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1. Content of deliverable 

The Deliverable 2.4 (D2.4) was prepared as part of the European Commission Horizon 2020 

funded project INSHIP: Integrating National Research Agenda on Solar Heat for Industrial 

Process (www.inship.eu). The Deliverable entitled “Guideline on materials and 

components “ includes an overview of materials used for solar thermal technologies for 

low temperature SHIP (80-150°C). This report includes “specifications on materials with 

enhanced durability in SHIP low temperature applications, including energy carriers, 

sealings. On the design side, a scientific approach to the modular design, linking physic 

models to performances expected”. The deliverable has been built-up with the 

contribution of teams of WP2.3 of INSHIP project, University of Evora (UEvora), Center of 

renewables energy and saving (CRES). The deliverable includes results of the mobility for 

Tasks 2.3 FBK to UEvora. In the first part, the report is devoted to a general overview of 

materials, degradation of materials used in solar collectors and for stagnation.  The 

second part is dedicated to innovative materials, and innovative methods to increase the 

durability of solar collectors. The third part describes a scientific approach to modelling 

and energy design of a novel modular collector. 

1.1. Overview of materials and components for low temperature solar 

technologies 

 

More than 30 billion tons of carbon dioxide (which is a greenhouse gas) is released into the 

atmosphere every year, and this is causing climate change [1]. For this reason, nowadays, 

it is necessary to organize large-scale decarbonisation of energy processes [2]. Solar 

thermal energy is an alternative energy source to fossil fuels, it is already available, and it 

does not produce CO2. The industrial sector consumes approximately 29% of the world's 

total energy consumption, which is more energy than any other end-use sector [3]. This 

value in Europe is 22.8% [3] of which heat demand is 71% [3].  The use of alternative eco-

sustainable and carbon-free technologies for the generation of thermal energy is now a 

compulsory choice.   Solar heat has enormous potential for solar thermal applications but 

is still mostly unused, in particular for industrials processes. In the industrial field, more than 

30% of processes work in a temperature range from 60 - 150°C. For this reason, the 

development of systems able to efficiently transform solar energy into heat is crucial for 

many industrial applications such as drying process, desalination, distillation, pasteurization 

and many others [4]. 

1.1.1. Introduction to Solar energy for heat production. 

 

The importance of and interest in solar energy is not new; for instance, one of the first 

methods to preserve food was through drying by exposing the food to natural ventilation 

and solar radiation. Hayashi reported that in ancient times, pieces of meat were dried and 

preserved by people living around the Don River in southern Moscow (9000 BC)[5]. Solar 

saltworks were common in the Greek and Roman ages, such as the Salina di Trapani or 

Salina di Ostia.  Solar drying using the sun has also been used for many other foods 

including fish and grapes. Many patents have been deposited on solar technologies at 
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the end of the 19th and beginning of the 20th centuries, and from the early 1960s many 

reported scientific works have been dedicated to solar technologies [6][7]. Heat 

production using solar energy is based on photo-thermal conversion; the photo-thermal 

effect is produced by a) photoexcitation due to absorption of solar photons using an 

optical absorber surface (black surface), b)  energy release by photons to the absorber 

surface (heat production) and c) transfer of the produced heat using a thermodynamic 

fluid [2] as shown in Figure 1. The photoexcitation can be observed in inorganic materials, 

such as noble metals and semiconductors, as well as in organic materials such as carbon-

based materials, dyes and conjugated polymers. The efficiency of photon-thermal 

conversion, in particular at low temperatures,  is very high (> 70 %)[2][8]. For this reason, this 

kind of conversion is the most efficient method to convert solar energy into usable energy. 

Solar collectors are devices that enable efficient photo-thermal conversion by reducing 

infrared losses and use configurations that efficiently transport the heat produced to a 

specific thermal process, as shown in Figure 1. 

  

 

Figure 1 Sketch of heat production for industrial processes by photo-thermal conversion, a 

scheme of solar field integrated to the industrial processes. 

 

The thermal energy produced is then transferred to the industrial use using a hydraulic 

system and using an energy carrier as a Heat Transfer Fluid (HTF). The HTF can be air, steam 

or liquid such as water, glycol, diathermic oil, molten salt or ethanol [9].  For low 

temperature applications (80 -150 °C) the most suitable solar collector technologies are 

flat plate collectors (FPC) flat evacuated collectors (FEV), evacuated tube collectors 

(ETC), and compound parabolic collectors (CPC) based on their excellent efficiencies at 

low temperatures (80-120 °C), simplicity of installation and low cost. Small-scale sizing of 

Linear Fresnel Reflector (LFR) and Parabolic Trough Collector (PTC) are also used in 

particular when temperatures required for industrial processes are higher than 120 °C.   

The technology to produce heat using the solar collectors is in general robust. To facilitate 

the penetration of SHIP plants in the industrial processes, i) avoiding interruption of 

industrial process induced by malfunctioning of the solar plant, and ii) reduction of 

operational cost are crucials. 
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1.2. Durability introduction 

 

Durability is the capability of a SHIP plant to remain functional, without requiring 

special maintenance or repair, when faced with the challenges of regular operation over 

its lifetime. In the SHIP plant, there are several sources of special maintenance that 

interrupts the regular operation such as i) degradation of the performance of the 

materials used for solar collectors, ii) seals failures and leakage of HTF, iii) degradation of 

the performance of thermal heat fluid, and iv) breakage of tube collectors or solar 

collectors. To mitigate the impact of these sources on the regular operation of SHIP plants, 

several strategies can be used including the following: i) improvement of the durability of 

performance of materials; ii) avoiding the stagnation of the implant; and iii) the use of the 

modular concept of the implant. The stagnation of a SHIP plant produces an overheating 

that increases the pressure in the solar collector promoting the ageing and failure of the 

components. For that reason, it is essential to use an anti-stagnation system. To minimize 

the impact of a crack in a solar tube, it is crucial to use a modular concept in the solar 

plant. With a modular approach, the single components can be easily confined from the 

rest of the implant without a sensible interruption of the SHIP plant. In the Deliverable 2.4, 

an overview of the materials with enhanced durability, a description of an anti-stagnation 

system, and finally a modelling and energy design of novel modular collector are 

discussed. 

1.3. Degradation of Materials used in solar collectors 

In the solar plant to produce heat for industrial process, several materials are used 

including metals, polymers, ceramics, glass varnish and nanostructured ceramic-metal 

coating (cermet).  The materials are in contact with water, oils, humidity salts, air pollution 

and dust. This leads to a complex picture of the degradation of materials, in particular 

taking account the conditions of the environment that varies with the location of the solar 

plant. For instance, a solar plant located near a coastal area is more prone to the 

corrosion-induced by salts while an implant located in an arid or semiarid region suffers 

more from the problems inducted by dust reducing the optical properties of the mirror 

and glass or problems connected to erosion of the surface. Moreover, in a similar location, 

the presence of pollution as H2S due to the presence of intensive industrial process can 

promote the corrosion of the devices.   The materials of the solar plant are exposed every 

day to a broad range of chemical substances, visible light, UV radiation, and heat. The 

materials are therefore exposed to physical and chemical sources of degradation that 

can modify the properties of the surface. The modification of a surface can be a problem 

under the optical point of view as well as the tribomechanical point of view [10]. An 

example is the corrosion of a surface due to the direct attack from chemical compounds 

like acid on the surface (lemon on marble), the typical galvanic corrosion of bimetallic 

junctions as well as the differential aeration corrosion [11]. Another kind of degradation 

mechanism is the degradation induced by UV related to the higher energy compared 

with the visible light which induces a deterioration of materials like glass and polymers [12]-

[13]. Moreover, the degradation of the surfaces can be induced by mechanical 

processes as wear between lubricated and not lubricated materials [14][15] or by 

mechanical stress accomplished by corrosion. The primary source of degradation of the 

materials in the solar collector is corrosion, thermal degradation, degradation induced by 

water, erosion induced by dust, reduction of optical performance due to dust covering, 

ageing of the polymers, and chemical degradation of energy carriers. In Table 1 we 
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reported the primary source of degradation for the main elements of a solar plant: i) solar 

components; ii) energy carriers; and iii) sealing.  Specifically, in Table 1 the main 

components for each of the main elements are listed, and for each main component the 

main sources of degradation source and types of collectors for which this degradation 

source is important are presented (for instance, the ETC does not have an external mirror, 

and for this reason the degradation of the mirror is not important for ETCs). 

Table 1 Map of degradation sources of the different components of the solar field and 

related type of collector. 

 

 

 

1.3.1. Corrosion and Ageing of the solar components and materials  

 

Even if many kinds of degradation processes occur on the surface of a material, an 

important part is due to the presence of water. The typical degradation in the presence of 

water is due to the partial solubility of the material, due to the process of absorption and 

hydrolysis of material, ion exchange accomplished in many cases by dissolution and 

degradation of materials, and to the differential aeration corrosion. On metals, the 

differential aeration corrosion is a significant problem; it occurs when oxygen 

concentrations vary across a metal surface. The varying concentration of oxygen in water 

creates an electrochemical cell on the metal surface, and this promotes corrosion by a 

 Components Degradation source Type of solar 

collector 

Solar Collector Glass Erosion / Dust FPC/ETC/CPC/PTC 

/LFR 

 Vacuum Getter degradation ETC/CPC/PTC /LFR 

 Mirrors Dust covering CPC/PTC /LFR 

  Erosion CPC/PTC /LFR 

  Corrosion CPC/PTC /LFR 

Energy carrier Water/Glycol Ageing  

Degradation  

Differential Aeriatial 

corrosion (water) 

FPC/ETC/CPC/PTC 

/LFR 

 Diathermal Thermal deg. Overheating 

Chemical degrad. 

FPC/ETC/CPC/PTC 

/LFR 

 Silicon Oil Thermal deg. Overheating 

Chemical degrad. 

FPC/ETC/CPC/PTC 

/LFR 

 PCM Thermal deg. Overheating 

Chemical degrad. 

FPC/ETC/CPC/PTC 

/LFR 

Sealing  Piping/Solar 

collector/Storage 

Hex 

Thermal deg. Overheating 

Chemical degradation 

(water) 

 

FPC/ETC/CPC/PTC 

/LFR 



Deliverable Report   

 

D 2.4    GA No. 731287 8 
 Co-funded by the Horizon 2020 Framework 

Programme of the European Union 

galvanic process. This is the typical corrosion that can happen under a water drop (e.g 

condesation of water in presence of high humity % in the atmosphere) .  Besides 

differential aeration corrosion, another degenerative process typical of metals can occur 

on the surface of the material exposed to water is the process of absorption of water in 

the outer layer of material which can degrade the surface by proton exchange or by 

hydrolysis; the latter can be encountered on polymers. This kind of degradation is typical 

of plastic materials and can be mediated by light (UV), and chemical substances. Simple 

contact with water can be a source degradation also of a hydrophobic polymer like 

PDMS [16];[17],[18]. Water can also induce the degradation of a metal surface by 

corrosion. When a metal and an electrolyte are in contact and the electrolyte and metal 

have a different standard electrode potential an electrochemical cell is spontaneously 

realized, and the metal can act as an anode, and metal ions are removed from the metal 

surface inducing the degradation of the surface. Corrosion is favorable in the material 

with the lower red-ox potential, but other phenomena must be considered in corrosion. 

Aluminum has a red-ox potential lower than that of iron, but on aluminum, a layer of 

alumina oxide is naturally present, alumina is insulating and exhibits a high resistance to 

corrosion (i.e. alumina is a natural passivation layer that acts as a barrier against 

corrosion).  

1.4. Dust /soiling accumulation 

 

Dust, soiling, salts, smog particles, and other non-chemical pollutants can deposit on the 

surface of the optical part of the solar collector and glass and mirrors. These microparticles 

physically cover the surface of the material, producing a shadowing that reduces 

transmittance of light in the transparent materials (glass, polymers) and reduces the 

reflectivity of mirrors. The effect is produced on the specular reflection of mirrors due to the 

double path of rays in the reflection process. The effect of accumulation is less 

pronounced if the hemispherical reflection is considered (scattering effect)[19]. In 

general, the decreasing of optical properties due to accumulation depends on the 

inclination of the collectors, the shape of receivers, locations of installation and exposure 

time. Moreover, the capture and accumulation of particles on the optical surface are 

deeply related to the physical/chemical nature of the particle and on the 

thermodynamic properties of the surface, e.g. surface tensions. In this report, the 

fundamental physics related to solid-solid interaction is not discussed due to the great 

complexity of the field that can arrive at the frontier of nanoscience (e.g.  Lifshitz-van der 

Waals, acid-base interaction). In this manuscript, we report the main experimental results 

found in the literature. 

1.5. Erosion and scratch degradation  

Sand particles settle on collectors, and in dust or sandstorm conditions can cause surface 

erosion. Washing and brushing are employed by solar plant operators to remove particles, 

a process that can lead to abrasion of the surface and permanent loss of optical 

reflectance and as well as enhance the corrosion of the mirrors [20].Klimm et al. reported 

a decreasing of transmittance of 7%  on glass exposed to the sand in Negev Desert  while  

a reduction of about 40% of transmittance of the glass espoded to 2 years in the Canary 

Island.[21] 
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1.6. Stagnation  

 

When the HTF mass flow is reduced or the system of which a solar collector is a part is not 

exporting the heat, the medium temperature inside the collector will increase. If the 

temperature exceeds the maximum design temperature, “overheating” will occur. 

Moreover, if the HTF is not removing heat from the collector at all, as in the case of a “no-

flow” condition (i.e. a pump failure), the temperature will increase up to the point when 

the solar gains equal the heat losses. This state is called “stagnation” and the temperature 

“stagnation temperature”.  When the stagnation temperature is lower than the maximum 

design temperature and the maximum fluid operation temperature, no major problems 

will exist. However, anytime the temperature reaches the maximum design temperature 

some measures must be taken to prevent overheating (see Figure 2). 

 

Figure 2 Temperature profile for a collector with Tdesign < Tstagnation [22] 

If an overheating condition exists for an extended period, it can result in serious and 

irreversible damages both to the collector and the HTF. While in tracking collectors the 

simplest anti-stagnation protection is defocusing, this cannot be applied to stationary 

collectors and is a greater problem the better the collector is. A thorough description of 

overheating prevention and stagnation handling in solar collectors can be found in INSHIP 

D3.1 and in Frank et al. (2015). 

