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Abstract 

Solar energy plays a key role in the energy transition from fossil fuels to renewable energy. The 

transition from these fuels to renewable energies could extensively and positively impact global 

warming. The goal is to reduce the use of fossil fuels and, consequently, greenhouse gas emissions, 

thereby mitigating climate change issues. A non-negligible portion of the energy resources 

employed by developed countries is currently used for heating and cooling. The industrial sector 

deserves particular attention because it comprises the largest portion of global energy consumption 

among the major energy-consuming sectors: industrial, transportation, residential, and 

commercial. Globally, the industrial sector is responsible for over one-third (37%) of the total 

energy consumption and a quarter (24%) of the global CO2 emissions. Solar collectors and thermo-

photovoltaic (TPV) may be a gamechanger in the efforts related to industrial transitioning to 

renewable energy sources. This Ph.D. aims to improve the energy conversion efficiency in High 

Vacuum Flat Plate Collectors (HVFPCs) and TPV technologies. The HVFPCs are solar collectors 

capable of supplying mid-temperature output (up to 200 °C), retain all the advantages of a flat 

plate solar collector (net area is approximately 96% of the gross area), thanks to the vacuum 

insulation. However, owing to the present state of technology, they remain unsuitable for providing 

high-temperature heat on a large scale, and therefore, are unable to replace a significant portion of 

industrial process heat. An optimized solar selective coating and the reduction of the absorber’s 

substrate radiative losses has been proposed to improve the HVFPCs efficiency. A multi-layered 

structure (Cr-Cr2O3 based) appeared to be an interesting solution to achieve high working 

temperature. The results obtained show an absorber efficiency up to 75% at 300 °C working 

temperature. Moreover, copper and silver low emissive coating (LEC) seems to best suit the 

purpose of the absorber’s substrate radiative losses reduction. The use of these LEC led to almost 

doubled the HVFPCs performances. On the other hand, the optimization, development, and 

realization of selective emitters (SE) has been proposed for the TPV systems. Selective emitters 

could highly impact on the efficiency of these devices and in reducing heat losses. The proposed 

SE, is a SiNx-SiO2-TiO2 multilayer structure on tungsten substrate, demonstrating to have a good 

thermal stability (up to 1000 °C) and the best literature emitter efficiency in 0.63-0.72 eV range. 

Finally, a novel procedure for the prediction of the service lifetime of solar absorbers for HVFPCs 

depending on the operating temperatures is proposed to overcome the problems occurred using the 

current standard (ISO 22975-3:2014). A novel Performance Criterion (PC), that represents the 

degree of aging of a coating, an appropriate temperature frequency function f(T), that represents 

how many hours the absorber is at temperature T during one-year operation, were presented. The 

results obtained following the proposed procedure (decreasing service lifetime with increasing 

operating temperatures) appear to be more reasonable than those obtained following the standard 

procedure (increasing service lifetime with increasing operating temperatures), suggesting that the 

proposed procedure offers a more realistic prediction of service lifetime for absorbers used in 

HVFPCs. 
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Nomenclature 
Acronyms  

HVFPC  High Vacuum insulated Flat Plate Collectors 

SSA Selective Solar Absorber 

TPV Thermo-photovoltaic 

PV Photovoltaic 

STPV Solar Thermo-photovoltaic 

SE Selective Emitter 

Eg Bandgap energy 

ν Frequency  

λ Wavelength 

PC Performance Criterion 

f(t) Temperature frequency function 

c Velocity of the propagation 

ε dielectric constant 

µ magnetic permeability 

c0 Speed of light in vacuum 

n Refractive index 

ρλ Reflection coefficient 

αλ Absorption coefficient 

τλ Transmission coefficient 

𝐵𝜆(𝑇) Spectral irradiance of a blackbody 

h Planck’s constant 

k Boltzmann’s constant 

EBB Blackbody total emitted power  

𝜎𝑆𝐵 Stefan-Boltzmann constant 

𝜀 (𝑇) Thermal emittance 

ε(λ) Surface emissivity 

TSC Transpired solar collector 
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CPC Compound Parabolic Concentrator 

ETC Evacuated tubes solar collectors 

NEG Non-Evaporable Getter 

𝛼𝑠 Solar absorptance 

𝜂𝑡 Thermal transfer efficiency  

𝜆𝑐𝑢𝑡 (T) Cut-off wavelength 

C concentration factor 

ηabs absorber efficiency  

w Weighting factor 

Tamb Ambient at temperature  

𝜂𝑝𝑎𝑛𝑒𝑙 Panel efficiency 

IEA International Energy Agency 

ET Activation energy  

Teff Effective constant temperature  

PVD Physical Vapour Deposition 

DC Direct Current diode 

RF Radio Frequency diode 

DCMS DC Magnetron Sputtering 

RFMS RF Magnetron sputtering 

DCRMS DC Reactive Magnetron Sputtering 

RFRMS RF Reactive Magnetron sputtering 

MTB Mini-Test-Box 

ma Sample mass 

cp Specific heat 

A Sample Area 

Pin Incident Power per unit area 

𝜀�̅�(𝑇𝑎) Absorber emittance 

𝜀�̅�𝑢𝑏(𝑇𝑠𝑢𝑏) Equivalent substrate emittance 

𝜏𝑔𝑙𝑎𝑠𝑠  Glass trasmittance 
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OSA Optical Spectrum Analyzer 

