of one third of the costs of the solar
plant.
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2-8% \.‘.:-'
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Figure 47 Solar Field cost of Andasol | (50 MW) power plant with EuroTrough collectors [49]

The graphic refers to the construction of Andasol 1 and represents the percentage of all
components of the total construction costs. As can be seen in Figure 47, the collector costs are

implicit, but with a breakdown of the single elements such as mirrors, heat collector elements
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and metal support structure. Even the assembly line and photogrammetry verification are

included.

On a solar field with molten salts as heat transfer fluid other requirements are established, for
example, the use of additional extensive heat tracing systems and other materials (e.g. stainless
steel piping for corrosion resistance). This causes an increase of the solar field costs, but on the
other hand significant reductions on the storage and adjacent blocks. The application of the same
transfer fluid in the solar field and storage system enables a more effective use of the higher

temperature difference between the two thanks, increasing the capacity of their given volume [9].

Table 18. Case study of thermo-oil vs. molten salt power plant with EuroTrough (ET) and UltimateTrough (UT) collectors [9]

Civil works €/m? 20 20 20
Solar field specific cost €/m? 228 198 210
Power block / HTF system / BOP €/kWe 1.286 1.286 973
Thermal energy storage €/kWhtn 45 45 16

As presented in Table 18 the specific cost of thermal storage would be reduced by almost a
factor of three.

The present study on the costs contains a rough estimate overview of the solar field specific costs
for the collectors, sometimes departing from manufacturers’ specifications and others by
argumentations or case studies. The analysis of these collectors presents practical boundaries that
need to be established. One reason is the limitation of information and secondly because in most
of the cases no solar field has been deployed yet except in theoretical studies. Therefore the cost
analysis will highlight some differences compared to the later drawn baselines of the
conventional EuroTrough and UltimateTrough collectors. Despite this fact, there is the
advantage that manufactures also departure from a common reference regarding the specific
solar field cost of a given collector, which is the current baseline at 230 €/m?. This enables a
qualitative presentation of the collectors endorsed by the given sources.

The diagram in Figure 48 presents the results of the study focused on the two baselines. First,

Baseline 1 is represented by the value of the EuroTrough as the known conventional collector,
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which operates with thermo-oil as HTF. The solar field costs of the UltimateTrough were
previously estimated with a cost reduction of -23% vs. the EuroTrough, due to the scaling of the
aperture and reduction of elements [45]. This was later rectified in a case study by the
manufacturers with only 14% reduction, thus deferring from the starting calculations by 9% [9].

The numbers here are a “static” representation and do not consider material price fluctuations.

300

UT baseline with thermo-oil

261
253

250 . UT baseline with molten salt
211
200

150 -

100 ~

Estimated solar field specific cost [€/m?]

50

Figure 48 Specific solar field cost estimate for different parabolic trough collectors. Supplement Table 19.

A comparison study between the UltimateTrough and SkyFuel collector, points out the
sensibility of the collector price just depending on variations of the aluminum alloys. Thus a
SkyFuel collector solar field could amount 152 €/m? for an aluminum alloy cost of 2.04 €/kg,
while the cost would increase to 187 €/m? for an alloy price of 3.36 €/kg [58]*'. This represents
about 19% increase of the total costs. Therefore, with the acknowledgement of this scenario, it is
to understand that given numbers could also be influenced by this effect.

Baseline 2 is introduced to differentiate those collectors operating with molten salts as heat
transfer fluid. Aforementioned requirements include the material selection and the auxiliary pipe-
heating system. Structural steel is holding somewhere between 0.6 €/kg to 1.6 €/kg, while
stainless steel is at least around 5.9 €/kg [59]. This specially affects interconnection piping and

17 Currency conversion (22.04.2019): 1 $ < 0.89 €
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ball joint elements. In the case of a EuroTrough solar field the cost for the ball joints are valued
at 3.6 €/m? [18]. Considering a 44% reduction of these elements in a solar field with
UltimateTrough collectors, 1.6 €/m® are estimated. In the case of molten salts the price of the
stainless steel ball joints would raise at least to 5.8 €/m?. The heat transfer fluid itself represents
also a cost reduction, where a solar salt type Hitec® approximately amounts 1.34 €/kg compared
to 4.01 €/kg of a synthetic oil [60].

Table 19. Specific solar field cost estimation with different parabolic trough collectors
Solar . Solar . Solar .
Fiel Estimated Field Estimated Field Estimated
Category/Collector Costs differer_wce to Category/Collector Costs differer_u:e to Category/Collector Costs differer_me to
[€/m?] Baseline 1 [€/m?] Baseline 1 [€/m?] Baseline 2
Thermo-Oil as Heat Transfer Fluid Thermo-Oil as Heat Transfer Fluid Molten Salt as Heat Transfer Fluid
SKALET-150 230 Baseline 1* Airlight na. - A |Ultimate Trough 210 Baseline 2 2
A UltimateTrough 198 114.0%2 D |GlassPoint na. - B |SkyTroughDSP 162 123.0%"
SkyTrough 152 133.0%° Heliovis 104 155.0%° Split Mirror 209 105%"
B |SkyTroughDSP 135 141.0%” Hittite Solar Energy ~ n.a - - MS-Trough 186 $11.4%!
LAT 73 173 1 25.0%* Brenmiller Energy 253 +19.0% "
SL 4600+ 211 18.0%° - Split Mirror 196 1150% "
Tough Trough 173 425.0%° MS-Trough 172 1250%*
¢ SOL.CT 129 140.0%
ConSol 261 +113.0%°