1.7. Protective and functional coatings  

In the previous paragraph, we briefly reported on the degradation of a surface exposed 

to different kind of agents. To reduce the effect of degradation by liquids, dust, soil, and 

gases, it is very important to minimize the contact of  degradation sources with the 

materials using a protective coating. For instance, the penetration of substances into the 

materials is called permeation. The permeation of a liquid and gas in materials is essential 

to consider in a diverse set of applications ranging from the packaging of food, 

pharmaceutical and microelectronics for consumers. Ficks Law can describe the 

permeation of gas and liquid. The low permeability of a barrier layer could have a 

significant impact on reducing the rate of gas or liquid permeability in the material.  An 

example is the titanium barrier coating on a PEEK polymer to reduce gas diffusion [23]. In 



Deliverable Report   

 

D 2.4    GA No. 731287 10 
 Co-funded by the Horizon 2020 Framework 

Programme of the European Union 

this condition, the “perfect” impermeable barrier is led by defects like pinholes or 

scratches. The transport of liquids and gases in an impermeable membrane with defects is 

determined by the density and dimensions of the defects , and less by the thickness of the 

coating.  Fick’s Law of diffusion gives an excellent description of diffusion in a simple 

system, like the behavior exhibited by gas and or by water vapor on a hydrophobic 

polymer. However, many polymers depend strongly on concentration. Water, in 

particular, has a distinctive character that gives rise to certain conditions of non-Fickian 

diffusion. Water exhibits hydrogen bonding, and in hydrophobic polymers without 

hydrogen bonding sites, clustering of water molecules can occur due to the higher 

interaction between the water molecules [24],[25]. This induces a decrease in the diffusion 

coefficient of water when water concentration increases. In hydrophilic polymers, diffusion 

coefficients will increase with increasing water concentration due to plasticization effect 

(reducing of glass temperature of polymer).Yano et al.[26],[24] reported a decrease of 

90% in water vapor permeability in polyamide –mica composite with only 3% in the volume 

of mica. The filler in a varnish or coating increases the tortuosity of the diffusion path, and 

this induces a reduction in diffusion through the path. Considering that many authors 

experimented with different kinds of nanocomposites to decrease the diffusion of water 

vapor. In particular, some authors recently proposed graphite nano platelets, graphene 

oxide, and graphene as fillers with promising results [27]. As reported in the literature, the 

introduction of nanofillers in a matrix is a method commonly used to reduce the 

permeation of a substance in a material. However, another way to reduce the 

permeation of water is the deposition of a protective layer on the surface of materials that 

works as a barrier against diffusion. Many methods are used to deposit layers against 

degradation such as paintings, varnishing, and deposition of thick and thin coating 

techniques [10],[28]. A low-cost technique is based on the use of varnishes or paints to 

cover the surface of the material while the modern ones require the use of sophisticated 

apparatuses that via physical or chemical process can cover the surface in a conformal 

mode like plasma depositions, thermal evaporation, or atomic layer deposition to protect 

the surface of metals. Topcuoglu, for instance, developed an acrylic paint to reduce the 

water vapor permeability [29]. Atomic layer deposition is particularly able to cover the 

surface of a metal with atomic layers of oxides in a very conformal mode. This allows 

obtaining an excellent protection of a surface against corrosion [30]. Plasma technologies 

based on physical vapor deposition (PVD) and chemical vapor deposition (CVD) are 

widely used in laboratory environments and industrial facilities. Hillborg, for instance, used 

a plasma treatment to deposit a layer of SiO2 on PDMS to stabilize the behavior of 

polymers against water interaction [16]. Carbon films deposited by PVD and CVD have 

been used to protect PET and polycarbonate [31],[32]. An alternative and promising way 

to protect the surface is the implementation of nanomaterial in the varnishes, paints or inks 

to obtain a coating with superior properties [33],[34],[35]. The coatings can be used to 

protect the surface from mechanical damage (protective coatings) or can be used to 

introduce new functions  such as to keep the surface of materials clean (self-cleaning )as 

well as to manage the light and photons in solar applications, e.g. solar selective coating 

and photon management (functional coatings). [36]. In general, the covering of existing 

materials surface using a coating is a common technological strategy to increase the 

durability of devices. 
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2. Degradation of collector components 

2.1. Solar Components 

The effects of the degradation of solar reflectors can be summarized into three macro 

phenomena: 1) corrosion; 2) erosion; and 3) effect of dust/soiling. The existing research on 

degradation of solar reflectors carried out in the last years has mainly been devoted to 

studying erosive events such as the impact of dust [37] or sand particles transported by 

wind [38][39] and corrosion phenomena due to saline environments [40][41]. Furthermore, 

effects related to corrosion due to the presence of corrosive gases in industrial 

environments [42][43][44] or in acid rains [45] are under research. Reflectance is one of 

the key parameters when studying the efficiency of a solar reflector and is the parameter 

most affected by degradation. Solar reflectors are the immediate components of a 

concentrating solar collector such as CPC, PTC and LFR for low temperature applications.  

They reflect and concentrate the sunlight and direct it to the receiver. The optical 

performance of reflectors directly affects the overall efficiency of the system. The three 

main solar reflectors used are: i) Second-surface silvered-glass reflectors; ii) First-surface 

aluminum reflectors; and iii) First-surface silvered-polymer film reflectors. 

The silvered-glass reflectors are the most common typology of solar reflectors. Glass is a 

very stable material physically and chemically, and represents a hard barrier against 

degradation of the reflective silver layer. Silvered-glass reflectors are composed of 1 to 4 

mm glass substrate coated with a reflective silver layer protected with a layer of copper 

and a series of protective paints. In the last years, for an environmental reason, the copper 

layer has been replaced by a cation solution containing 𝑺𝒏𝑪𝒍𝟐 and an anion solution 

consisting in 𝑵𝒂𝑶𝑯 that form a water-insoluble precipitate on the silver surface able to 

prevent corrosion [46]. The presence of iron in the glass causes significant absorption of 

radiation, causing a decrease of transmittance and a subsequent decrease in optical 

performance [47]. The aluminum reflectors are usually based on an aluminum layer 

deposited on a substrate and some protective coatings to improve their durability such as 

𝑺𝒊𝑶𝟐 and 𝑻𝒊𝑶𝟐 to reduce abrasion and corrosion. These coatings adhere strongly to the 

metallic film and harden rapidly with surface oxidation when exposed to air. Furthermore, 

these reflectors require a cheaper glass than the low-iron glass. Finally, the silver-polymer 

film reflectors comprise a silver layer deposited on a substrate and protected by polymer 

layers. These reflectors are light and flexible films, and can be glued to rigid substrates. 

Temperature exceeding 60-80 °C are not recommended [48]. Furthermore, the type and 

the design of the reflector material implemented are defined by shape, weight, 

breakability, thickness, optical performance and cost requirements. 

 

2.2. Corrosion of Solar Reflectors 

Mirror reflectivity is strongly dependent on the surface structure which in turn depends on 

the deposition, growth or polishing process. In general, an aluminum-based mirror has a 

reflectivity of around 88% over the visible spectrum and silver-based mirror a reflectivity of 

about 98% [19]. Both silver and aluminum can oxidize rapidly and be damaged by the 

environment so the most important use of coatings on mirrors is to prevent corrosion or 

oxidation of the reflecting surface. This is a particular problem with silver mirrors as silver 

tarnishes very readily [20,21]. Silver is most commonly protected from corrosion by applying 

it to the back of highly transparent glass, although polymers are increasingly being used 
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[22–25]. The other side of silver-coated mirrors is protected from corrosion and mechanical 

damage – commonly using a sacrificial copper anode, as copper has a lower standard 

electrode potential than silver, followed by layers of paint [20,26] and backing materials 

as necessary to give mechanical strength. Aluminum is generally protected from corrosion 

by controlled oxidation to form a thin front surface layer of alumina or through the 

deposition of silica-based coatings [27–29] although polymers have also been used.  

The durability of solar reflectors is one of the crucial factors in the proper operation of any 

Concentrated Solar Power (CSP) facility. For the corrosion measurement, it is possible to 

use a different accelerated test to create predictive models for the durability of solar 

collectors located in different environments. According to ISO 9226/2012 [49], the 

corrosion rate is determined by weight loss considering the mass loss, total surface area, 

metal density and exposure time. The mass loss is defined as the difference between the 

original weight and the final weight after removing corrosion products. The corrosion rate 

is expressed in grams per square meter per year (𝑔/𝑚2𝑦).  Concentrating solar collectors 

can be located near industrial sites for power production, but also in solar facilities to feed 

industrial processes’ heat demands [50]. If solar plants are located near industries, they 

may be affected by heavily polluted atmospheres, which may give a boost to the 

corrosion of solar reflectors. Unfortunately, few studies have approached the durability 

issues of solar reflector materials exposed to these polluted atmospheres [48]. It is 

necessary to include in the research related to the durability of solar reflectors the 

industrial environments exposed to corrosive gases. In these applications the presence of 

sulfurous atmospheres such as hydrogen sulfide (𝑯𝟐𝑺) or sulfur dioxide (𝑺𝑶𝟐) can lead to 

corrosion phenomena [48][42] and the metallic components of solar reflectors are highly 

susceptible to degradation. Hydrogen sulfide is a corrosive gas that results both from 

anthropogenic activity such as rubber manufacturing, sewage, wastewater treatment 

plants, pulp and paper mills [42] and natural origins such as volcanoes [51]. 𝑯𝟐𝑺 is known 

to be extremely corrosive to most metals and alloys [44]. Sulfur dioxide on the other hand, 

is one of the most abundant atmospheric contaminants and is mainly produced by the 

smelting of metal sulfide [52] ores and by the combustion of sulfur-containing fossil fuels 

[53]. According to the International Electrotechnical Commission (IEC), 𝑺𝑶𝟐 levels are 

consistently higher than 𝑯𝟐𝑺 in different polluted environments except inside the industrial 

environment as shown in Table 2 [54]: 

Table 2: Classification of different polluted environments by their 𝑆02 and 𝐻2𝑆 

concentrations (values in ppm) 

Pollutant Rural/Urban Heavy urban/ 

Industries 

Adjacent to 

Industries 

Inside 

Industries 
𝑯𝟐𝑺 0.004 0.2 4.1 28.5 
𝑺𝑶𝟐 0.038 0.4 3.8 15.3 

 

Solar reflectors contain metal sheets and films that are liable to be corroded in an 

environment polluted by Sulphur such as silver, copper and aluminum.  According to ISO 

9223/2012 [55] the different corrosion classes for copper and aluminum are expressed in 

Table 3  as a function of average corrosion rates (R). 
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Table 3:Atmospheric corrosion classification for copper and aluminum 

Corrosivity Category Copper [𝒈/𝒎𝟐𝒚] Aluminum [𝒈/𝒎𝟐𝒚] 

Very low C1 R ≤ 0.9 Negligible 

Low C2 0.9 ≤ R ≤ 5 R ≤ 0.6 

Medium C3 5 ≤ R ≤ 12 0.6 ≤ R ≤ 2 

High C4 12 ≤ R ≤ 25 2 ≤ R ≤ 5 

Very High C5 25 ≤ R ≤ 50 5 ≤ R ≤ 10 

Expensive CX 50 ≤ R ≤ 90 R >10 

 

In the case of silver sulphidation, the main reaction product is silver sulphide (𝑨𝒈𝟐𝑺), a 

monoclinic crystal also known as argentite or acanthite [54][42]. Furthermore, the 

presence of oxidizing species, such as 𝑵𝑶𝟐, 𝑪𝒍𝟐, 𝑯𝑪𝒍, 𝑶𝟑, 𝑶𝟐 − 𝑯𝟐𝑶 increase the reaction. 

For aluminum, Graedel et.al. [56] did a review of the corrosion mechanisms involved in the 

atmospheric exposure of this metal, finding that reduced Sulphur compound was not 

essential in its corrosion chemistry. Conversely, aluminum results to be more reactive when 

exposed to marine environments that contain chlorides and to atmospheres with sulfur 

dioxide [57]. A quality check concerning the impact of saline atmospheres is 

indispensable because in maritime countries, where this type of atmosphere is 

predominant, solar thermal collectors are frequently used. Kaltenbach et al. results show 

that after a period of 28 days in a defined saline atmosphere cycle, the optical 

performance of seven aluminum-sheet reflectors is still good. The solar diffuse reflectance 

shows an increase of about 16% and the microscopic properties are not changing 

significantly. It could be deduced that at least for short time, the investigated reflector 

samples can stand a heavy saline load.[58]. In the case of copper, complex copper 

hydroxides, sulphates, carbonates, and chlorides have been found as the main corrosion 

products on outdoor exposures, where 𝑺𝑶𝟐, 𝑯𝟐𝑺, and 𝑶𝟑 are considered to have a 

significant influence in copper corrosion [59]. Furthermore, other related studies focused 

on the influence of relative humidity on the rate of silver and copper sulphidation by 𝑯𝟐𝑺. 

The presence of oxygen and humidity increase the corrosion rate [60].  According to Yang 

et al., results show that both in the laboratory and in outdoor  environments, 𝑨𝒈𝟐𝑺 films 

have a nonuniform growth and a highly discontinuous nature [43]. Although traditional 

reflectance measurement methods are not able to detect almost any reflectance loss 

after the aging of samples, optical microscopic inspections show corrosion defects in the 

reflective layer of silvered glass reflectors that cause spotting. Unlike silvered glass 

reflectors, aluminum ones as reported by Garcia-Segura et al., do not corrode in the 

presence of the sulphurous gas [61]. The sulphurous atmospheres do harm the 

performance of certain CSP reflectors, in particular those consisting of silvered glass. 

Aluminum surfaces degrade rapidly due to weathering causing a substantial decrease in 

reflectance, thus, making it unsuitable for solar thermal applications. Furthermore, the 

saline atmosphere is a critical stress factor because of chloride derived from sodium 
chloride (𝑵𝒂𝑪𝒍) that is the major corrosion agent in marine environments. This 

phenomenon can be simulated with accelerated tests such as the salt spray test. Sol-gel 

coating of silica (𝑺𝒊𝑶𝟐) and silica-titania (𝑺𝒊𝑶𝟐 − 𝐓𝒊𝑶𝟐) can be used as protective coatings. 

Silica solgel was prepared from tetraethyl orthosilicate (TEOS) hydrolyzed in ethanol-water 

mixture. For silica-titania coatings, an amount of titanium isobutoxide is mixed with TEOS 

and hydrolyzed in an ethanol-water mixture. Nitric acid is used to catalyze the hydrolysis. 