FTIR Fourier-transform Infrared Spectrometer 

ARC Anti-Reflective Coating 

GA Genetic algorithm 

LEC Low emissivity coating 

DB Diffusion barrier 

Pout ideal PV cell generated electric power 

Pemi Emitter emitted power 

ηPV cell PV cell power efficiency 

J(V) Current density 

q Elementary charge of a proton 

EQE(λ) External quantum efficiency of the PV cell 

m PV cell ideality factor 

Td Cell temperature 

Jnr Dark current density induced by nonradiative recombination 

V Applied voltage 

𝑘 Chemical reaction rate 

𝐷𝐴𝑟𝑟ℎ Arrhenius constant 

𝑅 Constant of ideal gas 

𝑃𝐶η(𝑇) Proposed performance criterion 

HTF Heat transfer fluid 

IAM Incidence angle modifier 

O.T. Operating temperature 

tLT Service lifetime 
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1. Introduction 

Climate change is a real issue that currently engages the entire world: the IPCC (Intergovernmental 

Panel on Climate Change) predicts a temperature rise of about 1 to 5 °C over the next century, and 

states that “the range of published evidence indicates that the net damage costs of climate change 

are likely to be significant and to increase over time”. The human activities, the fossil fuels 

burning, and the industrialization increased the heat-trapping greenhouse gas levels in Earth’s 

atmosphere, causing an increasing of the average global surface temperature and a climate change: 

scientists have observed that rain has increased by 15% and the sea level has risen by 10.5 cm 

during the last century [1]. The transition to renewable energy resources could play a key role in 

the mitigation of the greenhouse gases in the atmosphere. The goal is to reduce the use of fossil 

fuel and consequently the greenhouse gas emissions, thus mitigating climate change issues [2,3]. 

In Europe the amount of energy demanded for only heating and cooling is half of the total, while 

those for electricity and transport are 20% and 31%, respectively [4,5]. The industrial sector 

deserves particular attention [6] since it comprises the largest portion of global energy 

consumption among the major energy-consuming sectors [7]. Globally, the industrial sector is 

responsible for over one third of total energy consumption and a quarter of global CO2 emissions 

[8]. In particular, the Solar Payback (2017) showed that heat represents three quarters of industrial 

energy demand worldwide (Fig. 1.1). Of this, only the 9% is supplied by renewable sources, and 

half of it is required as medium and low-temperatures heat. 

 

Figure 1.1. Share and breakdown of heat demand in industry: heat represents three quarters of the 

energy demand of industries world-wide, and half of it is low to medium temperature heat, that could be 

easily supplied by renewable heat. Source: Solar Payback (2017), based on IEA statistics and 

calculations by IRENA [9]. 

According to the National Renewable Energy Laboratory (NREL) [10], "solar energy is a powerful 

source of energy that can be used to heat, cool, and light homes and businesses", and “more energy 

from the sun falls on the earth in one hour than is used by everyone in the world in one year”. 
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Furthermore, the environmental impact of solar power is significantly smaller than other power 

generation methods, in fact the impact is mainly related to the production and supply of the special 

materials and metals that are required to produce the devices to harness such energy. Solar energy 

could be easily integrated in industrial plants as a renewable energy source, offering two 

possibilities: concentrating and non-concentrating solar collection [11]. The technologies most 

used to produce heat are concentrating solar power (CSP) systems and flat plates. The CSP is 

mainly used for power plants since its structure is quite complex: it uses mirrors to reflect and 

concentrate sunlight into a receiver collector, that collects the solar energy. Such systems are 

suitable for high temperature heat (up to 500 °C), but they can be very expensive and bulky, and 

their usage is limited by the fact that they can only collect direct solar radiation. Non-concentrating 

technologies such as flat-plate collectors or evacuated tubes are considerably cheaper and they can 

be installed almost anywhere, as they use both direct and diffuse solar irradiance, but they do not 

deliver heat above 100 °C with adequate efficiency. Currently, most projects use non-

concentrating technologies since solar heating is economically competitive with fossil fuels at low-

medium temperatures. Food and beverage industry, service industry, and textile industry, are 

examples of industries that need low to medium temperature heat, and it is no coincidence that 

they represent the main areas in which solar heat has been deployed. Hence, solar collectors could 

be a gamechanger in industrial transitioning to renewable energy sources, but at the present state 

of technology they cannot yet provide mid-temperature heat on a large scale, and therefore are 

unable to replace a significant portion of industrial process heat. A potential solution to overcome 

the limits of the conventional solar collectors comes from the High Vacuum insulated Flat Plate 

Collectors (HVFPC), which supply mid-temperature output with high efficiency. In fact, the high 

vacuum insulation reduces the conductive and convective losses due to the gas, increasing the 

operating temperature from the old 80-100 °C up to 200 °C, without concentration. Vacuum 

insulated flat plate collectors concept is known since 1970’s [12], but just recently HVFPCs have 

been introduced on the market by a relatively young company, TVP Solar [13,14], due to the 

technical challenges involved in the production of a quality product [15]. Unfortunately, the 

radiative losses due to the hot absorber still survive and rise rapidly with temperature, particularly 

in the absence of concentration [16]. This limits the use of flat panel devices at temperatures around 

150 °C since they experience a fast drop off in the radiative efficiency of the absorber [17]. For 

this reason, to efficiently use the thermal energy derived from the solar radiation using flat plate 

solar collectors, an optimized (and low-cost) Selective Solar Absorber (SSA) is required [15]. A 

selective solar absorber is a surface which can discriminate between solar spectrum and infrared 

spectrum, being able to capture as much solar light as possible, while emitting as little thermal 

energy as possible, taking advantage of the difference between the wavelength ranges of the solar 

spectrum and the thermal radiation emitted by a heated body. Previous works have made progress 

in improving the optical properties of a solar absorber for mid-high temperature applications: in 