Sources Table 19: [55]%, [9]% [58]°, [61]% [18]°, [62]°, [63]", [18]°, [54]°, [64]*

Complement for Table 19, baseline 1: Thermo-Qil as heat transfer fluid

*  SkyTroughDSP. This collector is a scaled generation of the previous SkyTrough with 30%
larger dimensions. When scaling the EuroTrough to the UltimateTrough 40% larger
dimensions were reached. It meant a 50% reduction of components in the solar field and
finally decreased the costs to 14%. The estimation for SkyTroughDSP result therefore in
analogy to that case in 11% less costs than the SkyTrough.

*  SOL.CT vs. ConSol. While the Sol.CT concrete collector waits for the first demonstration
the ConSol collector was built and evaluated. The last aimed significant cost reduction is due
to the implementation of concrete. The manufacturing, transportation and assembly
adjustments demonstrated, nevertheless, a total increase of 13% to baseline 1. The Sol.CT

concept suggests a similar approach for which the manufacturer assures a 40% reduction to
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the baseline 1. The potential of implementing concrete for the whole structure is feasible, but
it requires further research.

* Airlight. The information is not available. A hypothesis based on the ConSol experience,
leads to the assumption that the cost must be significantly higher than the baseline of the
EuroTrough. The massive structure requires as well steel materials and the mechanical
tracking system a series of robust drive components.

*  GlassPoint. The information is not available. To encounter an estimate first the evident 6 m
high greenhouse glass should be considered, multiplied by the number of implemented
modules. Also the simplification of the tracking and bearing system can mean a reduction,
but the lightweight application of the honeycomb aluminum based parabolic concentrators,
might raise the price again. An assumption is that the costs represent a higher value than the
baseline 1.

* Heliovis. Presents the lowest costs, with a reduction of the solar field by 55% according to
the manufacturer [54]. Main drivers are the obviation of glass facets and rather the use of
polymeric membranes. The estimation of this difference is debatable since the collector
utilizes a significant amount of steel for its ring structure and uses as well around 10 single
drives per collector. Additional auxiliary photovoltaic structures are integrated as well as
wind and dust fences.

* Brenmiller. An estimate for this collector was made considering the proposed metallic
structure and implementation of glass facets. The cost estimation compared to a EuroTrough
is seems slightly higher, mainly because each solar collector element needs a single drive.
Furthermore the railing based structure to avoid ground works, means another significant use
of metallic frames increasing the fields costs. But the elimination of ball-joints and flexible

elements implies also a reduction.
Complement for Table 19, baseline 2: Molten Salt as heat transfer fluid

+ UltimateTrough. An increase of 12 €/m? can be seen from the UltimateTrough baseline 1 to
baseline 2, corresponding on a 10% increase of the costs. The authors of the estimate, sum up
in this value the heat tracing system and the stainless steel materials for a doubled in sizes
solar field [9]. It is also to point out that the receivers are smaller @70 mm once operating

salt vs. @90 mm with oil, also reducing the share of these costs.
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SkyTroughDSP. Departing from the results on baseline 1, a 20% increase is calculated
(double than the UltimateTrough). The assumption is made due to the smaller aperture area,
which requires more inter-loop connections and longer header piping. Also the heat collector
elements remark a difference by implementing &80 mm receivers. The collector shows the
maximal cost difference to baseline 2 with a 23% reduction.

Split mirrors. This collector obviates the use of ball-joints and implements fiberglass facets
with thin glass mirrors. The similarities to the UltimateTrough represent therefore a small
difference.

MS-Trough. About 14 €/m? for the heat tracing system and 9 €/m? for the piping material
are considered in the concept [55]. Compared to the UltimateTrough, the MS-Trough
accounts these components at double the value. Despite of this impression the total solar field
costs are by 11.4% lower than the baseline 2. This reduction is influenced by the elimination
interconnecting pipes between and at the end of the solar collector assembly. The fixed focus
design allows also less robust drives and still effective for a 200 m long collector segment.
The metal structure is reduced to the torque tubes, the continuous heat collector element
support rail and the lighter pylons. The sandwich material facets with thin glass mirrors

might lead to an increase of the costs.

From Figure 48, Table 19 and the comments reflect a clear ranking from low cost to cost

intensive collectors. Though the numbers are statically presented, the tendency to less expensive

innovations of the specific solar field in comparison to the applied baselines is evident.
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4.1.6 Scaling Potential
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Figure 49 Dimensions comparison of innovative parabolic trough collector modules and timeline of innovations

This criterion compares the dimensional characteristics of the studied collectors. Larger apertures
mean an enhanced capability to collect the solar light, but this alone is not all, since the intensity
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of the concentrated solar energy also depends on the implemented receivers. Therefore not only

the dimensions, but also the possible concentration ratios are compered in this section.

Particularly the module length of the innovative parabolic trough concepts with inflatable
polymeric films, namely Heliovis and Airlight, exceed by almost 10 times the continuous
module length of the conventional longest baseline of the UltimateTrough. Regarding the
aperture width, other two collectors surpass as well this baseline, namely the MS-Trough and

GlassPoint.