The coating is performed by the dip-coating technique. Considering coating thicknesses 

of about 180 nm for 𝑺𝒊𝑶𝟐 and 200 nm for (𝑺𝒊𝑶𝟐 − 𝐓𝒊𝑶𝟐) the results of salt spray tests are 

expressed in Table 4: 
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Table 4: Reflectance in accelerated salt spray test for aluminum with different coatings 

[62] 

Sample No of 

hours 

Reflectance 

% 

𝑨𝒍 − 𝑺𝒊𝑶𝟐 0 83 

48 80 

200 80 

484 80 

𝑨𝒍 − 𝑺𝒊𝑶𝟐 − 𝐓𝒊𝑶𝟐 0 92 

24 92 

48 90 

72 85 

96 78 

 

The coatings under accelerated salt spray test showed 78% reflectivity when measured 

after 96 h. The addition of 𝑻𝒊𝑶𝟐 causes an insignificant reflectance decrease[62][63]. While 

the reflectance of a simple aluminum layer decreases up to 46 % after 72 h. 

2.3. Dust soiling covering 

In the Table 5, we report the average value of reduction of glass transmittance reported in 

the literature where most of the experiments were conducted in a subtropical region 

[64][65][66]. The accumulation of soil and dust can also affect the reflectance of the 

mirrors by scattering of the light and by absorption of the light, in particular, the specular 

reflectance. In Table 5 we reported the reduction of the reflectance reported in the 

literature and the value measured at FBK. At FBK, an aluminum (Al) mirror was exposed to 

environmental condition for 5 months with an inclination of 45°. 

Table 5 reduction of optical performance due to dust/soil accumulation 

 

After 5 months we measured a reduction of reflectance of 10 % and after 8 months of 9%. 

Considering also the values reported in the literature and measured values in task 2.1.1 an 

average reduction of reflectance 13.1% has been estimated. 

 Range 

Min -Max 

Average References 

Transmittance glass reduction  4.3-19% 9% [64] [66][65] 

Mirror reflection direct 6-15% 13.1% [19][67][68] 
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Figure 3 Reduction of mirror reflectance measured outdoor. 

 

The reduction of light transmittance of glass of ETC tube exposed for 4 years in an outdoor 

environment has also been measured at FBK. The measurement has been performed  

using a luminosity sensor inserted in the ETC pipe. The reduction of transmittance has been 

calculated on the order of 4.3%. Using this value and the value reported in the literature, 

an average value of reduction of light transmittance has been calculated as presented in 

Table 5. As reported by many authors the hemispherical reflectance is less affected by 

dust accumulation, but in any case, solar collectors with imaging or semi imaging optics 

can have a reduction of efficiency by scattering of the light [19].  To reduce the 

accumulation of dirt, e.g. dust and soil, the mirror and glass of the solar collector can be 

coated with a self-cleaning coating. In Table 6 the main methods to keep mirrors and 

glasses clean are presented. There are two kinds of principles to obtain a self-cleaning 

coating i) superhydrophobicity and ii) photoactivity. In the superhydrophobic approach, 

the surfaces of materials are modified by coating or treatment to induce a nano and 

micro corrugation of surface promoting the trapping of air bubbles beneath water 

droplets, and this induces the highly hydrophobic character of surfaces. The water drops 

on slightly inclined surface and rotate on the surface removing the dust efficiently on the 

surface. This kind of approach is highly studied in nanosciences, and some studies have 

focused on the mirror and glass for solar collectors. Gug et al. for instance, use a coating 

of SiO2 nanoparticles on mirrors for CSP to reduce the accumulation to dust and soil 

[69].The SiO2 coating does not affect the reflectance, and after  60 days, only a reduction 

of 2% of reflectance has been observed, while the uncoated mirror shows a reduction of 

4%. The highly transparent coating can be deposited on the glass, as reported by 

Suthasenthil et al., who also report an improvement in transmittance of the glass thanks to 

the antireflection properties of porous Al2O3 nano-coatings[70]. The economic feasibility 

study carried out by Timo Lorents et al.  though a numerical simulation considers that the 

surfaces of solar systems have a strong impact on solar yield by remaining dust-free. [71]. 
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Table 6 primary functional materials and principle used to keep clean the surface of 

mirrors and glasses used in solar thermal materials. 

 Self-cleaning 

Super-

hydrophobicity 

dust 

Self-

cleaning 

Photoactivity 

(Soiling) 

Electrodynamic 

removal 

dust 

Ref 

Mirror SiO2nanoparticles 

 

 

TiO2 

ZnO,Ta2O5, 

ITO,SnO2 

Transparent  

electrode ITO 

AZO+Dielectric 

Materials 

 

[72][73][74][75]

[74] 

Glass SiO2nanoparticles 

Al2O3nanoflakes 

ITO nanoparticles 

PDMS 

nanostructured 

 

 

TiO2 

ZnO, Ta2O5 

ITO, SnO2 

In2O5, WO3 

 

Transparent  

electrode ITO 

AZO+Dielectric 

Materials 

 

[70][69][76][77]

[74] 

 

Another way to reduce organic dirt accumulation and soiling (no dust) is the 

photocatalysis that can be activated by solar light on some transition metal oxides.  

Titanium dioxide (TiO2) in particular has photocatalytic properties that have been known 

about for many years [36]. Photons with energies greater than the bandgap of TiO2 create 

electron-hole pairs which in the presence of air can speed up or catalyse the conversion 

of organic matter to carbon dioxide and water. This has led to extensive use of TiO2 

coatings as anti-soiling layers in many products including windows and more recently in 

concentrating solar power [75]. Only very thin layers of TiO2 are needed (o100 nm) and as 

a consequence, they can have minimal impact on reflection when used on mirrors or on 

light transmission when used on protective covers [74]. Other materials such as ZnO, SnO  

Ta2O5 show photocatalyst properties,  and the same time many of these photoactive 

oxides have a high refraction index > 1.8, that can promote an undesired increase of 

reflection, and accurate engineering of optical properties of the surface is needed to 

reduce this problem (e.g. introduction of Nano and micropores). An interesting  work on 

the enhancement of optical performance induced by self-cleaning coatings on solar 

components  has been conducted by Kaltenbach et.al. The  experimental work reported  

that  some selfcleaning coatings are able to keep excellent optical properties also after 

500hours [21]. 

An emerging technology under development is the electrodynamic screen (EDS) [5-7], 

which can be applied to the surface of a solar collector to remove dust by (1) charging 

the particles electrostatically, (2) repelling the dust layer from the surface, and (3) 

transporting the dust layer from the surface of the EDS. The EDS system consists of rows of 

parallel electrodes embedded within a transparent dielectric film and deposited on the 

front surface of solar panels or mirrors. When the electrodes are activated by phased 

voltage, the dust particles on the surface become electrostatically charged and are 

removed by the three-phase alternating electric field. Over 90% of deposited dust can be 

removed within two minutes, using a very small fraction of the energy produced by the 

solar collector. The power output is restored to 90% or better compared to the power 

obtained under clean condition. No water or mechanical movement is involved [78]. The 
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electrodes can be realized by transparent conductive materials to maintain good 

transparency of glass. The materials typically used for transparent electrodes is indium thin 

oxide and Aluminum Zinc Oxide. 

2.4. Antiscratch anti-erosion coatings 

 

As presented in Table 7, to protect the surface of glass and mirrors from mechanical 

surface damage, a coating of hard material can be deposited on the surface, in 

particular on metal mirrors.  One of the most interesting options is diamond-like films. The 

diamond-like films are hard coating based on carbon with optical and mechanical 

properties similar to the diamond material.  The hardness of this coating can vary more of 

20 GPa and in some case, can reach 100 GPa [79][80].  Also, Al2O3 and  TiO2 could be an 

attractive option due to the good transparency in the visible spectrum and to the high 

surface hardness. 

Table 7 materials coating and related surface hardness 

 

 

 

 

 

Graphene-based materials are also an exciting category of material to protect the 

surface of mirror and glass. Theoretically, graphene is the hardest materials with > 100 GPa 

and the absorption of the light for a single layer is of less 2,5%. Unfortunately, to the best of 

our knowledge there is no scientific work dedicated to the mechanical protection of 

mirror and glass for SHIP technology. 

  

 Hardness Ref 

Diamond-like films 20-100Gpa [81] 

Al2O3 12-28GPa [82] 

TiO2 12-18GPa [83] 

ZnO 10GPa [80] 

Graphene * 1000GPa [84] 
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3. Degradation of energy carriers and sealing 

Heat transfer fluids (HTF) are fluids that flow within the receiving systems and have the aim 

of absorbing and exchanging as much heat as possible [85]. Various types of HTFs can be 

used in a solar plant. The selection of the best HTFs is based firstly on the application 

temperature range to ensure the compatibility of the fluid with the system. In Table 8 a 

classification of different HTF typologies for the low temperature (85-150 °C) applications is 

expressed. 

Table 8: Classification of Heat thermal fluids 

HTF 

Oil based Synthetic hydrocarbons 

Paraffin hydrocarbons 

Aromatic refined minerals oils 

Water based Pure water 

Water/glycol 

mixture  

Ethylene glycol 

Propylene glycol 

Silicones Synthetic 

Organics 

Air - 

 

Each solar collector has a maximum and minimum mass flow rate that depends on the 

geometric characteristics of the pipes (diameter, thickness and material) in order to 

maintain a turbulent operating regime. Furthermore, it is necessary to consider the 

following fluid thermo-dynamic properties that mainly depend on working temperature: 

 Maximum Temperature: the highest temperature before the fluid begins to break 

down or decompose; 

 Minimum Temperature: the lowest temperature before the fluid changes phase into 

a solid and this can cause irreversible damages to the piping system components; 

 Density: the mass per unit volume and is a function of temperature; 

 Enthalpy: the energy contained in a fluid under specific conditions; 

 Heat Capacity: Thermal energy required to increase the temperature of the 

substance by 1°C.  

 Saturation pressure: the minimum pressure required to prevent the fluid from 

changing state to a gas. 

 Viscosity: the resistance of a fluid to shear stress. This property is strictly related to the 

temperature. A lower viscosity value allows reducing the pumping costs 

The ageing of a heat transfer fluid (HTF) is a complicated chemical process [86] and a 

sporadic analysis of fluids, such as the measurement of carbon residue, can give critical 

insights into ageing processes. Carbon residue indicates the formation process whereby 

high molecular compounds are transforming into coke-like deposits. Hence, it is an 

indicator of ageing. An effective preventive maintenance program of industrial plants or 

processes should always include regularly scheduled analysis of heat transfer fluids and 

lubricants. In order to have an efficient system, it is imperative that the HTF maintains the 

functional characteristics of a virgin HTF for as long as feasibly possible. This means 

maintaining low carbon residue levels and a high flash point temperature. The most 
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common degradation processes are i) Thermal cracking; ii) Oxidation; and iii) 

Contaminants. 

3.1. Thermal cracking 

Temperature is one of the most critical parameters in the stability of these fluids, so greater 

attention must be paid to the thermal decomposition of the fluid. Furthermore, the 

chemical composition of fluid determines thermal stability, and when the temperature is 

high enough, the molecular bonds within the chemical structure break (thermal cracking) 

to form two types of degradation products: low boilers and high boilers. Because of their 

volatility, low boilers can be detrimental to system operations. The fluid degradation 

kinetics follow the Arrhenius law [87]. that means the degradation is not a linear function 

rather it is an exponential one. Hence, thermal cracking can take place whenever the 

heat transfer media absorb more heat than its capability at that particular time regardless 

of the chemistry of the heat transfer media. This is due to the formation of shorter 

hydrocarbons. Reduction of the overall fluid viscosity and increase of the volatility are the 

usual results of thermal cracking, which subsequently increases the risk of leakage and loss 

through evaporation. Additionally, thermal cracking reduces the flashpoint (the 

temperature at which liquid fuels develop volatile vapors ) and fire point, and increases 

the vapor pressure. All these reduce the efficiency of HTFs. Moreover, another 

consequence of thermal cracking is the formation of carbonaceous residues. These form 

an undesirable insulation layer on the inside of the pipe and tend to harden onto hotspots. 

3.2. Oxidation 

The oxidation of organic compounds in the HTFs involves a series of chemical reactions 

that result in system instability, energy consumption, and reactive free radicals and 

peroxides production. It occurs when the HTF comes in contact with air at elevated 

temperatures.  Moreover, the acids synthesized due to oxidation are polymerized and 

modify the fluid properties, causing precipitation, varnish and sludge. Sludge is not very 

soluble in HTFs, and hence tends to adhere to metallic surfaces. The oxidative state of the 

HTF is indicated by the TAN (total acid number) of an HTF and increases as the HTF 

oxidizes. TAN is used to test the quantity of acidic components in an oil sample. The test 

quantifies the amount of potassium hydroxide that is needed to neutralize free acids 

contained in a 1- mg sample of the test oil. In the form of water solid acids, these can be 

particularly damaging as they attack the material in contact with the oil and can lead to 

corrosion of pipework. A high TAN is indicative of ageing of the fluid, oxidation progress 

and corrosion problems in a system. During oxidation, carbon will accumulate and TAN will 

start to increase. 

3.3. Contaminants 

Environmental contaminants include water, dirt and dust, as well as contaminants resulting 

from the actual construction such as welding slag that need to be removed because they 

work to accelerate the ageing of an HTF and shorten its life.  Hence, it is important to 

remove foreign contaminants prior to filling with a virgin HTF to ensure the long-term 

efficiency and safety of a manufacturing plant. In normal practice, flushing and cleaning 

fluids and HTFs are sampled and chemically analyzed as part of an ongoing program to 

manage the fluid condition. A flushing and cleaning fluid removes foreign contaminants 

by physically suspending built debris and insoluble materials in solution and pushing these 

through the HTF system. While in circulation, the flushing and cleaning fluid is filtered (15-
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μm pores) by mobile filter units to remove particulates. The effectiveness of filtering can be 

seen from the debris that accumulates in the filters, as well as by visually inspecting the 

appearance of the HTF over time. The objective of flushing is to remove particulates 

before the HTF system is filled with a virgin HTF [88]. The insoluble particulates are then 

assessed to determine whether they are iron, silicon, aluminum, zinc or calcium. Filters are 

visually inspected for particulate buildup [86]. It has been observed that the detection of 

nonmetallic particles such as silicon is consistent with environmental contamination from 

soil and dirt. On the other hand, the presence of iron is indicative of ferrous debris and is 

typically found following the cutting and/or oxidation of pipework. 