[18] Ag–Al2O3 nanocermet SSA coatings prepared at different Ag contents on copper, silicon, 

and glass substrates exhibited α = 0.93 in the visible region and ε = 0.04 – 0.05 at 82 °C in the 

infrared region of the solar spectrum, but the thermal stability test at 400 °C showed degradation 

in the vacuum annealed coatings due to size decrease of the Ag nanoparticles. Absorbers consisting 
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of two cermet layers of either W–SiO2 or Nb–TiO2, deposited on a molybdenum infrared reflector 

and coated with an antireflection layer of silicon oxide for mid-temperature operation in collectors 

for solar thermal electricity plants have been presented in [19]. The optimal values of α and ε for 

W–SiO2 and Nb–TiO2 were respectively α = 0.91, ε = 0.08 and α = 0.93, ε = 0.09. The properties 

of a four-layer composite film structure, W/AlSiOx:W(HA)/AlSiOx:W(LA)/AlSiOx, deposited on 

stainless steel substrate have been investigated in [20] exhibiting  α = 0.94 - 0.95 and ε = 0.08 - 

0.09 (at 100 °C) and 0.10 – 0.14% (at 400 °C). In [21] a hyperbolic metamaterial made by 

TiN/SiO2 multilayered structure is studied in order to reduce the emission in the IR range, showing 

a good selectivity and a high temperature resistance up to 750 °C. However, in these mentioned 

coatings, the optimization consisted mainly in maximizing the solar absorption without giving 

attention to the radiative losses. In particular for HVFPCs, the high working temperatures reached 

without concentration require special attention to be given to the radiative parameters of the 

selective coating, but the literature still lacks articles about valid SSA coatings for HVFPCs 

technology and about the evaluation of their thermal stability and service lifetime.  

Moreover, also the thermo-photovoltaic (TPV) technologies could play a key role in the transition 

from fossil fuels to renewable energy. These systems employ a PV module, a heat source (the Sun 

for STPVs), and a thermal collector [22], and allow thermal radiation emitted by an object heated 

at temperatures typically above 800 °C to be converted directly into electricity [23]. TPV enable 

efficient solar energy conversion by shaping the incident spectrum to match the wavelengths useful 

to the PV cell through the use of intermediate thermal radiation emitter [24]. The ideal thermal 

emitter is a selective emitter (SE), characterized by a sharp transition from high to low emissivity 

at the position in the spectrum corresponding to photon energies approximately equal to the 

bandgap energy (Eg) of the associated PV cell. The choice of the optimal bandgap is determined 

by the thermal emission spectrum, which in turn is controlled by the emitter temperature and the 

spectral characteristics of the emitter surface [25]. Several solutions of SE have been already 

developed in the past [26]. They include bulk emitters, which can be either graybody emitters [27] 

such as Si, SiC, or metals with [28] and without AR coatings [29]; naturally selective emitters [30], 

made from rare earth metals (Er, Yb); metamaterials [31]; 1D to 3D [32–34] as well as rod-type 

[35] or carbon-based nanotube [36] photonic crystals; surface gratings [37], nanostructures [38], 

as well as metallo-dielectric structures based on refractory materials, such as W, Mo, HfO2 [39–

41]. Although all these solutions have favorable characteristics, they share two main 

disadvantages: high cost and/or manufacturing complexity, especially when industrialization 

processes are considered. 

To provide solutions to these problems, this thesis focuses on the description and development of 

new elements useful for improving the performance of solar devices. In fact, this Ph.D. program 

is born as a part of the FSE-FESR National Operational Program "Ricerca e Innovazione 2014-

2020" of the Italian Ministero dell’Istruzione, dell’Università e della Ricerca, and intends to 

support the promotion and strengthening of fostering collaboration between academic world and 

private industry in the field of scientific research. For this reason, I have been involved in the 
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development and optimization of new products in collaboration with the company TVP Solar. The 

first part of this Ph.D. program has been focused on the increase of the energy conversion 

efficiency in HVFPCs and thermo-photovoltaic (TPV) technologies.  

For the HVFPCs the development of an optimized solar selective coatings and the reduction of the 

SSA’s substrate radiative losses has been proposed. For this purpose, the current state of the art 

regarding the selective solar absorbers was reviewed to assess which are the solutions that can 

meet the required criteria. Among the possible designs inspected, multilayer selective absorbers 

based on chromium and chromium oxide appeared to be the best suited for the purposes of this 

work. Also, the thermal emittance of some typical metals that can be used as substrates for solar 

absorbers was studied. Copper and aluminium have the best trade-off between cost of the bulk and 

optical properties, seems to best suit the purpose of the present study. 

For TPV technologies the optimization, development, and realization of selective emitters has been 

presented. In fact, the development and use of selective emitters could play a key role in increasing 

the efficiency of these devices and in reducing heat losses: they would act as a "filter" that lets 

only photons with energy above the bandgap of the photovoltaic cell pass through. The idea is to 

design easy-to-fabricate selective emitters based on multilayers, as the ones currently available 

involve mainly metamaterials, metasurfaces, plasmonics structures or nanofabrications, which 

could be difficult to scale at an industrial level. 

One of the main drawbacks in the development of both solar selective coatings and selective 

emitters is the need for simple and cost-effective solutions, which must be easily reproducible on 

a large-scale production and used daily in industrial applications. This brought with it many 

constraints, such as the use of deposition techniques that can be easily applied on an industrial 

level, the design of structures which avoid complex techniques, the choice of materials inexpensive 

and easy to handle, etc. In fact, this work represents the first step towards the broader, industrial 

development of these elements, where all the aforementioned characteristics are fundamental. 