The scalability can be evaluated by means of the aperture area at operative scale. This aspect is
therefore reduced to consider only the segment of one single loop. The value of its effective
aperture area can be approximated by subtracting the projected receiver’s shadow on the

aperture. To estimate the value the collector and receiver length are simplified and considered as
I8,

equa
Aeff =Acor = Arec =l-a—1"dpe (29)

Agppe effective aperture area [m?] d,ec: receiver diameter [m]

Aol collector aperture area [m?] a: aperture width [m]

Ayec:  Teceiver projected area [m’] L: approximate collector = receiver length [m]

Having the UltimateTrough and the MS-Trough, not only the longest loop, but also the widest
design, they result to have greatest apertures per loop. The UltimateTrough as conventional
baseline is nevertheless superior, yet with one row and two drive cross-overs. The MS-Trough

instead possesses an 800 m continuous solar collector assembly.

Regarding the concentration ratio of the collectors, it might vary according to the implemented
receiver diameter. This, on further considerations modifies the intercept factor on the receiver
and subsequently the peak optical efficiency of the collector. For a first overview Figure 51
shows the possible geometrical concentration ratios that can be achieved with the respective

aperture widths (see. 2.1 Geometry and Concentration Ratio).

18 Gaps between mirrors, receiver bellows and cross-over elements, among others, could also reduce the effective
aperture area. This depends on the manufacturer’s definition.
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Figure 50 Effective aperture area estimate of a collector loop with subtracted receiver area
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Figure 51 Possible concentration ratio of different PTC for different receiver diameters: &70, &80, @94 &Z140 mm

A maximal concentration ratio of 114 can be achieved by Heliovis with the implementation of

@70 mm diameter receivers, followed by the MS-Trough, GlassPoint, UltimateTrough and
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LAT73. In the case of Heliovis the practical value might vary, since its design is predetermined
with a secondary concentrator at receiver’'s height and only a portion of the reflected light
intercepts directly the absorber. Therefore the next figure shows the practical values as result of
the literature research and is the base for the evaluation on this criterion. The baseline is again set
on the conventional collector, UltimateTrough, which possess a concentration ratio of 94 with a

receiver diameter of @80 mm. The Brenmiller collector’s dimensions are not available.
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Figure 52 Designed concentration ratio of innovative parabolic trough collectors
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4.1.7 Structure

The structure criterion is analysed by comparing the intercept factor of the collectors and
qualitatively in lightweight and longevity.

Intercept Factor

High intercept factors can only be reached, if the structure is accurate enough to concentrate the
light at focal height. More than that, it is also the alignment precision of the reflectors on the
supporting structure. This factor can be estimated through simulations, but further stated through
photogrammetric measurement campaigns. The results regarding this criterion were considered

with the same given receiver diameters as in the previous sections.

State of the art collectors possess a factor greater than 99%. It is in fact due to the central body
structure and the mirror alignment, that the collectors achieve these values. For these reason the
torque box, torque tube and space frames are the most recurred structures in conventional
collectors. Here, Category B collector and the Category C collector SL4600+, follow the state of
the art benchmark. For this criterion, the bassline is defined by the UltimateTrough with 99.2%
intercept factor with an 80 mm absorber diameter [45].

Table 20. Intercept factor of innovative parabolic trough concepts
Category/ Collector y intercept factor |Category/ Collector 1y intercept factor

A |UltimateTrough 99.2%? Airlight 74.8% -98.5 '
SkyTrough 99.1%? D |GlassPoint N.A"

B |SkyTroughDSP 98.8%"° Heliovis N.A"
LAT73 99.3%* Hittite Solar NA"
SL4600 99.7%° £ Brenmiller N.A"

c Tough Trough N.A" Split Mirrors 939
Sol.CT N.A" MS-Trough N.A°
ConSol 86%°

Sources Table 20: [45]%, [57]%°, [65]", [66]°, [18]®, [67], [641¢, [55]°

* Tough Trough. A similar accuracy to the SL4600+ of the same category can be expected,
due to the implementation of composite reflector facets.

*  SOL.CT. Implements cold bent mirror reflectors into concrete preformed gaps in the
parabolic frame. The ideal intercept factor of 1.0 is possible when the collector contour has
the shape of an ideal parabola. In the case of the SOL.CT one can assume, that the design

84



4. Value Analysis and Evaluation Comparison Criteria

entails optical errors, due to the unevenness of the concentrator surface, which cannot favour
a high intercept factor (see Annex B).

* ConSol. Expected, but difficult to predict deformations during and after the casting of the
concrete shell, required a manually adjustment of the receivers position to correct the
intercept factor value. On the first collector’s demonstration the intercept factor was
measured at 46% [18]. This problematic can be also presumed of happening for the SOL.CT
collector of the same Category C.

* Airlight. Analytical results are presented in Table 20 from [68]. The range is given
depending on the implemented number of adjacent polymeric layers, where 98.5% are
characterized for a parabolic shape. A lower than the baseline intercept factor can be
expected, since the inflated reflectors deform due to the gravitational force and uneven
distribution of the air in the chamber for incidence angles greater than zero degrees, 8 > 0°.
See Annex B.