3.4. Parameters and sampling of the HTF 

HTFs can be sampled in two ways [89]: 1) Hot HTF ( i.e., live); and 2) Ambient temperature 

HTF (i.e., through a cooling HTF device or during a HTF system shutdown). When the HTF is 

live a sampling container isolates the HTF and keeps the light-ends trapped while the HTF 

cools to ambient temperature. The HTF parameters that usually are analyzed are based 

on routine laboratory tests and are expressed in Table 9: 

Table 9: Chemical characteristics routinely measured 

Parameters Unit or element 

Appearance color 

Carbon residue Percentage of weight 

Total Acid Number 

(TAN) 

Milligram of potassium hydroxide per 

gram (mg KOH/g) 

Closed flash point Temperature (°C) 

Open flash point Temperature (°C) 

Fire point Temperature (°C) 

Kinematic viscosity A square millimetre per second (mm2/s) 

Water content Parts per million (ppm) 

Ferrous wear debris Insoluble 

Elements Iron, silicon 

3.5. Oil-based HTF degradation 

Hydrocarbon oils have a higher viscosity and lower specific heat than water. They require 

more energy to pump than water. These oils are relatively inexpensive and have a low 

freezing point. The basic categories of hydrocarbon oils are synthetic hydrocarbons, 

paraffin hydrocarbons, and aromatic refined mineral oils. Synthetic hydrocarbons are 

relatively nontoxic and require little maintenance. Paraffin hydrocarbons have a wider 

temperature range between freezing and boiling points than water, but they are toxic 

and require a double-walled, closed-loop heat exchanger. Aromatic oils are the least 

viscous of the hydrocarbon oils. A synthetic HTF usually consists of a mixture of diphenyl 

oxide (73.5 %) and biphenyl (26.5%).  The diphenyl oxide (DPO) can be produced with two 

methods with two different level of purity. The first method consists of the reaction of 

phenol over a catalyst and does not involve any chlorinated organic compounds while 
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the second involves the reaction of monochlorobenzene with phenol. For this second 

process, it is common to have some residual chlorine containing compounds left in 

finished product that can break down at elevated temperatures and result in chloride. 

The degradation of an HTF is a chemical change of the molecules and causes a change 

in fluid properties that mostly have a negative impact on the system resulting in high OPEX 

costs. The impact of the purity of different DPO/biphenyl has been discussed in the 

literature [87]. In addition, the effect of chloride contaminants in DPO/biphenyl  blends on 

carbon steel and stainless-steel cause pitting corrosion. In the degradation mechanism of 

biphenyl oxide, one molecule of hydrogen is formed. At the high temperatures a few ppm 

of hydrogen are soluble in HTF. It is very important to know the hydrogen concentration in 

an HTF because the high concentration of this gas can damage the pumps (i.e. 

cavitation). In the lab, it is possible to analyze hydrogen concentration using the shake test 

and micro gas chromatography [90].  

3.6. Water-based HTF degradation 

Simple water is a nontoxic and inexpensive HTF. It has a high specific heat, and very low 

viscosity, hence,  it is easy to pump. Unfortunately, water has a relatively low boiling point 

and a high freezing point. If the pH (acidity/alkalinity level) is not maintained at a neutral 

level, it can also be corrosive. Water with a high mineral content (i.e., "hard" water) can 

cause mineral deposits to form in the collector tubing and system plumbing. Frequently in 

water-based HTF, glycols are added to the water to obtain freeze protection. 

Glycol/water mixtures can have a ratio of 50/50 or 60/40. Ethylene ,propylene and 

trimethylene glycol are "antifreezes".  These mixtures provide effective freeze protection 

but antifreeze fluids degrade over time and usually should be changed every 3–5 years  

Ethylene glycol (EG) is the most common substance used, but due to its toxicity, some 

industries are replacing EG with propylene glycol.  Furthermore, when glycols are heated, 

they slowly degrade and the pH of the water-glycol mixture decreases, leading to 

corrosion and foaming problems. Carboxylic acids are reported in the literature as the 

main degradation products. Ethylene glycol is oxidized via glycol-aldehyde to glycol acid, 

glyoxylic acid, oxalic acid and carbonic acid [91] while the possible degradation 

products of thermal oxidation of propylene glycol solutions are pyruvic, lactic, formic and 

acetic acids [92]. The quantification of the carboxylic acids is of importance to monitor 

the degradation reactions in order to identify hot spots or overheating. Another important 

class of thermally stable glycol, derived from oil or natural gas is trimethylene glycol. Since 

it can also be produced from corn sugar, it is known as bio-derived “green” glycol. 

Compared to propylene glycol manufacturing, there is 30 percent less greenhouse gases 

in the manufacturing of these green glycols. It has a slower thermal degradation rate 

compared to the conventional glycols and has superior viscosity at lower temperatures.  

 

3.7. Silicones- based HTF 

Silicones have a very low freezing point and a very high boiling point. They are 

noncorrosive and long-lasting. Because silicones have a high viscosity and low heat 

capacities, they require more energy to pump. Silicones also leak easily, even though 

microscopic holes in a solar loop. Silicones are still rare in solar applications.  
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3.8. Corrosion Inhibitors 

The corrosion inhibitors are chemical substances that, when added, will reduce, slow 

down or prevent the corrosion. Inhibitors often work by adsorbing themselves on the 

metallic surface, protecting the metallic surface by forming a filmare normally. They are 

normally distributed from a solution or dispersion. Some are included in a protective 

coating formulation [93]. 

 Inhibitors slow corrosion processes by: 

 Increasing the anodic or cathodic polarization behavior (Tafel slopes); 

 Reducing the movement or diffusion of ions to the metallic surface; 

 Increasing the electrical resistance of the metallic surface 

The effectiveness of corrosion inhibitors depends on the metals or alloys to be protected 

as well as the severity of the corrosive environment, whether the material is working. The 

inhibitor efficiency P is given as [94]: 

𝑃 = (𝑤 − 𝑤/𝑤0)100 

where 𝑤0 is the corrosion rate in the absence of inhibitor, and w is the corrosion rate in the 

same environment with the inhibitor added.  In general the efficiency of an inhibitor 

increases with an increase in inhibitor concentration [95].  There are several inhibitors that 

can be classified into environmental conditioners and interface inhibitors. Corrosion can 

be controlled by removing the corrosive species in the medium. Inhibitors that decrease 

corrosivity of the medium by scavenging (clearing) the aggressive substances are called 

environmental conditioners or scavengers [96]. In near-neutral and alkaline solutions, 

oxygen reduction is a common cathodic reaction. In such situations, corrosion can be 

controlled by decreasing the oxygen content using scavengers (e.g., hydrazine) [97].  It is 

possible to regroup the  inhibitors in a functionality scheme as shown in [98] Table 10. 

 

Table 10: Functionality scheme of inhibitors 

Anodic(Passivating) 

Inhibitors 

Oxidizing anions Chromate, nitrate, nitrite 

Non-oxidizing ions Phosphate, tungstate, and 

molybdate 

Cathodic Inhibitors Cathodic poisons Compounds of arsenic and 

antimony 

cathodic precipitate Calcium, zinc, or 

magnesium 

Oxigen  scavengers Sodium sulfite (𝑁𝑎2𝑆𝑂3) 

Organic inhibitors Amines  Methylamine, ethylamine, 

n-propylamine, and n-

butylamine 

Anionic inhibitors Sulfonates, Benzotriazole 

 

 

Passivating inhibitors cause a large anodic shift of the corrosion potential, forcing the 

metallic surface into the passivation range. The oxidizing anions can operate in the 

absence of oxygen whereas the non-oxidizing ions require oxygen [99]. These inhibitors are 

the most effective and consequently the most widely used. Chromate-based inhibitors are 
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the least-expensive inhibitors [100]. In near-neutral air saturated solutions, the corrosion of 

aluminum is generally inhibited by anions that are inhibitive for iron (e.g., chromate, 

benzoate, phosphate and acetate)[101]. Copper corrosion can also be effectively 

inhibited in neutral solution by organic compounds of low molecular weight, such as 

benzotriazole and 2-mercaptobenzothiazole. Benzotriazole is particularly effective in 

preventing the tarnishing and dissolution of copper in chloride solutions [102]. 

Benzotriazole (BTAH) is an organic compound consisting of benzene and triazole rings with 

a formula of 𝐶6𝐻5𝑁3 [103]. In the presence of benzotriazole, the anodic dissolution, oxide 

film growth, and dissolved oxygen reduction reactions are all inhibited, indicating strong 

adsorption of the inhibitor on the cuprous oxide surface. 

 

3.9. PCM materials  

Essential parameters in solar thermal energy are the energy storage and the stability of the 

temperature of heat provided to the industrial process loop. Reducing the fluctuation of 

temperature during the day due to momentary cloud cover and storing energy is 

important for a thermal energy storage system. PCM (phase change materials) are 

particularly attractive for this scope, thanks to their excellent heat storage capacity. 

Moreover, PCMs are able to keep constant the temperature thanks to the phase 

transition, usually solid-liquid and liquid-solid. The latent heat of these categories of 

materials induces an energy storage (long term ≥ 1 day) or can use the functional storage 

performance (short-term storage for minutes to hours). There are different kinds of PCMs 

that can be used for low-temperature SHIP  applications (80-150°C): a) inorganic salt as 

MgN6OH, b) organic polymer-based wax ad Paraffin, c) a natural wax such as carnauba, 

and d) organic polyalcohol based PCM such as Erythritol. We underline that the organic 

PCM is flammable, therefore less intrinsic secure then salt based materials. The transition 

temperatures of magnesium nitrate hexahydrate, Paraffin, Carnauba wax and Erythritol 

are 89°C 69°C, 83 °C and 119°C, respectively.  But there is a broad range of materials that 

show phase change in the range of temperature from 80 to150°C as shown in Table 9. 

Table 11 Phase change materials with transition temperature in the range of temperature 

from 60 °C to 120°C. 

 Transition 

Temperature [°C] 

Heat of 

Fusion kJ/Kg 

Mg(NO3)2 6H2O 89 163 

MgCl26H2O 117 168 

Paraffin Wax 69 173 

Stearic acid 70 203 

candelilla 79 700 

Acetamide 81 241 

Naphthalene 80 143 

Palmitic acid 64 173.6 

Erythritol 119 339 

Tritriacontane 72 119 

 

Good PCM materials need to be stable for several transition cycles to guarantee a 

constant performance. Similarly, with  HTFs, thermal cycling and overheating can induce 

the degradation of phase change material. The storage environment of PCMs can 
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strongly influence the durability of the  PCM; for instance PCM insulate-bearing 

environments show a sensible reduction of enthalpy [104]. The composition and the 

preparation of the PCM can enhance the properties and durability through the 

introduction of graphene Nano pellets silica fume [105]. Also vacuum treatment is an 

effective  methodology to conserve the thermal properties of pure PCM [106]. Paraffin 

wax/polyaniline reveals that the change in the melting and freezing temperatures have 

negligible magnitudes for latent thermal energy storage (LHTES) applications, and the 

Microencapsulated Phase Change Material (MEPCM) has good long-term reliability[107]. 

 

3.10. Sealing 

Sealing is an essential operation for solar collectors technologies. Usually, the sealing is 

used to seal the glass with the collector structure or to apply seal the pipe that connects 

the collector to the external fluid loop. The sealing is usually done by preformed rubber 

seals or by a sealing compound. As reported by Kovacs et.al. , one of the main failure 

sources of sealing in the solar collector is exceeding the maximum working temperature 

[108]. For that reason, a fundamental classification for sealing is the working temperature. 

The working temperature is determined by an accelerated heat test that allows to 

determine the maximum service temperature (ISO188) as reported in Table 12. 

Table 12 Classification based on maximum service temperature. 

Type Test temp °C Max service temp. °C Solar collector 

B 100 70 FPC 

C 125 100 FPC 

D 150 125 ETC/CPC 

E 175 150 CPC/ETC 

F 200 175 CPC/ETC 

G 225 200 LFR FVC/PTC/LFR/CPC 

H 250 225 FVC/PTC/LFR 

 

Excess temperatures are not the only source of the degradation of sealing; for instance, 

the degradation induced by UV exposure and exposure to pollutants are another source 

of failure of sealant. Different kinds of sealing material can be used in different kinds of 

collectors. In Table 13, the main kinds of sealing to reduce degradation for several types of 

solar collectors are reported. EPDM Ethylene propylene diene monomer rubber is a type 

of synthetic rubber that is used in many applications and is widely used to seal the extrude 

profile of flat panel collectors or in the collector where the temperature is less of 125°C 

[109]. Silicone is rubber based on polydimethylsiloxane and has a good resistance for a 

wide range of temperatures. Silicone sealant can be used on vacuum tube plug, pipe 

bushing in ETC collector or in flashing or flat plate collectors [108]. Butyl is a polymer that is 

resistant to oxygen, ozone, moisture and chemical attack and it has high heat resistance. 

 

 

 

 

https://en.wikipedia.org/wiki/Synthetic_rubber
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Table 13 Degradation processes  of sealing materials typically used in solar collector 

Collector 

Type 

Sealing Material Source of degradation 

FPC The sealing between glass and 

collector box.  

 

The sealing which is applied to the 

pipe that connects the collector to 

the external fluid loop  

Silicones 

 

Pollutants and other 

exposure  

 

Rain and weather 

tightness  

 

Over temp 

ETC The sealing of the top of the glass 

tube is, in general, a combination of 

a polymer “plug” and a metal “lid”.  

 

The sealing which is applied to the 

pipe that connects the collector to 

the external fluid loop 

EPDM 

Silicones 

Butyl 

Polyurethane 

Fluor elastomers 

 

Pollutants and other 

exposure  

 

Rain and weather 

tightness  

 

Over temp 

CPC The sealing of the top of the glass 

tube is, in general, a combination of 

a polymer “plug” and a metal “lid”.  

 

The sealing which is applied to the 

pipe that connects the collector to 

the external fluid loop  

EPDM 

Silicones 

Butyl 

Polyurethane 

Fluor elastomers 

 

Pollutants and other 

exposure  

 

Rain and weather 

tightness  

 Over temp 

PTC/LFR/FVC The sealing of the top of the glass 

tube is, in general, a combination of 

a polymer “plug” and a metal “lid”.  

 

The sealing which is applied to the 

pipe that connects the collector to 

the external fluid loop  

EPDM 

Silicones 

Butyl 

Polyurethane 

Fluor elastomers 

 

Pollutants and other 

exposure  

Over temp  

Rain and weather 

tightness  

 

 

Usually it is used as an adhesive tape for sealing between glazing and casing. 

Polyurethane is a versatile material used to form foam with different degrees of density. 

The polyurethane gasket has an extremely low permanent compression set [108]. The 

material shows stable mechanical properties in the range  -50 to 130°C [108]. 

Fluoropolymer is rubber based on the fluorocarbon-based polymer with multiple carbon-

fluorine bonds. It is characterized by high resistance to solvents, acids, and bases. Usually, 

the fluoropolymer shows high performance in terms of temperature and also in terms of 

chemical resistance,  and both properties allow to increase the durability of sealing [110]. 