The third part of this Ph.D. thesis is concentrated on the elaboration of a novel procedure for the 

prediction of the service lifetime of solar absorbers for HVFPCs. Currently the standard, named 

ISO/CD 12592, 2 “Solar Energy – Materials for flat-plate collectors – Qualification test procedures 

for solar surface durability” [42], is developed for standard collector working in air at low 

temperature, and it cannot be used also for HVPCs. For this reason, a review of the current standard 

was done. The Performance Criterion (PC), that represents the degree of aging of a coating, the 

temperature frequency function f(T), that represents how many hours the absorber is at temperature 

T during one-year operation, and the procedure flow were revised and adapted to be suitable to 

evaluate the service lifetime of solar absorbers for HVFPCs. 

The thesis work presented has been carried out in collaboration with: University of Naples 

"Federico II" in Naples (Italy); Istituto di Scienze Applicate e Sistemi Intelligenti "Eduardo 

Caianiello" (ISASI - CNR) of Naples (Italy); TVP Solar in Avellino (Italy); Purdue University, in 

West Lafayette (Indiana, USA). 
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2. Solar thermal collectors and working principles 

2.1 Basic principles of optics 

An electromagnetic wave is a transverse wave consisting of an electric field vector, and a magnetic 

field vector, function of position and time, mutually perpendicular and perpendicular to the 

direction of propagation. Electromagnetic waves are characterized by a parameter, called 

wavelength λ which represents the distance covered by the radiation in a period, or the frequency 

ν, which represents the number of cycles in the time unit. Velocity of the propagation c can be 

expressed as: 

𝑐 =  λ ν       (2.1) 

The electromagnetic spectrum represents the range of frequencies of electromagnetic radiation and 

their respective wavelengths and photon energies. It is illustrated in Fig. 2.1, where it is evident 

the partition in separate bands: radio waves, microwaves, infrared, visible light, ultraviolet, X-

rays, and gamma rays at the high-frequency (short wavelength) end. 

 

Figure 2.1. The electromagnetic spectrum showing the boundaries between different regions. The 

coloured inset shows the visible spectrum [43]. 

The speed defined in Eq. 2.1 can be also related to the dielectric constant (or permittivity) ε and 

the magnetic permeability µ of the medium in which the wave propagates, as predicted by 

Maxwell’s equations: 

𝑐 =  
1

√ε µ 
       (2.2) 

Note that ε depends on the properties of the medium considered through the relative permittivity 

εr: ε = εr· ε0. The same applies to the magnetic permeability: µ =µr· µ0. When light propagates in 

vacuum it assumes its maximum value, in fact εr = µr = 1 and: 
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𝑐0 =  
1

√ε0 µ0
       (2.3) 

Where c0 = 2.9979 ∙ 108 m/s is the speed of light in vacuum. 

Being ε and μ the dielectric constant and magnetic permeability of the medium. We can define: 

𝑛 =  
𝑐 0

𝑐
=  

λ 0

λ
=  √

𝜇 𝜀

𝜇0 𝜀0
 =  √ε𝑟 𝜇𝑟     (2.4) 

Being n the refractive index and ε𝑟 and 𝜇𝑟 the relative dielectric and magnetic constant of the 

medium. The refractive index depends on the frequency of the radiation. Equation 2.4 shows the 

physical phenomenon that the speed of light becomes slower in a medium with high n. Frequency 

𝜈 is unaltered when passing from a medium with refractive index n1 to another with refractive 

index n2, while velocity of propagation varies: 

𝑐1

𝑐2
=  

𝑛2

𝑛1
       (2.5) 

And so does the wavelength: 

λ1

λ2
=  

𝑛1

𝑛2
       (2.6) 

While the electromagnetic radiation propagates through a medium and hits the surface of an object, 

the following phenomena can affect the incident light beam [44], as schematized in Fig. 2.2: 

• Reflection: reduction of the light velocity and bending of the rays; 

• Absorption: attenuation of the beam as it progresses; 

• Transmission: non-absorbed light passes through the medium. If the light goes through the object 

and bends at an angle, we talk about refraction. 

 

Figure 2.2. Reflection, absorption, and transmission of a light beam incident on a medium. 

When the electromagnetic radiation (defined as irradiation, 𝐺) hits the surface of a body, part of 

the radiation is reflected, while the remaining part enters the body and propagates through. If the 

body is an absorbing medium the light that enters the body will be absorbed and converted into 
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energy. On the contrary, if the body is transparent, or its thickness is lower than the thickness that 

is needed to absorb all the radiation, the light that enters the body is transmitted reaching the back 

surface where it can be reflected again and/or transmitted to the other side. These phenomena can 

be described by the coefficient of reflection (ρλ), absorption (αλ), and transmission (τλ), which 

corresponds to the reflected, absorbed, and transmitted fraction of the total incoming irradiation, 

𝐺. Note that the defined coefficients are wavelength-dependent; to indicate the total values (α, ρ, 

τ) we need to calculate their spectral average. Therefore, recalling the conservation of energy, we 

can state that the sum of the fraction of light transmitted, absorbed, and reflected must return the 

intensity of the incident beam, at each wavelength λ. In other words: 

     𝛼𝐺 +  𝜌𝐺 +  𝜏𝐺 = 𝐺      (2.7) 

The attenuation coefficient a (also called absorption coefficient) is defined as the amount of energy 

absorbed per unit length and it quantifies the absorption of light by a medium. The attenuation 

coefficient a must not be confused with the total absorption coefficient 𝛼, being 𝛼 a dimensionless 

parameter which quantifies the fraction of the incoming radiation 𝐺 absorbed by the medium. If z 

is the direction of propagation and the intensity (power per unit area) at position z is I(z), the 

decrease of the intensity in dz is:  

     𝑑𝐼 =  −𝑎𝑑𝑧 ∙ 𝐼(𝑧)      (2.8) 

That integrated results in the Beer’s law: 

     𝐼(𝑧) =  𝐼0 𝑒−𝑎𝑧      (2.9) 

Being 𝐼0 the intensity at z = 0. 