*  GlassPoint. The collector is as well a fixed focus collector. This means that the accuracy of
the light’s concentration is totally dependent on the reflector’s suspension mechanism, yet
assuming that the likewise suspended receivers are perfectly fixed and oriented. In this case a
similar intercept factor to the baseline can be assumed. In another case, the thermal
expansion of the receivers could modify the proper alignment in an arbitrary position, mostly
since the elements are suspended from the ceiling by cables. This would decrease the
intercept factor.

* Heliovis. Similar assumptions as the Airlight collector are made. Furthermore it implements
a secondary reflector, which needs to be accurately installed in order to achieve a high
intercept factor. The implementation of receivers with a glass envelope leads to double-
refraction through its glass. The portion of deviated light could never hit the absorber.

* Hittite Solar. Due to the robust structure and implementation of thin glass facets a similar
factor to the baseline can be expected. Nonetheless the counterweight in front of the aperture
projects evident shading on the complete upper part of the receiver and probably on a portion
of the aperture. The counterweight might as well induce a torque, which deforms the
collector’s structure and subsequently incrementing the slope error of the mirrors.

* Brenmiller. In analogy to the Hittite collector of the same category, the structure might

enable a good intercept factor similar to the baseline. Mostly because it uses thick glass
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mirror facets and two outer torque tubes, which are continuously interconnected to the
adjacent modules. Slightly modifications might occur, due to the implemented single drives
on each module. If the drives are not synchronized while tracking, first the torsion of the
structure is susceptible to be deformed and secondly there is the hazard of receivers’
breakage due to the torsion load.

* MS-Trough. The parabolic structure has been tested in a prototype and a good precision is
potentially achievable [55]. Nonetheless, the great aperture proposed by the collector implies
longer focal lengths from the outer regions to the absorber, which might influence the
interception accuracy negatively. On the other hand the use of two torque tubes as a fix focus
module combined with the thin sandwich composite parabola, could assure a constant

accurate concentration in each tracking position.

Lightweight, Wind Resistance and Longevity

Table 21. Specific total weight and maximal operational wind speed
S'ig:éilflic wind speed sriz(t:;flic wind speed
Category/Collector weight (operational) Category/Collector weight (operational)
kg /mz] [m/s] kg /mz] [mis]
SKALET-150 300! 14.01 Airlight - 16.6°
A UltimateTrough 28.02 - D |GlassPoint 407 eie\jiiovr:zgt
SkyTrough 1557 120° Heliovis
B [SkyTroughDSP - 13.0* Hittite Solar Energy
LAT 73 - 12,55 Brenmiller Energy
SL 4600+ 19.82 14.0° - Split Mirror 14.3 2 10.0°?
Tough Trough - - MS-Trough
¢ SOL.CT - 3757
ConSol - 10.0°

Sources Table 21: [69]%, [70]? [501%, [51]*, [711°, [66]°, [63]’, [18]%, [67]°

Category A. A 50 MW solar field with EuroTrough collectors corresponded to a specific total
weight of 30 kg/mz?, accounting the steel structure, glass mirrors, receivers and bearings [69]. An
estimation by C. Prahl for the UltimateTrough accounts with 28 kg/m2 [70]. The collector’s
receivers, reflectors and structures with the proper maintenance suppose a life time of 25 years.

In the case of the UltimateTrough, due to the great aperture, wind fences need to be
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implemented. The wind load on it is nevertheless reduced by 30% thanks to the gaps on the

parabolic aperture [45].

Category B. These collectors specially target cost reductions through lightweight and
standardized structures. In case of the SkyTrough a mass reduction of ca. 50% was achieved
compared to the EuroTrough. The successor SkyTroughDSP is assumed to have a similar value
in analogy between the EuroTrough and UltimateTrough. For the LAT73, due to the similar
structural approach and the aluminum frame, a value slightly higher than 15.5 kg/m2 can be
expected, yet lower than the EuroTrough baseline. Reasons for this assumption are the additional
longitudinal girders for the reflectors support and the reflector panels themselves.

Category C. The SL4600+ achieves thanks to the sandwich composite structure a 30% reduction
in specific weight compared to the EuroTrough. It implements a robust torque tube, yet uses only
three pairs of stamped sheet arms. The toughTrough collector might have a similar weight as the
SL4600+. The concrete collectors do not offer a value on the total specific weight. An
assumption is that both of them are significantly heavier than the EuroTrough collector. In an
example with the ConSol collector only one of four supports weights 1995.0 kg per piece [18].
To be added is the continuous parabolic shell for two modules. Regarding the operational wind
resistance the value given for the SOL.CT is evidently superior as the ConSol, which is still to be

demonstrated.

Category D. For the GlassPoint collector a reduction of 84% in concrete, 56% in metal and an
estimate of 12 kg/m?® in glass elements were stated compared to Andasol 1 [72]. The final
specific weight results higher than the EuroTrough. Remarkable is, nevertheless, the zero wind
environment of operation, which distinguishes it over the other studied collectors. In the case of
the Airlight collector, the weight is assumed to be the greatest of all given, due to its piece’s
dimensions, which are full concrete and steel body. Heliovis instead, represents a lightweight
inflatable body made of plastic membranes. The factor that increases its weight, nevertheless, is
its bearing structure. Regarding the longevity, these three collectors have a common significant
risk, namely the breakage of its enclosing element. Possible hazards are strong winds, flying

sharp rocks, sand/dust abrasion or degradation due to ultra-violet radiation on the surface.
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Figure 53 Degraded inflatable collector, due to a possible crack of the plastic film. Coordinates: 30°13'01.7"N 9°08'57.5"W