3.11. Anti-stagnation in low temperature solar collector 

An important issue with high-performance collectors is stagnation temperatures that can 

go up to a few hundred degrees. This can generate internal pressures higher than the 

rating pressure of the hydraulic circuit when water is used and be higher than the heat 

transfer fluid working temperature limits inducing thermal degradation. As  underlined in 

the previous paragraph, thermal degradation is the main degradation problem for energy 

carriers and sealing.  The primary way to improve the durability of energy carriers and 

sealing is the use of an anti-stagnation system. The anti-stagnation or anti-overheating 

https://en.wikipedia.org/wiki/Fluorocarbon
https://en.wikipedia.org/wiki/Polymer
https://en.wikipedia.org/wiki/Carbon%E2%80%93fluorine_bond
https://en.wikipedia.org/wiki/Carbon%E2%80%93fluorine_bond
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temperature system in the static solar collector such as FPC and ETC can be the 

shadowing of the collector, a relief valve,  the thermochromics’ coating, and for the heat 

pipe an anti-stagnation valve [111] as summarized in Table 14. 

Table 14 Anti-stagnation methods typically used for solar collectors 

Solar collector Anti-stagnation method 

FPC Relief valve, shadowing, 

thermochromics coating 

ETC Relief valve, shadowing 

Heat pipe valve 

Thermochromics coatings 

CPC Relief valve, shadowing 

Thermochromics valve, heat pipe 

valve 

PTC Defocusing pos., Relief valve 

LFR Defocusing pos,, Relief valve 

 

For the solar collector with tracking, overheating temperatures can be avoided by 

defocusing the sun’s rays.  For CPC, an interesting option can be,  similar to the system 

with a tracking system, the movement of the reflector to a defocusing position.  In the 

case of a no-flow or low-flow conditions, an overheating protection strategy must act. For 

this reason, in the  INSHIP project Shape Memory Alloys (SMAs) are used as actuators to 

automatically defocus the solar reflector to avoid the risk of stagnation conditions. SMAs 

are materials that can provide a lightweight, solid-state alternative to conventional 

actuators. These materials have two stable phases - the high-temperature phase, called 

austenite and the low-temperature phase, called martensite. The shape change involves 

a solid-state phase change involving a molecular rearrangement between Martensite 

and Austenite. The rearrangement induces movement of the SMA material with a specific 

force.  We studied the opportunity to use the elongation and force developed by SMAs to 

move the CPC  reflector from the focusing position to the defocusing (anti-stagnation) 

position.(see 3.12) 

 

3.12. SMA as antistagnation actuator: Select the collector configuration to 

include the protection system and obtain the performance parameters in 

both the operating and protecting positions . 

In this study, we address the all too important issue of stagnation temperature since 

survivability of the absorber and the system is at stake. A discussion is presented with 

solutions that can be implemented to deal with the problem. To compare the different 

designs in RA211, the optical performance was accessed by raytracing simulations with 

ideal and real material properties while the thermal performance was based on the usual 

collector model.  Figure 4, presents the collector efficiency for the four designs (D1-D4) as 

a function of temperature. For comparison, efficiency curves for two commercial products 

(Ritter 21 and Ritter CPC ) are also depicted. The figure shows that for all designs (D1-D4) 

the modelled stagnation temperature is over 350 ºC. 
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Figure 4 - Collector efficiency and stagnation temperatures at normal incidence for 

1000W/m2 irradiation. 

The design chose for a first prototype was D4 with a simulated stagnation temperature of 

374 ºC. Using a low-quality construction of the prototype reflector shape, the measured 

stagnation temperature was over 300 ºC (see INSHIP D2.1) confirming the need for an 

overheating prevention system.  The strategy proposed here is not a complete solution to 

the problem but can be used to mitigate it in transitory situations. A simple move (side 

shift) of the reflector, taking the absorber out of the CPC focal zone, could significantly 

lower the optical efficiency while not involving any movement of the fixed hydraulic 

circuit.  From the several reflector designs studied in RA211, this procedure could very 

easily be implemented in the selected Design D4 (see Figure 5(a)). 

 

Figure 5 : Defocusing positions applied to the selected design. 

Also, to take the absorber out of the CPC focal zone, we investigated the performance of 

the design when the reflector was moved down or back, a configuration that is also 

technically possible for this design ( Figure 5(b)). In this case the zero-loss efficiency drops 

to about η0 = 0.39 (-36%). This result represents, at normal incidence and an irradiation level 

of 1000 W/m2, a drop in the stagnation temperature from 375 ◦C to 285 ◦C (over the 

ambient temperature) comparing reasonably with that of a tube stagnation temperature 

without reflector of 224 ◦C (see Figure 6). Depending on the incidence angle, the power 

output at irradiation of 1000 W/m2 can vary from 432 W/m2 to 256 W/m2 when in the 
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defocusing position.  The angular response function for solar power of 1000 W/m2 at all 

transversal incidence angles is presented in Figure 6. For the solution of Figure 5a it is an 

asymmetric function that lowers the collector zero-loss efficiency by about 25% for a 

positive (or negative) transversal incidence angle. For an EW mounting, this feature could 

be used for a full day or for period of several days while in an NS mounting for half-day 

depending on whether it is moved for one side or the other. 

 

Figure 6: Output power for D4 in the operating position and defocusing positions (G = 1000 

W/m2, Tm = Ta). 

Besides the stagnation temperature reduction, for a solar collector, this feature can be 

useful when foreseeing a lower energy demand by limiting the solar field power. 

Comparing the two solutions, the later presents advantages in terms of power reduction 

and incidence angle symmetry. The first one could be easier to construct and not 

increase the collector volume. Table 15 highlights the main differences between the two 

solutions. 

Table 15 – Reflector movement comparison 

Side shift movement Back shift movement 

Easier to construct keeping the collector 

volume 

Harder to construct increasing the collector 

volume 

25% reduction in the zero-loss efficiency at 

normal incidence 

36% reduction in the zero-loss efficiency at 

normal incidence 

Asymmetric Symmetric 

Full day for an EW mounting Full day for an EW mounting 

Half a day for NS mounting Full day for NS mounting 

 

To experimental prove the concept, 3 new prototypes were built using an improved 

reflector shaping technique. These prototypes have the receiver in the focusing position 

and the receiver in the two defocusing positions described above as can be seen in the 

pictures in Figure 7.  
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Figure 7 – New prototypes for overheating prevention studies. 

After the prototypes were built, the stagnation temperature was measured in the focusing 

and overheating mitigation positions under similar irradiation conditions. These 

measurements were taken tracking the sun (keeping normal incidence). Figure 8 shows 

the experimental results of the temperature measurement inside the receiver over time. 

 

Figure 8 – Temperature measurements for the focusing and defocusing positions at normal 

incidence. 
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Three main conclusions can be taken: 

 A reduction in the stagnation temperature was observed; 

 As expected from simulations the back shift is more effective; 

 In the latter case the stagnation is about 260 ºC (compared to a non-focusing 

receiver stagnation of 222 ºC and focusing stagnation over 300 ºC). 

Taking in to account the results on the collector configuration for protection system, a set-

up to be actived by an SMA actuator has been developed. 

 

Figure 9 near-one-concentration (One-Sun) CPC-type solar collectors with scheme of 

antistagnation system based on SMA as actuator. 

 

The setup used is based on SMA spring that is heated by the Joule effect by a Power 

Supply. The power supply is activated by a thermoregulator with a Relay connection as 

shown in Figure 9. The thermoregulator is connected to a thermocouple; when a threshold 

of temperature in the ETC pipe is reached the thermoregulator activates a Relay and the 

power supply heats the SMA by Joule effect. When the transition temperature  is reached 

the spring base on  the shape memory alloy changes the shape, e.g.  shrinking the  

reflector (side shift set up). The experimental set up is composed by a CPC reflector and 

an ETC pipe plus SMA devices and  controller. Evora arranged a clamp for the SMA 

actuator for single reflector (side shift). In the first test, we use two tensile coupled SMAs 

(force 0.2N). The set-up has been tested first in a laboratory and then under Sun at PEGS 

Evora laboratory. In both conditions, the SMA actuator move appropriately to the reflector 

in the defocusing position. In particular, in the last test, the thermocouple has been 
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inserted in the evacuated tube collector, and when the collector reaches the threshold 

stagnation temperature, the  SMA actuator is activated by a controller removing the 

reflector. Similarly, the compressive SMA spring has been used to push the reflector in the 

defocusing position. Also, in this case, the test has been conducted in the laboratory and 

under the sun’s irradiation. The collector has been tilted at 12 deg to obtain an automatic 

return of the collector to its initial position thanks to gravity. With the latter set up we used a 

single and double spring in parallel mode and in series mode.  For all configurations of the 

experiment, in particular using the double SMA spring, it is possible to move the reflector to 

a defocusing position, demonstrating that SMAs can be used as an effective actuator for 

anti-stagnation system for low temperature solar collectors. 
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4. Modelling and energy design of novel modular collector  

In the context of Task 2.3, a new design of an evacuated tube receiver has been 

conceived, with the view to improve both durability and modularity of solar thermal 

collectors. The general concept is the addition of a reflector component, in order to 

increase the optical efficiency of the solar collector and thus, to be able to address higher 

temperatures that are usually needed by the industrial sector. In the literature there are a 

few studies discussing the efficiency of the evacuated tube collectors with concentrators. 

Back in 1974, Winston [112] studied a collector with a trough-like reflecting wall light 

channel with a concentration factor of ~10. Rabl compared the efficiency of a variety of 

solar concentrators in terms of concentration ratio, acceptance angle, sensitivity to mirror 

errors, size of reflector area and average number of reflections [113]. One of the first 

developments of evacuated CPC collectors was implemented by O’ Gallagher et al 

[114]. Truncation of CPC solar collectors is also extensively discussed in the study of 

Carvalho and Collares-Pereira [115] . They derived analytical expressions for the angular 

acceptance function of two-dimensional CPCs and specified the optical gains from 

truncation; increased acceptance of diffuse and beam radiation and reduced average 

number of reflections. More recently, Buttinger et al. [116] developed a non-tracking, low 

concentrating collector that aimed specifically at delivering process heat at temperatures 

120-150oC. Pei et al [117] set up an experimental rig of evacuated tube solar water heater 

systems with and without a mini-CPC reflector and compared their performance. Another 

research study estimated the thermal heat losses inside CPC collectors, through CFD 

simulations on various CPC designs. Α new model with a V-shaped profile at the bottom of 

the CPC reflector was proposed [118].  In the market, there are only a few evacuated 

tube collectors that incorporate reflectors in the design; the most common products are 

those of the Semicircular reflector placed inside the evacuated tube and that of the CPC 

reflector placed outside and underneath the evacuated tube [119]. The novelty of this 

configuration is the placement of the reflector component not outside, as it is the case in 

the current market available solar collectors, but inside the receiver tube and underneath 

the absorber tube. The use of a reflector sheet inside the receiver tube, instead of outside, 

enables a performance enhancement and simultaneously, it addresses the durability and 

modularity issues that are common in this type of collector. This report will extend the study 

implemented in D 2.1, by presenting a detailed parametric analysis of the four different 

configurations of internal reflectors that have been studied (Figure 10, Figure 11, Figure 12) 

namely: 

 Compound Parabolic Concentrator “CPC” (base scenario),  

 Semi-Circular concentrator “SC”, 

 6-sides angular reflector “W6” and 

 4-sides angular reflector “W4”. 
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Figure 10: Drawings of the ETC-SC (left) and ETC-CPC (right) base scenarios studied.  

 

 

Figure 11: Drawings of the ETC-W4 (left) and ETC-W6 (right) base scenarios studied.  
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Figure 12: Screenshot view of the Tonatiuh ray-tracing software, where the four 

configurations of solar collectors have been simulated, namely from left to right: W4, W6, 

SC and CPC. 

 

In fact, the two last designs ETC-W4 and ETC-W6, were conceived during the 

implementation of a Research Infrastructure access scheme during WP6, between FBK 

and CRES (Q1 2019). These simple designs are studied because they are considered as 

simple approaches to the SC and CPC reflectors, but with an expected lower production 

cost due to the absence of curves. Specific details on the new configuration and 

analytical designs are found in the Deliverable 2.1 Solar Technology for Low Temperature 

SHIP. The parametric analysis in this report has been implemented in the ray-tracing 

software Tonatiuh [120], aiming at a detailed analysis of the optical performance of the 

above configurations. Figure 13 displays the rays hitting the surface of the absorber for 

each type of reflector studied for Sun elevation 90o and Figure 14 displays the rays hitting 

the surface of the absorber for each type of reflector studied for Sun elevation 70o . It can 

be seen that in W-4 shape, many rays fail to hit the absorber and are reflected back to 

the environment towards different directions, whereas in the CPC shape most of the rays 

actually hit the absorber. 
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Figure 13: Screenshot view of the ray tracing simulation in Tonatiuh software, for the four 

configurations of reflectors, namely from left to right: W4, W6, SC and CPC. Sun position: 

azimuth 180o, elevation 90o 

    

Figure 14: Screenshot view of the ray tracing simulation in Tonatiuh software, for the four 

configurations of reflectors, namely from left to right: W4, W6, SC and CPC. Sun position: 

azimuth 180o, elevation 70o 

 

The parameters selected to be parametrized are: 

 mirror reflectivity,  

 absorber radius,  

 distance between absorber tube and glass tube, 

 truncation height. 
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4.1. Parametric analysis  

4.1.1. Mirror reflectivity 

The results of the parametric analysis can be seen in the figures below. As a general 

comment, the ETC with the CPC reflector seems to have the best performance, under all 

reflectivity cases considered, but only for angles of incidence lower than 20o. The next best 

performing tube would be the one with the SC reflector. At a reflectivity value of 0.95 and 

for angles less than 20o, the calculated mean difference in optical efficiency between the 

SC reflector and the CPC one is in the range of 37%. It is noticed, however, that the 

optical efficiency of CPC is higher only at angles of incidence less than 20o, since at 

angles larger than 20o, the CPC seems to have the worst performance out of all reflectors 

studied. For example, at an incident angle of 25o and 0.95 reflectivity, the optical 

performance of CPC is less than that of the SC reflector by 24%. For a typical reflectivity 

value of 0.95 and for angles less than 20o, the reflector of an angular shape with 6 sides 

(W6) is 49% less efficient than the CPC one and the reflector of an angular shape with 4 

sides (W4) is 68% less efficient than the CPC. As a general rule, it could be said that simpler 

mirror shapes have lower optical efficiencies.   