Absorption and the refraction can be incorporated into a single quantity named complex refractive 

index, �̃�. The complex refractive index allows to calculate the reflectivity R, and hence the 

transmissivity T. 𝑛 ̃ is usually defined as: 

     ñ = 𝑛 + 𝑖𝑘       (2.10) 

The real part of �̃� (n) is the refractive index as defined in equation 2.4. The imaginary part (k) is 

called extinction coefficient. The extinction coefficient is directly related to the attenuation 

coefficient a: 

     𝑎 =  
4𝜋𝑘

λ
        (2.11) 

Fresnel equations describe the behaviour of the electromagnetic radiation when it crosses an 

interface dividing two materials with different refractive index [45]. These equations can be used 

to evaluate reflection, absorption and transmission coefficients depending on wavelength, angle of 

incidence and polarization of the incoming light radiation. 

It is possible to relate the refractive index of a medium to its dielectric constant, εr: 
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      𝑛 =  √𝜀𝑟      (2.12) 

Being εr = ε1 + iε2, results: 

      𝜀1 =  𝑛2 − 𝑘2     (2.13) 

      𝜀2 =  2𝑛𝑘      (2.14) 

2.2 Thermal radiation and blackbody emission 

There exist three different processes of thermal energy (heat) transfer, also known as modes [46]. 

The first mode is named conduction and refers to the heat transfer that occur across the medium; 

the second mode is the convection, which represents the heat transfer that occur between a surface 

and a moving fluid at different temperatures; the third and last mode is the thermal radiation: all 

surfaces at a certain temperature emit energy in form of electromagnetic waves. While conduction 

and convection modes require the presence of a material medium to allow the energy transfer, 

radiation does not. In fact, radiation transfer occurs most efficiently in vacuum.  

At high temperature the thermal radiation represents an important mechanism of thermal loss, that 

significantly affects the performances of the collectors. To properly define the thermal radiation 

of a body, blackbody radiation should be introduced first. Blackbody radiation is defined as the 

thermal radiation emitted by an idealized physical body, which is called a blackbody. A blackbody 

in thermal equilibrium is both a perfect absorber and a perfect emitter, in the sense that it both 

absorbs end emits the same or more energy than any other object at the same temperature, for all 

the wavelengths. The spectral irradiance 𝐵𝜆(𝑇) (Wm-3) of a blackbody is described by Plank’s 

radiation law [47], in SI units: 

     𝐵λ (𝑇) =  
2𝜋ℎ𝑐2

λ5 (𝑒 
(

ℎ 𝑐
𝑘 λ T

)
−1)

     (2.15) 

In Eq. 2.15 h is the Planck’s constant, h = 6.62 · 10−34 J ·s, c the speed of light (m/s), λ the 

wavelength (m), k = 1.38 · 10−23 J/K is the Boltzmann’s constant, and T the temperature in Kelvin 

degrees. Nevertheless, the conventional unit used for blackbody spectral irradiance is in Wm-2μm-

1. 

The total emitted power EBB(Wm-2) is obtained by integrating the blackbody spectral irradiance 

over all the wavelengths: 

     𝐸𝐵𝐵 =  𝜎𝑆𝐵 𝑇4      (2.16) 

Being 𝜎𝑆𝐵 (Wm-2K-4) the Stefan-Boltzmann constant. 

As temperature increases, the maximum intensity of black body radiation is shifted to shorter 

wavelengths, according to the Wien’s displacement law, λmax = b/T, b = 2898 µm · K [48]. Wien’s 

law indicates an inverse relationship between wavelength and temperature: higher the temperature, 

shorter the wavelength at which the peak is placed. Figure 2.3 shows how, for increasing 
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temperature, the peak of blackbody radiation has higher intensity and shift towards shorter 

wavelengths, according to Wien’s law. 

The thermal radiation spontaneously emitted by an object is called thermal emittance and it can be 

defined as the ratio between the power emitted by the object itself and the power emitted by a 

blackbody at the same temperature (eq. 2.17). For most of the solar thermal applications the 

thermal radiation spectrum is generally limited in the infrared range between approximately 1 μm 

and 50 μm. 

     𝜀 (𝑇) =  
∫ 𝜀 (

∞
0 λ) 𝐵λ (𝑇)

𝐸𝐵𝐵(𝑇)
      (2.17) 

Where ε(λ) is the surface emissivity, 0 ≤ ε ≤ 1. 

2.3 The solar spectrum 

The Sun’s surface behaves like a blackbody at a temperature of about 5800 K, with some near-

zero intensity regions due to the light absorption in the atmosphere. As the solar radiation passes 

through the atmosphere, part of it is absorbed, reflected, or scattered. Direct radiation is defined as 

the radiation that reaches Earth’s surface without being scattered, travelling on a straight line from 

the sun, down to the surface of the earth, whereas the radiation having experienced scattering 

processes in the atmosphere is defined as diffuse radiation. The total radiation that reaches Earth’s 

surface is given by the sum of the direct and diffuse irradiation. The orientation of a surface is a 

fundamental parameter when dealing with direct irradiance, on the contrary the maximum amount 

of diffuse radiation can be gathered when the surface is laying down horizontally, since diffuse 

radiation is generally equally distributed throughout the sky. Because the solar spectrum varies 

according to the location and time of the year, Fig. 2.3 shows the two standard solar irradiance at 

the Earth’s surface, as defined by the American Society for Testing and Materials (ASTM) G173-

03, for an Air Mass (AM) of 1.5 [49]. The AM1.5 Global spectrum is intended for flat plate 

collectors and has an integrated power of 1000 W/m2. The AM1.5 Direct plus circumsolar 

spectrum includes the direct beam from the sun plus the circumsolar component. It has an 

integrated power density of 900 W/m2 and it is intended for solar concentrator. It is worth to notice 

that terrestrial solar radiation is limited to the range of wavelength between 0.3 μm and 

approximately 2.5 μm, i.e. ultraviolet, visible and near-infrared ranges (UV/VIS/NIR). 
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Figure 2.3. Standard solar spectra for terrestrial use and black body radiation spectra. 