(source: Google.Maps)

Category E. Regarding these aspects the Brenmiller collector can be close to the baseline of the
EuroTrough, due to the steel structure and the use of mirror facets. The Hittite instead is assumed
to be higher in weight mainly because of its massive counter weight, yet similar regarding wind
resistance and longevity. The Split Mirrors collector’s specific weight was estimated at around
14.4 kg/m? and it was preliminary analysed for wind speeds of 10 m/s [64]. The MS-Trough is
assumed to have similar or slightly higher specific weight values than the Split Mirrors collector,
due to the thin glass and sandwich composite structures. Regarding the wind loads, its large
aperture means also a mayor exposed area to the wind. Its value might range between those
collectors with composite materials. In all categories longevity between 20 to 25+ years should

be fulfilled, as it is state of the art.
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4.2 Evaluation Matrix

The recurred method evaluates a row of different solutions from an economic and technical point
of view. The VDI2225 guideline is a design engineering method that allows a comparative
analysis of several configurations against a theoretical ideal solution, regarding performance and
capital costs. After the evaluation campaign a so called “s-diagram” (s for strength) can be
derived from the results to illustrate the innovative and conventional collectors versus an ideal

solution.

The results of this method are strongly depended on the evaluation scale and the weight of the
defined criteria. Since the categories and technologies of this study possess specific strengths, it
is practically contradictory to weight each criterion, since some of them could be systematically
undervalued. Therefore to avoid arbitrary results all considered criteria are weighted with the
same importance as suggested in the guideline. The global scale is from “0" (unsatisfactory) to

4" (ideal), yet for the study additional metrics are introduced.

Two scales of type “I” or type “IlI” remark the criterion’s predominance of the baseline. Type "I’
is used, when the baseline is outperformed by any other technology and that of type “1I", when
the baseline is evidently predominant. Using this and the analysis results of the previous section,

a specific range is defined to evaluate each criterion as established in Table 22.
Technical Value X

First the technical value is introduced. It values those criteria that determine aspects like
performance, efficiency, structure and longevity. The ideal solution is represented for a value
X=1.0, when all criteria have the maximum punctuation. In this case each criterion is valued with
“4” for the ideal concept and it amounts in a total of "48” points for 12 criteria. The evaluation
with “0” is due to limitations in the previous analysis that hinders a higher punctuation. The

method implements following equation to calculate the technical value of each collector [73]

X = Pit P24Ps++Px _ _Dx (30)
N*Pmax Pmax
X: technical value [-] Pmax. Sumofall p, values [-]
Dy: value of criteria x [-] n: number of evaluated criteria [-]

2% mean value [-]
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A technical value above 0.8 is generally to be considered as very good, 0.7 as good and below
0.6 as unsatisfactory. Results of this parameter aim to give a general overview of the different
concepts and it only expresses, whether the chosen solutions promise success at least in technical
terms [73].

Economic Value Y

For this parameter the specific solar field cost is the main criterion. Also here an ideal scenario is
set, yet based on a market survey. One strategy is to identify current low prices with a
conventional state of the art collector and to put it in relation to the innovations and the
consequent baseline of this study, namely the UltimateTrough. From this survey a specific solar
field cost of 82.50 €/m? (92.00 $/m?) is stated as the lowest price for the conventional collector
ST8.2 (see Annex B) [74] *°. Another strategy is to recognize the economic value of the lowest
costs found among the studied innovations and set this as reference. In the latter case the
Heliovis collector presents the lowest specific solar field costs with 104 €/m?.

According to the VDI2225 guideline the economic value is defined as followed:

Yy = HM,min — B-Hpaseline (31)
H H
Y: economic value [-] Hpaseline:  baseline cost, i.e. UltimateTrough [€/m?]
Hymin:  market lowest achievable cost [€/m?] B: solar field cost levelling factor [-]
H: solar field cost of collector concept [€/m?]

The cost levelling factor B is the result of the ratio between the solar field costs baseline
reference and of the market lowest achievable costs. In this study Heliovis as reference
represents the most suitable approach, for which a value of $=0.52 is used. This means that the
economic value of the UltimateTrough baseline corresponds to 52% of the ideal specific costs.

Results

The results of this methodical approach are shown in Table 23 and are evaluated according to the
metrics established in Table 22. The S-Diagram is followed in Figure 54 and is the tool to

discuss the present work.

19 The study was conducted under the SunShot initiative in the SolarMat project
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4. Value Analysis and Evaluation

Evaluation metrics of the criteria and sub-criteria

Table 22.
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4. Value Analysis and Evaluation Evaluation Results

4.3 Evaluation Results
The s-diagram computes the X and Y values of each collector concept from Table 23, which
indicate the techno-economic strength s of their respective design. The line ranging from point
(0, 0) to s; (1, 1) is the ideal development line, which describes an equal technical and economic
value until the ideal solution. The results close to the development line represent an ideal

feasibility of the concept, yet stronger, if they are closer to the ideal point s;.

0.52)

Economic Value Y (for B
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Figure 54 S-Diagram for the evaluation of innovative parabolic trough collectors

Figure 54 includes also the state of the art development line, which is approximated by observing
the UltimateTrough and the SKAL-ET. This indicates a roughly estimate of the current

conventional collectors” development tendency.