  

  

Figure 15: Power production (W) per one tube, for various reflectivity values, from 0.8 to 

0.95, for all four configurations studied, namely W4, W6, SC and CPC.  
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It can also be said that the simple mirror geometries of W6 and W4 do not strongly depend 

on the angle of incidence or on reflectivity value variations. This may happen because 

their simple mirror shape seems not to achieve any significant optical results, so this leads 

to steady but substantially lower power production.   

Figure 16 shows the difference in power production for each type of reflector, individually. 

It can be observed that the ETC with the SC reflector of 0.95 reflectivity produces similar 

results with the CPC reflector of 0.8 reflectivity. This means that it may be possible to 

construct an evacuated tube collector with a simple SC internal reflector that can have 

similar optical efficiency with the CPC. This seems that can be achieved by employing 

high-quality mirrors. Therefore, the impact of the simpler mirror shape can be minimized by 

the use of higher quality mirrors.  

  

  

Figure 16: Power production (W) per one tube for all four configurations studied, namely 

W4, W6, SC and CPC. Reflectivity values variation. 

4.1.2. Absorber diameter 

Three values of absorber diameter were considered, namely 0.0125m, 0.02m and 0.025m. 

It has to be noted here that sometimes when increasing the diameter of the absorber, 

another parameter has to change simultaneously; that of the distance between the 

absorber and the lower part of the glass tube. This may happen in order to avoid the 

absorber “penetrating” theoretically the mirror component or even the glass tube. The 

increase of this distance has a similar effect with the increase of the acceptance angle of 

the collector: it allows more rays to hit the absorber especially at lower incident angles. 

The attempt was, under all circumstances, to increase the absorber diameter, but to try to 

keep the distance between the absorber and the lower part of the glass tube at a 

minimum.   

The results of the parametric analysis are shown in the figures below.  
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Figure 17: Power production (W) per one tube, for absorber diameter values ranging from 

0.015m to 0.025m, for all four configurations studied, namely W4, W6, SC and CPC.  

Increasing the absorber diameter, the perimeter of the absorber tube is increased and 

therefore, more rays have the potential to hit the absorber, so the power production is 

increased. However, the increase of the absorber diameter has a specific limit: increasing 

the diameter, the optical efficiency may be increased, but the thermal efficiency is 

jeopardized due to the increase of the heat transfer area and subsequently, the heat 

losses. 
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It can also be said that increasing the absorber diameter, the power production is also 

more stable and less dependent on the angle of incidence.  

Especially for the absorber diameter 0.025 m, the optical efficiency of the SC reflector 

seems to decline after 15o angle of incidence. However, this is not close to reality. It is 

attributed to the fact that due to its semicircular geometry, there is no ridge in the lower 

part of the absorber. So, in this case, the absorber could be placed lower, comparing to 

other tubes, in order to keep the distance between the absorber and the lower part of the 

glass tube at a minimum. This lower placement of the SC absorber led to lower optical 

efficiency.   

  

  

Figure 18: Power production (W) per one tube for all four configurations studied, namely 

W4, W6, SC and CPC. Absorber diameter values variation. 

Figure 18 shows the impact of changing the absorber diameter on the power production 

of each mirror. The ETC CPC tube seems to be affected by the change in the absorber 

diameter only at incident angles larger than 15o. This may be due to the fact that the CPC 

shape is already verily efficient at small incident angles, up to 15o. At larger angles though, 

the absorber diameter increase has a significant impact on the power production. 

Indeed, at 25o, decreasing the absorber diameter by 25% (0.02m) and 40% (0.015m) leads 

to a decrease in power production by 32% and 59%, respectively. The ETC SC also seems 

to be affected by the absorber diameter. Here, it is evident for all incident angles that 

power production increases with increases in diameter . A decline in the power 

production is observed, even for angles of incidence as small as 10o, that has to be 

attributed to the geometric profile of the SC. This specific geometry, that does not have 

any ridge, allows to place the absorber nearer to the reflector, in order to keep this 

distance at a minimum.  
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4.1.3. Distance between absorber tube and evacuated glass tube 

This distance is measured between the lower part of the absorber and the lower part of 

the inner surface of the glass tube. The increase of this distance actually places the 

absorber in a higher position inside the evacuated glass tube, allowing for more rays to 

directly hit the absorber under larger incident angles and increasing the effective 

operating time, though at times when the solar irradiation is less intense. However, the 

increase of this distance allows for some rays to pass through this “gap” between the 

absorber and the glass tube after reflecting from the concentrators and escape to the 

environment, causing optical losses. This paragraph shows the effect in optical efficiency 

of increasing this distance, for all ETC tubes considered.  

  

 

Figure 19: Power production (W) per one tube, for three different distances between the 

absorber and the glass tube, namely 0.007, 0.008 and 0.009m, for all four configurations 

studied, W4, W6, SC and CPC.  

Figure 19 and Figure 20 shows that for small incident angles up to 15o, that the smaller the 

distance, the higher the optical efficiency. This is clearly shown for the CPC geometry for 

all incident angles. In the case of incident angle of 20o, the CPC geometry is shown to 

have lower optical performance with the distance decrease. This point may be attributed 

to the particular choice of the distance values as well as to the special geometric 

characteristics of the CPC curve, but may need further elaboration. For W4 and W6 

angular reflectors, the increase of the distance has a marginal effect on the optical 

performance. This may indicate that those shapes need further optimization in terms of 

geometry and optics.    
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Figure 20: Power production (W) per one tube for all four configurations studied, namely 

W4, W6, SC and CPC. Distance between the absorber and the glass tube variation. 

4.1.4. Truncation height 

Truncation height is the vertical distance (height difference) between the center of the 

absorber and the edge of the reflector. Truncation modifies the field of view of a solar 

collector, allowing some rays beyond the nominal acceptance half-angle to reach the 

absorber. So, decreasing the truncation height, the acceptance angle for direct radiation 

is increased and more rays have the opportunity to hit the absorber directly. The effective 

operating time of the collector is also increased. Truncation has also an economic impact, 

since it allows for significant savings in collector material cost and manufacturing costs [i]. 

However, the average numbers of reflections within the mirror area are decreased. To 

investigate the effect of the truncation height, the base scenario for each collector 

studied was compared towards two additional truncation origins; for the CPC case these 

values are 0.03m, 0.025m and 0.02m. Figure 21 shows the effect of truncation in the ETC 

with the CPC reflector. Indeed, the collector with the biggest truncation height (0.03m) 

performs better under all incident angles considered. This happens because the collector 

with the greatest truncation has the biggest mirror area and under small Sun deviations 

this leads to more gains and higher efficiency. Further analysis for larger incident angles 

would show that increasing the truncation height decreases the acceptance angle so this 

would lead to less gains and lower efficiency. 



Deliverable Report   

 

D 2.4    GA No. 731287 42 
 Co-funded by the Horizon 2020 Framework 

Programme of the European Union 

 

Figure 21: Power production (W) per one tube for the CPC reflector under various 

truncation heights.  

To estimate the same effect in the SC reflector case, the variation of the aperture angle of 

the mirror is implemented. The selected cases are 180o, 162o and 149o. The modification of 

the Tonatiuh model parameters are as follows: phimax 3.14, 2.827, 2.6 rad and rotation 

3.14, 3.297 and 3.41 rad, respectively. The results are shown in  

Figure 22, where it is seen that there is no significant change in the power production with 

the variation of the acceptance angle for angles of incidence less than 25o. 

 

 

Figure 22: Power production (W) per one tube for the SC reflector under various 

acceptance angles.  
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4.1.5. Effect of dust on power of ETC (reflector inside  and outside). 

To evaluate the reduction of power due to the dust on the evacuated tube two set-up 

have been considered i) one with a mirror inside the tube and ii) one with a mirror outside 

the tube. We consider the semicircular geometry and reduction of reflectance and light 

transmittance reported in paragraph 2.1.3. The reduction of transmittance has been 

considered around 5 %, as measured  in our experiments is section 2.1.3. The radius of the 

internal mirrors is 45 mm, and for the external reflector is 51mm. For the ideal case, the 

reflectance power of external reflector is higher than the internal reflector as 74W and 

71.5W, respectively 
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Figure 23 Effect of dust accumulation on the performance of ETC 

Considering the effect of dust on the whole optical path, the power for external reflector 

became 57 W meanwhile the power of an internal reflector is 67.3 W. This indicates that 

internal reflector is less affected by degradation of optical performance due to dust 

accumulation. 
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4.1.6. Conclusions from the parametric analysis   

 

The general conclusions from the parametric analysis of the ETC with the various reflector 

geometries studied are listed below:  

 As a general rule, the simpler the mirror shape, the lower optical efficiency.   

 The ETC with the CPC reflector seems to have the best performance under all 

reflectivity cases considered, but only for angles of incidence smaller than 20o.  

 Increasing the absorber diameter increases the optical performance of the 

collector. At the same time, more thermal losses occur that are associated with the 

increase of heat transfer area.  

 The ETC CPC tube seems to be affected from the change in the absorber 

diameter, especially at incident angles larger than 15o. 

 The 4 sided and 6 sided angular reflectors may be simpler alternatives to the SC 

and CPC reflectors, but they need further optimization in terms of geometry and 

optics.    

 For the CPC reflector, increasing the truncation height, increases the optical 

efficiency and power production.  

 For the SC reflector, the variation of the acceptance angle has a marginal effect 

on the power production, for Sun incident angles less than 25o. 

4.2. Improvement in durability and modularity  

 

This work has been carried out with the view to improve the durability and modularity of 

SHIP collectors, through better and integrated design.  

The placement of the reflector component inside the receiver tube instead of the outside 

has the following advantages in terms of durability:  

- The reflector is no longer subject to weather conditions, as it is when placed 

outside, so it is expected to keep its original shape and thus, to last longer. 

- There is no more dust and dirt accumulation on the mirror surface, so the optical 

performance does not degrade with time,  

- The collector can operate without compromising the durability of its components 

even in low tilt angles, around 30o, 

- The performance of the collector is more stable and predictable over time. 

The placement of the reflector component inside the receiver tube instead of the outside 

has the following advantages in terms of modularity:  

- Ordering/purchasing of materials: A solar collectors industry can produce numerous 

solar collector modules (i.e. with 10 tubes, 15 tubes, 20 tubes, etc.) without the need 

to order reflector sheets of various dimensions and/or to elaborate the curvatures of 

the reflector sheets of different dimensions.  
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Figure 24 Sketch of Solar plant with modular design based on ETC with different internal 

mirror shapes. The blue square indicate a cold point of the solar plant if this point is critical 

for  the application, to increase locally the temperature is possible  to insert an ETC with 

internal mirror with CPC shape to increase the temperature. Similarly, in a hot point of the 

plant (if this point is a problem) can be to use an ETC with W4  internal reflector to 

decrease the temperature. 

 

 

 

 

 

Hot point W4 

Cold point CPC 
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- Scaling up of output: A solar collectors industry can easily produce a variety of solar 

collector modules without any substantial modifications to the production chain. 

Since the reflector component is integrated to each individual evacuated tube, 

the solar industry has only to provide different dimensions of the header and the 

connecting manifold. The header is the pair of contoured copper pipes with dry 

connect sockets that the heat pipes plug into and the manifold is the insulated box 

containing the copper header pipe. This design allows a solar collectors industry to 

easily produce a variety of solar collector modules, according to the needs of 

each industry and to the needs of each installation. The variation can lie in the 

following characteristics: different reflector shapes, different absorber diameters, 

and different evacuated tube lengths. All these variations change the efficiency of 

the solar collector module, which might be useful in a real installation for instance in 

case of hot or cold points as shown in Figure 24.  

- This modular design that allows the easy production of a variety of solar collectors 

with different efficiencies, can better serve the requirements of each installation. 

For instance, if the system orientation is not ideal, this can be easily compensated 

with selecting the modules with higher efficiency for the specific position (e.g. 

acceptance angle). The modularity provides the freedom of selection of the solar 

collector that best suits each application.  

- In comparison to flat plate collectors, the modularity of evacuated tubes can be 

advantageous in terms of expandability and maintenance, for example if the 

vacuum in one heat pipe tube is lost it can be easily be replaced with minimal 

effort. 

In case of heat pipe evacuated tube collectors, there is an additional advantage in terms 

of maintenance costs. More specifically, the placement of the reflector component inside 

the receiver tube instead of outside involves lower maintenance costs, since in the event 

of a tube cracking and lost vacuum, the maintenance requires a simple, cheap and 

quick tube replacement, without emptying or dismantling the entire system. This 

maintenance procedure also uses less workforce in the field. This novel concept of 

integrating the reflector inside the evacuated tube has the ability to extend solar modules 

in size easily. The scale-up of the power output is implemented by simply adding more 

tubes, without any significant modification of the manufacturing process or costs. 

Therefore, this design can serve different target groups and can be easily adapted to the 

different and specific scopes of every industrial process. 
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5. Summary of Guideline on materials and components  

The report 2.4 (D2.4) was prepared as part of the European Commission Horizon 2020 

funded project INSHIP: Integrating National Research Agenda on Solar Heat for Industrial 

Process (www.inship.eu). The Deliverable entitled “Guideline on materials and 

components” includes an overview of materials used for solar thermal technologies for 

low-temperature SHIP (80-150°C). This report includes “specifications on materials with 

enhanced durability in SHIP low-temperature applications, including energy carriers, 

sealing. On the design side, a scientific approach to the modular design, linking physic 

models to performances expected”. The deliverable has been built-up with the 

contribution of teams of WP2.3. University of Evora, and CRES.  Particular attention has 

been dedicated to the ETC-based collectors (ETC-CPC) because are the most interesting 

collectors for low-temperature SHIP applications, thanks to the low cost and to the 

modularity. For this kind of collector it is crucial to extend the performance range to 

facilitate their use in industrial applications, e.g. increase solar loop temperature (in 

particular to provide heat at supply level). For that reason, several technological solutions 

to improve performance and durability of device such as: i) a new internal mirror; ii) new 

external reflector; and iii) smart memory alloys as actuators for anti-stagnation system 

have been studied. 

The research on ETC with the internal mirror (mirror with different shapes) show that  CPC 

reflector seems to have the best performance, under all reflectivity cases considered, but 

only for angles of incidence smaller than 20°. Moreover, for CPC reflector, increasing the 

truncation height increases the optical efficiency and power production. While for the 

internal SC reflector, the variation of the acceptance angle has a marginal effect on the 

power production, for sun incident angles less than 25°. The mirror with W shape shows the 

lowest performance. Considering the high modularity of ETC collectors combined with the 

high modularity of the internal design of the novel collector, it is possible to design a solar 

plant for industrial application with tailored thermal performance. (e.g. dedicated  pipe 

performance for cold points and for hot points). 