2.4 Solar thermal collectors 

Solar thermal collectors are devices used to collect the solar radiation and convert it into thermal 

energy through a transport medium. Solar thermal collectors can be generally outlined as shown 

in Figure 2.4. Solar thermal devices are mainly divided into two categories: concentrated and 

unconcentrated Solar Thermal devices [11]. Concentrators mainly collect direct solar radiation and 

a small portion of the diffuse light that fall within the acceptance angle. They enable high 

temperature outputs, but the need of a tracking infrastructure can add to the expense and 

complication of the devices themselves. Unconcentrated solar thermal collectors on the other hand, 

can collect both diffuse and direct irradiance, and they are considerably cheaper, but their use in 

industrial process heat suppling is limited by the low temperatures output. Losses in a solar 

collector are to be identified with: 

- Reflection losses due to both the glass cover and the solar absorber surface. They can be reduced 

by using anti-reflective glass and optimized coatings. 

- Conduction losses, due to the necessary connections between the high temperature components 

and the collector frame. They can be reduced by using the right insulating materials and a careful 

design. 

- Losses due to the internal gases: at ambient pressure the main mechanism is represented by 

convection losses, at moderate vacuum pressures gas convection becomes negligible while gas 

conduction losses are still present. For high vacuum pressures (<10-2 Pa) both convection and 

conduction losses due to the internal gases are negligible. 
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- Radiative losses due to the thermal radiation coming from high temperature components (mainly 

the solar absorber). They can be reduced by acting on the selective coating and the substrate 

properties. 

The thermal collectors are usually classified in terms of the working temperature as: 

• low-temperature technologies, involving working temperatures below 70 °C requested by 

applications like space or water heating, etc.; 

• medium-temperature technologies, with temperatures between 70 °C and 200 °C of interest for 

solar cooling, solar distillation, etc.; 

• high-temperature technologies, with temperatures above 200 °C useful in solar thermal power 

generation systems. 

The main types of solar collector devices used for solar water heating systems are presented in this 

section: unglazed collectors, flat plate collectors, evacuated tubes, parabolic troughs. 

 

Figure 2.4. Solar collector conceptual drawing 

2.4.1 Unglazed collectors 

Typically, unglazed collectors (fig. 2.5) consist of a dark metallic or black plastic absorber plate 

without a cover. The absence of glazing allows them to absorb a larger portion of the solar energy, 

but because they are not insulated a large portion of the heat absorbed is lost, particularly when it 

is windy. In fact, they are mostly involved in low temperature applications, below 30 ◦C, such as 

for heating swimming pools. The most common type of unglazed collector on the market is the 

transpired solar collector (TSC), widely used in Canada and USA. They use solar energy to heat 

the absorber surface (usually steel or aluminium), which transmits thermal energy to the ambient 

air. The contact surface between the absorber and air is increased by drawing air through the 

multiple small perforations into the cavity between the skin and building facade. 
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Figure 2.5. Schematic representation of an unglazed collector [50]. 

2.4.2 Parabolic trough collectors 

Parabolic trough collectors consist of concave parabolic shaped high reflecting mirrors that 

concentrate solar light onto a receiver pipe located in the focus of the parabola as shown in Fig. 

2.6. A single-axis tracking mechanism is used to angle both solar collectors and heat receivers 

toward the sun, ensuring that all the solar radiations fall parallel to mirrors axis. The heat collection 

element (HTE) consists of a solar absorber pipe insulated by an evacuated glass tube. Because of 

the high temperature outputs of the concentrating technologies, the solar absorber is usually made 

of a stainless-steel pipe equipped with a selective solar coating. The operating temperature of the 

system is in the range of 200-500 °C and the geometric concentration ratio of the parabolic-trough 

system is in the range of 30–100 [51]. The heat transfer fluid used is generally synthetic oil, but 

molten salts can be used when there is the need to reach high temperatures [52]. Large scale power 

plants need a storage system to overcome the inconsistency of the solar energy source. Although 

these collectors guarantee high temperature outputs as discussed, with relatively high efficiency, 

their use is limited by the fact that they only collect direct-beam sunlight requiring high cleaning 

standards for the mirrors and tracking systems to efficiently harness solar energy in day-light 

hours, resulting in high maintenance costs and installation issues. 

 

Figure 2.6. Schematic representation of a Parabolic trough collector. Adapted from [50]. 
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2.4.3 Compound Parabolic Concentrator 

Another trough-type technology that concentrates solar energy onto a tube receiver is the 

Compound Parabolic Concentrator (CPC) (fig. 2.7). Two symmetric parabolic segments with 

different focal lengths are combined to enable the collection of any solar radiation entering the 

collector aperture within an acceptance angle onto the tube receiver by means of multiple internal 

reflections. This allows CPCs to operate without continuous tracking. They have been found to 

provide the best optics for systems with a low solar radiation concentration and can be designed 

with low concentrating ratios (<5). They are well-suited for medium-to high temperature 

applications [53]. 