The economic value Y of the concepts ranges in the graphic from the lowest to the highest limit.
On one hand the Heliovis collector shows the highest economic results (Y=1.0), since it is set as
lowest price basis and it has the lowest specific solar field costs within the study’s scope. On the

other hand the Hittite Solar, Airlight and GlassPoint collectors result on the lowest values of
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(Y=0.0), due to lack of accurate information about their solar field costs. Assumptions for the
two latter collectors could expect values lower than the SKAL-ET or even lower than the ConSol
collector (see 4.1.5 Costs Scenario). The graph also shows that the innovations tend to improve
the specific costs of the solar field compared to conventional collectors. The development line
drawn between the SKAL-ET and UltimateTrough is overburden by the concepts with higher

values for Y. From all concepts 50% are above the UltimateTrough baseline.

The technical value X is not as widespread as the economic value. It ranges from X=0.21 for the
Airlight collector and X=0.94 for the MS-Trough operating with molten salt as heat transfer
fluid. In this range 70% of the concepts are better than the unsatisfactory technical value X=0.6
and 1% results in an equal or higher than the optimal value of X <0.9. A result of the graph is
also that only few concepts surpass the technical value of the UltimateTrough baseline operating
with thermo-oil. One of them is the MS-trough operating with both heat transfer fluids and the

other again the UltimateTrough, but with molten salts.

There is a concentration of collectors around the development line, which mainly includes
Category B collectors. Among them, the LAT73 with thermo-oil has better technical values, than
the SkyTrough and the SkyTroughDSP with thermo-oil. The implementation of the
SkyTroughDSP (MS) with molten salt equalizes its technical performance and enhances the
economic value. In fact, all collectors operating with molten salt as heat transfer fluid state an
increment on the technical value compared to their versions operating with thermo-oil.

Nevertheless at the expense of increasing costs expressed by the decrease of the economic value.

Results of the collectors below the economic and technical value of the SKAL-ET do not
necessarily express the inferiority of the concepts. The method rather aims to show the direction

of development to which a concept must be steered to.

To summarize, the results show two outstanding concepts regarding the two values separately.
On the one hand in the economic part is the Heliovis collector with its enclosed aperture the most
economically important option. And on the other hand, stronger in terms of technical value, is
the MS-Trough fix focus collector operating with molten salts.
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4.4 Evaluation Discussion

The evaluation”s results highlight the technical-economic degree of current conventional and
innovative parabolic trough collector concepts. It is important to mention that the panorama
presented in Figure 55 shows partial results considering that the evaluation does not include all
possible criteria, but it does contain those within the framework of requirements attributed to
innovations?®. Hence it is possible to identify which collectors are of interest for large scale

power generation according to the evaluated criteria.

For the analysis and evaluation, collectors suitable for two heat transfer fluids were previously
differentiated. On the one hand those collectors with thermo-oils, which correspond to the state
of the art HTF and on the other hand those that can operate with molten salts. In the comparison,
collectors with molten salts possess HTF specific advantages in anticipation on two criteria. One
of them is the higher operating temperatures from up to 550°C or 580°C, which enable an
increase of the solar power plant’s global efficiency. The second is the parasitic power of the
cycle, since the characteristic density and viscosity of the fluid favour the heat transfer pumps”
performance. The calculated parasitic power values are lower with molten salts compared to
thermal-oils. This could be observed at the UltimateTrough loop example, where the change

from thermo-oil to molten salts result on parasitic power values going from 1.8% to 0.42%%".

These collectors also have a practical disadvantage in the framework of the evaluation, since
only the specific solar field costs were included to establish a common baseline. It is important to
have the awareness that the same fluid in the solar field and in the thermal storage block can
reduce the costs of the overall solar power plant. The specific costs of the storage block could be
reduced by up to a factor of 3?2 and also up to 23% less costs of the adjacent blocks together (i.e.
BOP, power block, HTF system) [9]. The present thesis demonstrates the certain increase of the
solar field costs with this medium, however it is necessary to emphasize that the true cost-
efficient factor is defined together with the thermal storage block. These aspects represent the
reason why it was necessary to differentiate both operating fluids. Thus the best collectors for

thermo-oils and molten salts can be sorted.

%0 See Chapter 3.
2! See 4.1.3 Parasitic Consumption
Counting the scale effects from a 50 MW to 100 MW solar power plant with UltimateTrough collectors

95



4. Value Analysis and Evaluation Evaluation Discussion

About the UltimateTrough reference base line, it can be seen that its techno-economic relevance
is already relatively competent even among the innovations. If its economic factor could be
improved, an ideal concept would be approached. Unlike this one, Category B collectors that
implement space frames do have an enhanced economic scenario at equally robust structures. On
the one hand, the installation of standardized elements in the main structure has a significant
influence on the manufacturing, assembly and installation costs, reducing on the specific solar
fields” costs. On the other hand, the implementation of polymeric reflectors clearly favours the
lightweight of the concept. However it is also its weak point in terms of durability and optical

performance.

Close to that category there are the sandwich composite structures collectors. Category C
collectors have the strong advantages of their robust structure, good optical performance and
longevity, but at the expense of high manufacturing costs that can result at large scale
application. In the case of the SL4600+ a disadvantage is also the scaling potential, which is
limited by its aperture and concentration ratio. Its installation would require a larger number of
modules in a solar field and also of absorber tubes. This not only affects the thermal efficiency of
the collector, but also causes higher investment costs. It should be noted that this technology has
been industrially approved and that the approach with sandwich composite materials can still be

optimized, with wider apertures and thinner facets, in order to save on material and weight.