The near-one-concentration  CPC-type solar collectors (ETC and external reflector)  were 

investigated to identify designs with low materials / manufacturing production costs but 

embedded with an innovative anti-stagnation system based on smart memory alloy 

materials.  High-performance collector designs at the low to medium temperature range 

were obtained. A near-one-concentration  CPC-type solar collector with external reflector 

for focusing and defocusing position has been actuated by SMA materials (anti 

stagnation). The results indicate that innovative materials such as SMA are very interesting 

materials to realize a simple system for anti-stagnation. 

The activity dedicated to D2.4 allowed to study many aspects of durability of materials of 

solar components such as i)degradation of the performance of the materials used of solar 

collector, ii) seals failures and leakage of HTF, iii) degradation of the performance of 

thermal heat fluid, and iv) breakage of tube collectors or solar collectors. To mitigate the 

impact of these source on the regular operation of SHIP plants several strategies can be 

used including i) improving of the durability of performance of materials; ii) avoiding the 

stagnation of the implant, and iii) using a modular concept of the implant. 

Taking in to account the results of the  research of  D2.4  a table with the guidelines for the  

most advance d materials and strategy dedicated to enhance the durability of the solar 

components have  been designed. In Table 16 several environmental SHIP scenarios are 
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reported, and ,for each scenario materials with enhanced durability, anti-stagnation 

strategy, and modularity has been designed. 

Table 16 Environmental scenario and guidelines for materials components and strategy to 

enhance the durability of solar plant. 

 Components HTF Sealing Anti-Stagnation  Modularity 

Rural area Preferable: 

Self-cleaning 

mirror(TiO2)  

Glass (TiO2) 

 

Ag mirror  

 

Preferable: 

Water with additive 

to reduce corrosion 

(e.g. alkali metal 

phosphate) 

 

 

Preferable: 

EPDM, 

Silicone, 

Polyreutan

e, PTFE 

Preferable 

Heat pipe anti-

stagnation 

valve.Shade 

Thermochromic 

film. 

Preferable 

Modularity 

Maritime 

area 

Preferable: 

Self-cleaning mirror 

(TiO2 or functional 

oxides)  

 

Ag mirror 

+protective coating 

 Al mirror + 

protective coating 

e.g. SiO2 

Preferable: 

Water with additive 

to reduce corrosion 

(e.g. alkali metal 

phosphate) 

 

Silicone oil  

Preferable: 

Silicone, 

PTFE 

Preferable 

heat pipe anti-

stagnation valve 

or Shade or 

Thermochromic 

films 

 

Preferable 

Modularity 

Arid/semi-

arid region  

Preferable: 

Mirrors/Glass 

Self-cleaning  

Based to  

nanostructured  

oxides (SiO2, TiO2) 

Electrodynamic 

removal of dust 

Protective coating 

and layer to avoid  

scratch  erosion  

(Al2O3, etc.) 

Preferable: 

Silicone oil 

High-temperature 

Thermal oil 

 

  

Preferable: 

Silicone, 

PTFE 

Highly 

recommended 

Anti-stagnation 

system as 

Defocusing 

SMA actuators 

heat pipe anti-

stagnation valve 

as 

Shade as 

Thermochromic 

films 

Preferable 

Modularity 

Heavy 

urban 

 

Preferable: 

Self-cleaning  

Surface for mirror  

and glass  base(e.g. 

TiO2, SnO2 

photoactive) 

Aluminum  mirror 

Or mirror with 

protective  layer 

against  H2S or SO2 

As SiO2 

Preferable: 

Water  

With additive to 

reduce corrosion 

 

Preferable: 

EPDM, 

Silicone, 

PTFE 

Preferable 

Defocusing 

By SMA  

 

 

Preferable 

Modularity 

Inside 

Industries 

Preferable: 

Self-cleaning  

Surface for mirror  

and glass  base(e.g. 

TiO2, SnO2 

photoactive) 

Aluminum  mirror 

Or mirror with 

protective  layer 

against  H2S or SO2 

Protective layers as 

SiO2/TiO2 

Preferable: 

Silicone Oil  

 

Thermal oil 

 

Preferable: 

Silicone, 

PTFE 

Highly 

recommended  

Anti-stagnation 

system as 

 Defocusing  

heat pipe anti-

stagnation valve. 

Shade, 

Thermochromic 

Highly 

recommen

ded  

Modularity 
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6. Degree of progress 

(Please mention if any deviation from the work plan occurred - delay in time or modified work - and 

explain why. If the Deliverable will be delayed please give an estimation for the new delivery date). 

D2.4 is finished. 

Consistent with the work plan, there are still some experimentation on-going, e.g. 

functional  storage 
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7. Dissemination 

 In preparation 

“Modeling study for low-carbon industrial processes using solar thermal technologies. 

Case Study:  Felicetti Pasta Factory(Province of Trento, Italy)”, Michele Bolognese, 

Diego Viesi, Ruben Bartali, Luigi Crema. (in collaboration with WP5). 

“Evacuated tube collector: improvement of the optical performance of semicircular 

mirror using angular ridge.”   Rosie Christodoulaki, Ruben Bartali and Luigi Crema 

Graphene oxide / reduced graphene oxide films as protective barriers on lead against 

surface corrosion induced by water drops. R. Bartali 1,2, G. Zhang 3, X. Tong 3, G. Speranza 1, 

V. Micheli 1, G. Gottardi 1, M. Fedrizzi,1, F. Pierini4, S. Sun 3, N. Laidani1 and A.C. Tavares3 

  



Deliverable Report   

 

D 2.4    GA No. 731287 51 
 Co-funded by the Horizon 2020 Framework 

Programme of the European Union 

8. References 

 

[1] R. B. Jackson et al., “Global energy growth is outpacing decarbonization Global 

energy growth is outpacing decarbonization,” Environ. Res. Lett., vol. 13, p. 120401, 

2018. 

[2] M. Gao, L. Zhu, C. K. Peh, and G. W. Ho, “Solar Absorber Material and System 

Designs for Photothermal Water Vaporization towards Clean Water and Energy 

Production Energy & Environmental Science Solar absorber material and system 

designs for water and energy production,” Energy Environ. Sci., no. July, 2018. 

[3] G. Valencia, Y. C. Escorcia, E. Ramos, and A. Morales, “Energy Saving in Industrial 

Process Based on the Equivalent Production Method to Calculate Energy 

Performance Indicators Energy Saving in Industrial Process Based on the Equivalent 

Production Method to Calculate Energy Performance Indicators,” Chem. Eng. 

Trans., vol. 57, no. September, pp. 709–715, 2017. 

[4] W. Platzer, “Potential studies on solar process heat worldwide,” p. 17, 2015. 

[5] P. Taylor and H. Hayashi, Drying Technology  : An International Journal Drying 

Technologies of Foods -Their History and Future, no. January 2015. 2007. 

[6] O. V. Ekechukwu and B. Norton, “Review of solar-energy drying systems II: An 

overview of solar drying technology,” Energy Convers. Manag., 1999. 

[7] D. R. Pangavhane and R. L. Sawhney, “Review of research and development work 

on solar dryers for grape drying,” Energy Convers. Manag., 2002. 

[8] E. Wäckelgård et al., “Solar Energy Materials & Solar Cells Development of W – SiO 2 

and Nb – TiO 2 solar absorber coatings for combined heat and power systems at 

intermediate operation temperatures,” Sol. Energy Mater. Sol. Cells, vol. 133, pp. 

180–193, 2015. 

[9] S. A. Kalogirou, Solar Energy Engineering, Processes and systems. Elsevier, 2009. 

[10] H. Silman, G. Isserlis, and F. Averill ì, A., Protective and Decorative Coatings for 

Metals. Teddington, England, 1978. 

[11] S. Turri, Vernici materiali tecnologie proprietà, 4th ed. Milano, 2011. 

[12] M. Montazer and S. Seifollahzadeh, “Enhanced Self-cleaning , Antibacterial and UV 

Protection Properties of Nano TiO 2 Treated Textile through Enzymatic Pretreatment,” 

pp. 877–883, 2011. 

[13] M. Schwanninger, M. Steiner, and H. Zobl, “Y ellowing and IR-changes of spruce 

wood as result of UV-irradiation,” vol. 69, pp. 97–105, 2003. 

[14] G. Mellor, B., Surface Coatings for pretection against wear. Cambridge, 2006. 

[15] M. Uysal, H. Akbulut, M. Tokur, H. Algül, and T. Çetinkaya, “Structural and sliding wear 

properties of Ag/Graphene/WC hybrid nanocomposites produced by electroless 



Deliverable Report   

 

D 2.4    GA No. 731287 52 
 Co-funded by the Horizon 2020 Framework 

Programme of the European Union 

co-deposition,” J. Alloys Compd., vol. 654, pp. 185–195, Jan. 2016. 

[16] H. Hillborg, J. F. Ankner, U. W. Gedde, G. D. Smith, H. K. Yasuda, and K. Wikstro, 

“Crosslinked polydimethylsiloxane exposed to oxygen plasma studied by neutron 

reflectometry and other surface specific techniques,” Polymer (Guildf)., vol. 41, pp. 

6851–6863, 2000. 

[17] T. G. Gustavsson and S. M. Gubanski, “Hydratization of the PDMS Backbone During 

Water Immersion Test,” IEEE-CEIDP, pp. 269–272, 1998. 

[18] S. Bhattacharya, A. Datta, J. M. Berg, and S. Gangopadhyay, “Studies on surface 

wettability of poly(dimethyl) siloxane (PDMS) and glass under oxygen-plasma 

treatment and correlation with bond strength,” J. Microelectromechanical Syst., vol. 

14, no. 3, pp. 590–597, 2005. 

[19] R. Pettit, “Wavelength dependent scattering caused by dust accumulation on solar 

mirrors WAVELENGTH DEPENDENT SCATTERING CAUSED BY DUST ACCUMULATION ON 

SOLAR MIRRORS *,” Sol. Energy Mater., vol. 1633, no. September 1980, pp. 1–20, 1980. 

[20] C. Sansom, P. Comley, P. King, H. Almond, and E. Endaya, “Predicting the Effects of 

Sand Erosion on Collector Surfaces in CSP Plants,” Energy Procedia, vol. 69, pp. 198–

207, 2015. 

[21] E. Klimm, T. Kaltenbach, D. Philipp, M. Masche, K. Weiss, and M. Koehl, “EXTREME 

CLIMATIC CONDITIONS,” no. September, pp. 1–3, 2015. 

[22] E. Frank, F. Mauthner, and S. Fisher, “Overheating prevention of stagnation handling 

in solar process heat applications,” Tech. resp., 2015. 

[23] N. Amanat, A. F. Nicoll, A. J. Ruys, D. R. Mckenzie, and N. L. James, “Gas 

permeability reduction in PEEK film: Comparison of tetrahedral amorphous carbon 

and titanium nanofilm coatings,” J. Memb. Sci., 2011. 

[24] B. Tan and N. L. Thomas, “A review of the water barrier properties of polymer / clay 

and polymer / graphene nanocomposites,” J. Memb. Sci., vol. 514, pp. 595–612, 

2016. 

[25] N. L.E, “Models for the Permeability of Filled Polymer Systems,” J. Macromol. A, 1966. 

[26] K. Yano, A. Usuki, and A. Okada, “Synthesis and Properties of Polyimide-Clay Hybrid 

Films,” J. Polym. Sci., no. November 1996, pp. 2289–2294, 2000. 

[27] I. Tseng, Y. Liao, J. Chiang, and M. Tsai, “Transparent polyimide / graphene oxide 

nanocomposite with improved moisture barrier property,” Mater. Chem. Phys., vol. 

136, no. 1, pp. 247–253, 2012. 

[28] U. Diebold, “The surface science of titanium dioxide,” Surface Science Reports, vol. 

48, no. 5–8. pp. 53–229, 2003. 

[29] O. Topcuoglu, S. A. Altinkaya, and B. Devrim, “Characterization of waterborne 

acrylic based paint films and measurement of their water vapor permeabilities,” vol. 

56, pp. 269–278, 2006. 

[30] N. D. Hoivik, J. W. Elam, R. J. Linderman, V. M. Bright, S. M. George, and Y. C. Lee, 



Deliverable Report   

 

D 2.4    GA No. 731287 53 
 Co-funded by the Horizon 2020 Framework 

Programme of the European Union 

“Atomic layer deposited protective coatings for micro-electromechanical systems,” 

Sensors Actuators A Phys., vol. 103, no. 1–2, pp. 100–108, 2003. 

[31] P. Favia and R. Agostino, “Plasma treatments and plasma deposition of polymers for 

biomedical applications,” Surf. Coat. Technol., vol. 98, no. 1–3, pp. 1102–1106, 1998. 

[32] A. D. Massoudim R., King, “Effect of Pressure on the Surface Tension of water 

adsorption of low molecular weight gases on Water at 25 °.,” J. Phys. Chem., vol. 78, 

no. (22), pp. 2262–2266, 1974. 

[33] T. Bayer, R. Selyanchyn, S. Fujikawa, K. Sasaki, and S. M. Lyth, “Spray-painted 

graphene oxide membrane fuel cells,” J. Memb. Sci., vol. 541, no. April, pp. 347–357, 

2017. 

[34] S. Sathiyanarayanan, S. Muthukrishnan, G. Venkatachari, and D. C. Trivedi, 

“Corrosion protection of steel by polyaniline ( PANI ) pigmented paint coating,” 

Prog. Org. Coatings, vol. 53, no. 4, pp. 297–301, 2005. 

[35] Y. Zhong, Z. Zhen, and H. Zhu, “FlatChem Graphene  : Fundamental research and 

potential applications Solution phase methods,” FlatChem, vol. 4, pp. 20–32, 2017. 

[36] E. Wackelgard et al., “New cermet coatings for mid-temperature applications for 

solar concentrated combine heat and power system,” in Energy Procedia, 2014, vol. 

48, pp. 242–249. 

[37] T. Sarver, A. Al-Qaraghuli, and L. L. Kazmerski, “A comprehensive review of the 

impact of dust on the use of solar energy: History, investigations, results, literature, 

and mitigation approaches,” Renew. Sustain. Energy Rev., vol. 22, pp. 698–733, Jun. 

2013. 

[38] M. Karim, S. Naamane, C. Delord, and A. Bennouna, “Laboratory simulation of the 

surface erosion of solar glass mirrors,” Sol. Energy, vol. 118, pp. 520–532, Aug. 2015. 

[39] C. Sansom, P. Comley, P. King, H. Almond, C. Atkinson, and E. Endaya, “Predicting 

the Effects of Sand Erosion on Collector Surfaces in CSP Plants,” Energy Procedia, 

vol. 69, pp. 198–207, May 2015. 