 

Figure 2.7. Schematic representation of a Compound Parabolic Concentrator. Adapted from [50]. 

2.4.4 Flat Plate Collectors 

Conventional flat-plate collectors (fig. 2.8) can collect both the direct and the diffuse component 

of radiation. Their basic structure is relatively simple: a metallic chamber is equipped with a 

transparent glass cover on the top that let the solar radiation hit a solar absorber which, thanks to 

its adequate characteristics (on which we will focus on later), absorb the solar radiation. A transport 

medium, which is often a fluid like oil or water, flows into the conducting pipes. Both for the better 

price-to-performance ratio and for the easier mounting options (on the roof, standalone, etc.), flat 

systems are spreading a lot. Unfortunately, their demand is currently limited only to the more 

common low temperature applications (e.g. in residential sites, to heat or cool water and 

environments). In fact, their temperature output is too low (≃ 150 °C) to meet the industrial 

requirements of medium and high-temperature heat (above 250 °C). This is because there are 

various sources of loss in these devices: reflection losses, due to the glass cover and the absorber; 

conduction and convection losses, caused by the various connection elements within the panel and 

by the gas trapped into the chamber; radiative losses, mainly generated from the absorber, but a 

small part comes from all the components at high temperature. 
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Figure 2.8. Schematic representation of a conventional flat-plate collector: (a) basic schema; (b) heat 

transfer phenomena. Adapted from [50]. 

As flat-plate collectors have the potential of reaching performance higher than that of compact 

parabolic concentrating collectors [54], it is essential to improve their performance and work to 

extend the applicability of these systems. Fortunately, all the above causes of loss can be reduced 

with a proper design of the collector and with the use of new or improved elements. 

The thermal losses from the absorber to the ambient significantly affect the flat plate collector 

efficiency. A simple way to reduce the losses is to partially evacuate the panel. Figure 2.8 shows 

how partial evacuation, down to 103 Pa (regime of gas heat conduction independent from pressure) 

allows to get rid of conductive losses. To further reduce the thermal losses a gas more appropriate 

than air can be used to reduce the thermal conductivity, introducing a sealed and gas-filled flat 

collector. Gas like Argon, Xenon or Krypton have been studied to serve to this purpose (see Figure 

2.9) [18]. The typical employed pressures are in the range of 102 - 104 Pa. This sealed design 

guarantees to the collector a longer service lifetime because the solar selective coating is protected 

against environmental agents. 

 

Figure 2.9. Heat losses by gas heat conduction from the hot absorber to the casing in a flat-plate collector 

in dependency of the gas pressure in the collector casing for different filling gases. The typical operation 

pressure ranges in the plateau between 100 and 104 Pa (adapted from [55]). 
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2.4.5 Evacuated tubes collectors 

A way to enhance the performances of a solar collector is to evacuate the space between the 

absorber and the external box, taking advantage of the vacuum as an efficient isolation mechanism 

to eliminate the convection losses. We already discussed how partial evacuation, down to 103 Pa 

(regime of gas heat conduction independent from pressure) allows to get rid of conductive losses. 

Further reducing the gas pressure down to about 10-2 Pa allows to eliminate the gas conduction 

losses too, as shown in Figure 2.10. Evacuated tubes solar collectors (ETC) use a series of sealed 

glass tubes equipped with an inner solar absorber (Figure 2.10). The absorber can be either a 

metallic fin with a selective coating and attached to a metal (or glass) pipe that circulates the heat 

transfer fluid, or the pipe itself can be ‘painted’ with a solar coating. An anti-reflective coating can 

be deposited on the inner and outer surfaces of the glass tubes to improve transparency. Vacuum 

help preserving both the selective and the inner anti-reflective coating. Glass-metal evacuated 

tubes need a high vacuum tight seal at one or both sides of the evacuated tube. The glass-to-metal 

seal connects the brittle glass material to a metal with usually different thermal expansion 

coefficients.  

 

Figure 2.10. (a) Evacuated tube collectors; (b) representation of a concentric tube. Adapted from [50]. 

Hence, temperature differences lead to thermal stresses in the seal itself putting the vacuum 

tightness at risk [56]. Glass-glass evacuated tubes are a way to solve glass-metal seal issues 

because glass-to glass seal is very reliable. They are made with two borosilicate glass tubes fused 

together at one or both ends, vacuum is made between the two concentric tubes and the absorber 

is placed in the inner tube. The drawback of this configuration is that two glass layers reduce the 

transparency leading to higher optical losses. To avoid this issue the selective coating could be 

deposited directly on the inner glass tube, but the poor glass heat conduction would affect the 

thermal exchange. Vacuum pressure used are of the order of 10–2 Pa [57]. A getter pump (metallic 

compounds designed to absorb the gas molecules, such as hydrogen, water, and other gases, that 

permeate into the vacuum envelope over time) is commonly evaporated inside the high vacuum 

tubes to keep a good vacuum pressure over the time. Life of the vacuum lies between 5 to 15 years 

depending on the type of collector. Evacuated tube collectors can achieve high temperatures 

(above 200 °C) with high efficiencies, taking advantage of the high vacuum insulation [58]. 
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However evacuated tube collectors have a discontinuous absorbance area and cover only a fraction 

of their occupied area (gross area), because of the space between the glass tubes and the vacuum 

gap between each tube and its absorber inside. ISO 9806 standard states that the efficiency of solar 

thermal collectors should be measured in terms of gross area, and this might favour flat plates type 

collectors. 