The latter aspect is precisely addressed with the Split Mirrors fix focus collector of Category E,
which proposes the use of similar facets to those of the SL4600+. This collector presents slightly
improved results compared to the SL4600+ mainly due to the thermal behaviour favoured by the
enlarged aperture and the format of the loops. The proposal of this collector is certainly
innovative. However it has structural technical challenges that need to be projected, by means of

the torque body and heat collector element support bearings.

Following Category E collectors, the MS-Trough specially designed for the operation with
molten salts at high temperatures, sustains the most outstanding technical value of the study. In
response to the current demand for an optical collector that adapts to the requirements for this
format, the MS-Trough proposes features that favour both the cost-efficiency and performance of
the solar plant. Its fix focus design enables the elimination of flexible interconnection elements,
thus mitigating components with a tendency to frequent breakdowns. The mass distribution of
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the concept reduces the loads on the motors and their required nominal power. As far as the
optical design is concerned, a value is estimated between the conventional EuroTrough and
UltimateTrough collectors. The other collectors in this category, Hittite and Brenmiller, are fairly
similar designs in structure and result in a similar technical value. However, an important feature
that differentiates them is the mass distribution. Hittite employs a counterweight in its structure
which facilitates the fixation of the receiver and separation of the collector tracking movement.
This reduces the torque load on the tubes but makes the modules heavier and causes additional
shading on the receiver.

From Category D, the Heliovis collector has the economic superiority over the other concepts. It
proposes an extreme lightweight with its inflatable collector tube and a flexible implementation
for industrial process heat, enhanced oil recovery and electricity generation. At the moment the
optical and thermal performance were estimated and are being verified at the demonstration
unit?®. In analogy to the Airlight collector, a reduction in the intensity of the incident energy flux
through the top membrane can be expected. Light deviations due to reflection effects by the
cover and reflector layers disadvantage the module’s intercept factor. It is also assumed that the

enclosing membrane is susceptible to breakage by flying sharp objects brought by strong winds.

Among the innovations, the least salient collectors are those with a concrete structure. Of the
three included in the study, only two have been built: the Airlight and the ConSol collectors. The
third concept and yet to be demonstrated is the SOL.CT. A main advantage of these concepts is
the universal accessibility of the material. As far as the structure is concerned, the concepts do
not support a good optical performance, mainly due to the deformation of the material in the
hardening process and also at wind load. The ConSol project demonstrated nevertheless the
possibility of building this type of collectors and it can be considered as a milestone for the

development process of these collector types.

% Integrated module to a company of agricultural processes, Mercajucar, Spain
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5. Conclusion and Outlook

This thesis investigated the state of the art of parabolic trough collectors. For this purpose, a
classification was made between conventional and innovative collectors. A description of the
main components that define their optical and thermal performance was included. The data
collected from each collector was used to simulate the effective thermal energy output with

thermal oils and molten salts in their respective loops.

One of the goals was to identify those collector concepts that aim to increase the overall
efficiency, while reducing the parasitic power consumption of a solar plant. The results showed
that the UltimateTrough collector can achieve an overall efficiency of 43% by operating with
molten salts instead of 40% with thermal oils. Only superior in this sense was the MS-Trough
reaching 44% with molten salts. As for the parasitic behaviour of these collectors, both reduce
the impact up to 0.19% in the case of MS-Trough and up to 0.42% in the case of Ultimate-
Trough. These two collectors were the most salient concepts of the study in terms of

performance.

Another goal was to estimate the collectors” economic impact on the solar field. Regarding this
the Heliovis collector turns out to be the most remarkable innovative concept proposing a
reduction of 55% compared to the EuroTrough baseline [54]. However, its technical performance
is distant from that of the collectors mentioned above, mainly because it combines polymeric
reflectors and a transparent membrane that reduce the intercept factor onto the receivers.

The study highlights the potential of the operation with molten salts as heat transfer fluid. This
implies a significant reduction of the solar power plants” investment by up to a factor of 3 in the
storage block and also up to 23% less of the costs in the adjacent blocks together (i.e. balance of
plant (BOP), power block and heat transfer fluid system) [37]. However, this technology not
only benefits from the use of molten salts, but is also attached to its operational boundaries.
Currently there is the technology to maintain the temperature of the salts in its liquid phase at
more than 270°C in the pipes, receivers and storage tank by means of heat tracing and auxiliary
heaters. However, it is also cost intensive. For this reason, studies of molten salts are being
undertaken to reduce their solidification temperature properties, thus counterbalancing to the risk

of operation.
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In the solar field especially the sealing of flexible interconnection elements such as ball-joints or
swivel hoses mean a weak point of high risk freezing of the medium. For this purpose only two
concepts mitigate this risk, namely the collectors MS-Trough and Split Mirrors. Because of their
fixed focus design both collectors can eliminate these components allowing a fixed
interconnection between the modules and the header piping to the storage tanks. This property is

only found in Category E collectors.