[40] K. Slamova, I. Duerr, T. Kaltenbach, and M. Koehl, “Degradation effects of maritime 

atmosphere on metallic components of solar collectors,” Sol. Energy Mater. Sol. 

Cells, vol. 147, pp. 246–254, Apr. 2016. 

[41] F. Sutter et al., “Durability Testing of Silvered-Glass Mirrors,” Energy Procedia, vol. 69, 

pp. 1568–1577, May 2015. 

[42] B. H. Chudnovsky, “Degradation of power contacts in industrial atmosphere: silver 

corrosion and whiskers,” in Proceedings of the Forty-Eighth IEEE Holm Conference on 

Electrical Contacts, pp. 140–150. 

[43] C. Jiang Yang, C. Hao Liang, and X. Liu, “Tarnishing of silver in environments with 

sulphur contamination,” Anti-Corrosion Methods Mater., vol. 54, no. 1, pp. 21–26, 

Jan. 2007. 

[44] S. Sabir and A. A. Ibrahim, “Influence of atmospheric pollution on corrosion of 

materials in Saudi Arabia,” Corros. Eng. Sci. Technol., vol. 52, no. 4, pp. 276–282, May 



Deliverable Report   

 

D 2.4    GA No. 731287 54 
 Co-funded by the Horizon 2020 Framework 

Programme of the European Union 

2017. 

[45] A. García-Segura, A. Fernández-García, M. J. Ariza, F. Sutter, and L. Valenzuela, 

“Degradation of concentrating solar thermal reflectors in acid rain atmospheres,” 

Sol. Energy Mater. Sol. Cells, vol. 186, pp. 92–104, Nov. 2018. 

[46] C. E. Kennedy and K. Terwilliger, “Optical Durability of Candidate Solar Reflectors,” J. 

Sol. Energy Eng., vol. 127, no. 2, pp. 262–269, May 2005. 

[47] A. Fernández-García et al., “Simplified analysis of solar-weighted specular 

reflectance for mirrors with high specularity,” in AIP Conference Proceedings, 2016, 

p. 130006. 

[48] A. García-Segura, A. Fernández-García, M. J. Ariza, F. Sutter, and L. Valenzuela, 

“Durability studies of solar reflectors: A review,” Renew. Sustain. Energy Rev., vol. 62, 

pp. 453–467, Sep. 2016. 

[49] “ISO 9226:2012: Corrosion of Metals and Alloys-Corrosivity of Atmospheres- 

Determination of Corrosion Rate of Standard Specimens for the Evaluation of 

Corrosivity,” 2012. 

[50] A. Fernández-García, E. Rojas, M. Pérez, R. Silva, Q. Hernández-Escobedo, and F. 

Manzano-Agugliaro, “A parabolic-trough collector for cleaner industrial process 

heat,” J. Clean. Prod., vol. 89, pp. 272–285, Feb. 2015. 

[51] M. Watanabe, A. Hokazono, T. Handa, T. Ichino, and N. Kuwaki, “Corrosion of 

copper and silver plates by volcanic gases,” Corros. Sci., vol. 48, no. 11, pp. 3759–

3766, Nov. 2006. 

[52] T. E. Leygraf, C.; Graedel, “Atmospheric Corrosion,” Wiley Intersci. Hoboken,NJ, USA, 

2000. 

[53] J. P. Franey, G. W. Kammlott, and T. E. Graedel, “The corrosion of silver by 

atmospheric sulfurous gases,” Corros. Sci., vol. 25, no. 2, pp. 133–143, Jan. 1985. 

[54] J. Hillman, C.; Arnold, J.; Binfield, S.; Seppi, “Silver and sulfur: Case studies, physics, 

and possible solutionst.,” SMTA Int. Conf. Proceedings;DfR Solut. Coll. Park. MD, USA, 

2007. 

[55] “ISO 9223:2012: Corrosion of Metals and Alloys-Corrosivity of Atmospheres- 

Classification, Determination and Estimation,” 2012. 

[56] T. E. Graedel, “Corrosion Mechanisms for Aluminum Exposed to the Atmosphere,” J. 

Electrochem. Soc., vol. 136, no. 4, p. 204C, 1989. 

[57] M. Morcillo, B. Chico, D. de la Fuente, and J. Simancas, “Looking Back on 

Contributions in the Field of Atmospheric Corrosion Offered by the MICAT Ibero-

American Testing Network,” Int. J. Corros., vol. 2012, pp. 1–24, 2012. 

[58] T. Kaltenbach, E.Klimm, T. Meier, M. Köhl, and K. A. Weiß, “Testing of Components for 

Solar Thermal Collectors in Respect of Saline Atmospheres,” Energy Procedia, vol. 48, 

pp. 731–738, 2014. 

[59] D.W. Rice, “Atmospheric corrosion of copper and silver,” J. Electrochem. Soc., vol. 



Deliverable Report   

 

D 2.4    GA No. 731287 55 
 Co-funded by the Horizon 2020 Framework 

Programme of the European Union 

128, 1981. 

[60] H. Kim, “Corrosion process of silver in environments containing 0.1 ppm H2S and 1.2 

ppm NO2,” Mater. Corros., vol. 54, no. 4, pp. 243–250, Apr. 2003. 

[61] A. García-Segura, A. Fernández-García, M. J. Ariza, F. Sutter, and L. Valenzuela, 

“Effects of reduced sulphur atmospheres on reflector materials for concentrating 

solar thermal applications,” Corros. Sci., vol. 133, pp. 78–93, Apr. 2018. 

[62] S. K. Mishra, V. Kumar, S. K. Tiwari, T. Mishra, G. Angula, and S. Adhikari, 

“Development and degradation behavior of protective multilayer coatings for 

aluminum reflectors for solar thermal applications Development and degradation 

behavior of protective multilayer coatings for aluminum re fl ectors for solar thermal 

applications,” Thin Solid Films, vol. 619, no. May 2018, pp. 202–207, 2016. 

[63] P. Gould, “Smart and clean surfaces, Mater,” Today 11, pp. 44–48, 2003. 

[64] A. A. Hegazy, “Effect of dust accumulation on solar transmittance through glass 

covers of plate-type collectors,” Rebewable energy, vol. 1481, no. April 2001, 2018. 

[65] H. K. Elminir, A. E. Ghitas, R. H. Hamid, F. El-hussainy, M. M. Beheary, and K. M. Abdel-

moneim, “Effect of dust on the transparent cover of solar collectors,” Energy 

Convers. Manag., vol. 47, pp. 3192–3203, 2006. 

[66] J. Yun, L. Verma, A. James, and H. Yang, “The Effect of Dust on Transmission and Self-

cleaning Property of Solar Panels,” Energy Procedia, vol. 15, no. 2011, pp. 421–427, 

2012. 

[67] A. Heimsath et al., “Specular reflectance of soiled glass mirrors – Study on the 

impact of incidence angles Specular Reflectance of Soiled Glass Mirrors – Study on 

the Impact of Incidence Angles,” AIP Conf. Proc., vol. 130009, no. May, p. 1734, 

2016. 

[68] A. A. Merrouni, F. Wolfertstetter, A. Mezrhab, S. Wilbert, and R. Pitz-paal, 

“Investigation of soiling effect on different solar mirror materials under Moroccan 

climate,” Energy Procedia, vol. 69, pp. 1948–1957, 2015. 

[69] G. Gug et al., “Anti-soiling performance of high reflective superhydrophobic 

nanoparticle-textured mirror,” 2018. 

[70] S. Sutha, S. Suresh, B. Raj, and K. R. Ravi, “Transparent alumina based 

superhydrophobic self – cleaning coatings for solar cell cover glass applications 

Solar Energy Materials & Solar Cells Transparent alumina based superhydrophobic 

self – cleaning coatings for solar cell cover glass applications,” Sol. Energy Mater. 

Sol. Cells, vol. 165, no. April 2019, pp. 128–137, 2017. 

[71] T. Lorenz, E. Klimm, and K.-A. Weiss, “Soiling and Anti-soiling Coatings on Surfaces of 

Solar Thermal Systems – Featuring an Economic Feasibility Analysis,” Energy 

Procedia, vol. 48, pp. 749–756, 2014. 

[72] D. A. Schaeffer, G. Polizos, D. B. Smith, D. F. Lee, and S. R. Hunter, “Optically 

transparent and environmentally durable superhydrophobic coating based on 

functionalized SiO 2 nanoparticles,” pp. 1–17. 



Deliverable Report   

 

D 2.4    GA No. 731287 56 
 Co-funded by the Horizon 2020 Framework 

Programme of the European Union 

[73] C. Atkinson, C. L. Sansom, H. J. Almond, and C. P. Shaw, “Coatings for 

concentrating solar systems – A review,” Renew. Sustain. Energy Rev., vol. 45, pp. 

113–122, 2015. 

[74] V. Rico, C. López, A. Borrás, J. P. Espinós, and A. R. González-Elipe, “Effect of visible 

light on the water contact angles on illuminated oxide semiconductors other than 

TiO2,” Sol. Energy Mater. Sol. Cells, vol. 90, no. 17, pp. 2944–2949, 2006. 

[75] G. B. Raquel Prado, A. M. J. Goikoetxea, and A. Ana, “Development of 

multifunctional sol–gel coatings: Anti-reflection coatings with enhanced self-

cleaning capacity,” Sol. Energy Mater. Sol. Cells, vol. 94, no. 6, pp. 1081–1088, 2010. 

[76] M. Sun et al., “Artificial lotus leaf by nanocasting,” Langmuir, vol. 21, no. 19, pp. 

8978–8981, 2005. 

[77] M. Zhang, S. Feng, L. Wang, and Y. Zheng, “Lotus effect in wetting and self-

cleaning,” Biotribology, pp. 1–13, Sep. 2015. 

[78] Mazumder, Malay K, M. N. Horenstein, J. Stark, J. N. Hudelson, and A. Sayyah, 

“Electrodynamic removal of dust from solar mirrors and its applications in 

concentrated solar power ( CSP ) plants,” 2014-EPC-0305, no. January 2016, pp. 1–7, 

2014. 

[79] G. Cicala et al., “Superior hardness and Young’s modulus of low temperature 

nanocrystalline diamond coatings,” Mater. Chem. Phys., vol. 144, no. 3, pp. 505–511, 

2014. 

[80] R. Bartali, V. Micheli, G. Gottardi,  a. Vaccari, M. K. Safeen, and N. Laidani, “Nano-

hardness estimation by means of Ar+ ion etching,” Thin Solid Films, vol. 589, no. MAY, 

pp. 376–380, Aug. 2015. 

[81] H. Lettington, “APPLICATIONS OF DIAMOND-LIKE CARBON THIN FILMS,” Carbon N. Y., 

vol. 36, no. 5, p. 555, 1998. 

[82] K. Bobzin, E. Lugscheider, M. Maes, and C. Pin, “Relation of hardness and oxygen 

flow of Al 2 O 3 coatings deposited by reactive bipolar pulsed magnetron 

sputtering,” Thin Solid Films, vol. 494, pp. 255–262, 2006. 

[83] M. Mazur, J. Morgiel, D. Wojcieszak, D. Kaczmarek, and M. Kalisz, “Effect of Nd 

doping on structure and improvement of the properties of TiO2 thin films,” Surf. 

Coatings Technol., vol. 270, pp. 57–65, May 2015. 

[84] Y. Zhang and C. Pan, “Measurements of mechanical properties and number of 

layers of graphene from nano-indentation,” Diam. Relat. Mater., vol. 24, pp. 1–5, 

Apr. 2012. 

[85] H. Lu and A. H. P. Swift, “El Paso Solar Pond,” J. Sol. Energy Eng., vol. 123, no. 3, p. 

178, 2001. 

[86] W. O. Walter, “Heat transfer technique with organic media,” in Heat transfer media, 

2nd ed., Graefelfing, Ed. pp. 4–58. 

[87] B. L. C.Lang, “Heat Transfer Fluid Life Time Analysis of Diphenyl Oxide/Biphenyl 

Grades for Concentrated Solar Power Plants,” Energy Procedia, vol. 69, pp. 672–680, 



Deliverable Report   

 

D 2.4    GA No. 731287 57 
 Co-funded by the Horizon 2020 Framework 

Programme of the European Union 

2015. 

[88] Christopher Ian Wright Eole Picot, “A Case Study to Demonstrate the Value of a 

System Flush and Clean Prior to Filling a Plant with Virgin Heat Transfer Fluid,” Heat 

Transf. Eng., 2016. 

[89] C. J. C.I. Wright, A. Burns, “Sampling Hot Heat Transfer Fluids: Simple Insights for 

Gaining a Representative Sample,” Int. J. Eng. Innov. Technol., vol. 3, pp. 202–204, 

2013. 

[90] T. S. and S. U. Christian Jung, Marion Senholdt, Carsten Spenke, “Hydrogen 

monitoring in the heat transfer fluid of parabolic trough plants,” AIP Conf. Proc., 

2019. 

[91] F. Z. C . Monticelli, G. Brunoro, A. Frignani, “Werkstoffe Korrosion,” vol. 39, 1988. 

[92] Walter J.RossiterJr.Paul W.BrownMcClureGodette, “The determination of acidic 

degradation products in aqueous ethylene glycol and propylene glycol solutions 

using ion chromatography,” Sol. Energy Mater., vol. 9, no. 3, pp. 267–279, 1983. 

[93] M. Yu et al., “Improvement of Corrosion Protection of Coating System via Inhibitor 

Response Order,” Coatings, vol. 8, no. 10, p. 365, Oct. 2018. 

[94] S. PAPAVINASAM, “Corrosion Inhibitors,” in CANMET Materials Technology 

Laboratory, Ottawa, Ontario Canada. 

[95] E. E. E. Sudhish K. Shukla, “Corrosion Inhibition, Adsorption Behavior and 

Thermodynamic Properties of Streptomycin on Mild Steel in Hydrochloric Acid 

Medium,” Int. J. Electrochem. Sci., 2011. 

[96] A. Singh, V. Sharma, S. Mittal, G. Pandey, D. Mudgal, and P. Gupta, “An overview of 

problems and solutions for components subjected to fireside of boilers,” Int. J. Ind. 

Chem., vol. 9, no. 1, pp. 1–15, Mar. 2018. 

[97] A. . Shams el din and R. A. Arain, “The kinetics of oxygen scavenging by catalysed 

hydrazine,” Corros. Sci., vol. 29, no. 4, pp. 445–453, 1989. 

[98] E. S. Hackerman, N., and Snaveley, “Inhibitors,” in Corrosion Basics, Nace 

international, Ed. Houston, Texas, 1984, pp. 127–146. 
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