The study, in conclusion, analysed and evaluated the collectors in their technical and economic
aspects to reflect the development tendencies and the progress of their potential. The collectors
capable of operating with molten salts demonstrated superior technical relevancy, among them
the MS-Trough, the UltimateTrough and the SkyFuelDSP. That is mainly for their performance
and second for their economic impact on the overall cost of a solar power plant. The three
collectors benefit from the scale-up effects of their wide apertures, but more importantly they
have the potential to integrate the cycle of the solar field with that of the thermal storage block in

one.

The thesis offers a comprehensive overview of large-scale parabolic trough collectors for large
scale energy generation. The content can be used as a market survey of current options, which
highlights those technologies with the potential to have a major breakthrough in the sector. The
objective is, in fact, that of incentivising the prevalence and competitiveness of the technology
within the framework of sustainable renewable energies. Mainly research institutions, renewable
energy associations, investors and inventors can benefit from this work for the promotion of new

parabolic trough collectors concepts.

It is likely that concentrated solar power technology with parabolic trough collectors will not
become as conventional as, for example, photovoltaics. However, any technological advance that
can optimize processes to generate clean energy is relevant for the common good of reducing the

use of fossil fuels to mitigate the concentration of greenhouse gases on earth.
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A. Department internal survey: questionnaire & results

1) In which fields of activity do you deal with parabolic trough collectors?

Anzahl Teilnehmer: 14

12 (85.7%): Forschung & Entwicklung
1 (7.1%): Betrieb & Instandhaltung
2 (14.3%): Inbetriebnahme

5 (35.7%): Testsdurchfiihrung

- (0.0%): Dienstleistung

1 (7.1%): Administratives

Forschung & Entwicklung

Betrieb & Instandhaltung

Inbetriebnahme

Testsdurchfiihrung

Administratives

2 (14.3%): Keine Keine
1 (7.1%): Andere Andere
Antwort(en) aus dem Zusatzfeld: f T T T T T T !
0 2 4 6 8 10 12 14
- Marktbeobachtung
2) Which of these collectors for large scale solar fields is known to you?
Anzahl Teilnehmer: 14
EuroTrough
12 (85.7%): EuroTrough
11 (78.6%): HelioTrough HelioTrough
9 (64.3%): UltimateTrough UltimateTrough
1 (7.1%): SpaceTube ST SpaceTube ST
7 (50.0%): SenerTrough
SenerTrough
8 (57.1%): Skyfuel [DSP]
4 (28.6%): Airlight Skyfuel [DSP]
8 (57.1%): Solarlite SL4600 Airlight
7 (SC!.O%): Fix-Focus:Trough mit Solarlite SLA600
geteiltem Parabelspiegel
3 (21.4%): Aalborg Trough Fix-Focus-Trough mit geteiltem Parabelspiegel
4 (28.6%): ToughTrough Aalborg Trough
5 (35.7%): MS-Trough [Molten Salt]
ToughTrough
2 (14.3%): Heliovis
MS-Trough [Molten Salt]
2 (14.3%): Andere
Antwort(en) aus dem Zusatzfeld: Heliovis
- HelioPoint Andere
- SEGS
r T T 1
0 5 10 15
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3)

4)

5)

6)

Do you know an innovative/alternative concept of parabolic trough collectors? If yes,
please mention.

There was once a development for foldable collectors about 15 years ago from the DLR
environment (Olaf Gobel). But is not further pursued m. W.
Fix Focus trough by Christoph Prahl

Which specific components or aspects could be particularly relevant for increasing the
efficiency and reducing the costs of parabolic trough collectors?

Lightweight dimensionally stable mirrors with high permanent reflectivity; Lightweight (low
cost material...) dimensionally stable support structure; Improved HTF

ball joint susceptibility; - monitoring of absorber tubes; - monitoring of pollution; -
monitoring of mirror shape and alignment

Maintenance (tracking, optical and thermal efficiency). Introduction of external systems to
minimize wind loads and pollution; Automatic, water-saving cleaning system.

BOP and solar field control; automated control; HTF (higher temperatures, HTF without
need of freeze protection); optimized operation with memory (Peaker power plant)

-Heavy and expensive EuroTrough torque box, which was simply copied in many new
collector developments; - expensive self-supporting mirrors (as with EuroTrough) could be
replaced by thin glass mirrors

Do you recognize a weak point in the technology of parabolic troughs?

Lower temperature than towers, therefore more limited field of application

Complex control. Use of sensitive components that are either expensive themselves, or
expensive to repair (especially in the frequency they occur).

High operating costs (a lot of personnel, many mechanical and hydraulic components,
complex control and needs DNI), susceptible absorber glass breakage

Very distributed hydraulic system (e.g. critical for leakages or Molten Salt)

“Last but not least”: Would you like to make a free contribution to the topic?

| think parabolic troughs should be used more in the low process heat at medium temperature
(200 - 400°C) or should be optimized for it. l.e. develop e.g. smaller, simpler, modular
systems, which can be used "plug-and-play" in various industrial applications; for power
generation, tower systems with molten salt currently offer a high potential for improvement.
Compared to tower power plants, | find parabolic trough technologies much simpler and
modular

I think that CSP power plants in general have an affirmation of existence due to the storage
tanks. The mass of solar power, however, will remain PV. With parabolic troughs, switching
to a new HTF could do a lot. This could be salt or silicon oils.

Large Aperture Trough with Molten Salt or Silicone Oils
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