2.4.6 High Vacuum Flat Plate Collectors 

High Vacuum Flat Plate Collectors (HVFPC) combine the advantages of Evacuated tubes and flat 

plate collectors. HVFPCs are evacuated down to 10-2 Pa or lower pressure, allowing to eliminate 

both convection losses and gas conduction losses. For this reason, HVFPC should not be confused 

with partially evacuated collectors. The first collector making use of high vacuum insulation was 

developed at CERN [59], while TVP SOLAR SA was the first company to commercialise Solar 

Keymark certified collectors in 2012 [60]. HVFPC are more complicated to realize than ETC, as 

they need to support the external structure against the atmospheric pressure and a glass-metal seal 

to join the glass cover and the metallic part of the vacuum envelope. To support the glass against 

atmospheric pressure an array of pins is used, so the absorber plate is provided with holes to 

properly accommodate the pin structure (also considering thermal expansion issues) (Figure 2.11, 

[61]). To prevent outgassing that will inevitably raise the internal pressure affecting the 

performances, only materials with low vapour pressure should be used for the collectors. To 

efficiently keep high vacuum insulation HVFPCs make use of Non-Evaporable Getter pumps 

(NEG), which can be regenerated in situ by exposure to solar light. HVFPC technology offers the 

highest efficiency among the other non-concentrating technologies [15], but their practical 

realization is a technical challenge. 

 

Figure 2.11. Conceptual design of a 0.25 m2 High Vacuum Flat Plate solar Collector (Henshall et al. 

[61]). 
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2.4.6.1 The HVFPC by TVP Solar 

The solar thermal collectors produced by TVP Solar is showed in Fig. 2.12: it consists of two 

return and supply copper pipes, a support glass, and an absorber coated on a copper substrate and 

enclosed between a highly transparent glass cover and a stainless-steel vessel. The glass support 

structure has pins capable to sustain the pressure exerted on the external glass, to realize a more 

solid structure, while the font glass is welded to the rest of the system by an adhesive paste. 

Therefore, the absorber has holes that must include the pins. To guarantee the proper vacuum seal, 

the panel is tested by using a leaks detector and helium as a tracer gas. Finally, the system is baked 

in a proper oven at high temperature. The working principle of the HVFPC could therefore be 

summarized as follows: as the absorber gets hotter, heat is transferred through the copper pipes to 

the transfer fluid, which raises its temperature. Of course, part of the heat emitted by the absorber 

is also transferred to the surrounding space: to minimize losses from the bottom and lateral sides, 

the collector has been insulated with aluminium. Figure 2.12 shows the efficiency of MT-Power 

high vacuum collector produced by TVP Solar. Such collectors are optimized to operate within 

the range 80 - 180 °C. They are Solar Keymark certified by ITW Stuttgart (see certificate N. 011-

7S1890 F). It is clear from the graph in Figure 2.12 how these collectors can achieve an efficiency 

as high as 45% at Tm – Ta = 160 °C (being Tm and Ta the absorber and ambient temperature 

respectively), while stagnation temperature is higher than 300 °C. Such performances are achieved 

without solar concentration, featuring zero maintenance, and avoiding the added extra costs 

deriving from the need of a complicated tracking system as well as cleaning of the reflectors, 

resulting in reduced system costs [13,14]. 

  

Figure 2.12. Left) TVP Solar High Vacuum Evacuated Flat Plate Collector. Right) Efficiency of MT-

Power v 4.0 high vacuum insulated collector by TVP Solar (adapted from [14]). 

The system is highly reliable, 100% recyclable and designed as ideal thermal energy source for 

large-scale applications between 80 °C and 180 °C such as: air conditioning, desalination, and 

process heat. In fact, the high vacuum insulation, and the careful choice of the materials to use in 

the fabrication allow those systems to achieve a high efficiency up to operating temperature of 200 

°C, as shown in Fig. 2.13: at 150 °C, the panel efficiency is of 50% and it reaches the stagnation 

point with 0% efficiency at about 300 °C. In particular, to avoid degassing (that in turn raise the 

internal pressure), low vapor pressure materials are used. Nevertheless, Fig. 2.13 shows that, even 

though vacuum encapsulation brings many advantages, both the optical and the radiative 

contributions to the global losses remain. The latter increases with the fourth power of the 
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temperature (as stated by the Stephan-Boltzmann law in eq. 2.16), limiting the efficiency of the 

devices. Therefore, in the next section we will discuss various strategies useful to overcome/reduce 

this problem. 

 

Figure 2.13. Effects of high vacuum insulation on the performance of a flat plate solar collector. a) 

Efficiency and losses in a standard flat plate solar collector without vacuum insulation. b) Efficiency and 

losses of a high vacuum insulated flat plate solar collector. In a high vacuum flat plate solar collector, 

the radiative losses become the main loss mechanism. 
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3. Selective Solar Absorber 

Flat plate solar thermal collectors, independently from the presence of vacuum insulation, are 

equipped with a solar absorber. This component converts the solar light into heat and transfers it 

toward the pipes containing the working fluid through thermal conduction. High thermal 

conductivity of the absorber is mandatory to reduce the temperature gradient between the absorber 

and the fluid, which is cause of loss on the overall conversion performance. For this reason, 

absorbers designed for flat collectors are always made of copper or aluminium, since a thickness 

as small as few tenths of millimetre is enough to guarantee the proper heat transfer [62]. Being 

metals notoriously reflective, the surface exposed to the glass, dedicated to solar light absorption, 

is commonly coated by absorbing materials reaching fractions of total absorbed solar light above 

90% [63]. The common temperature range of application for this kind of absorbers is below 100 

°C, as they are used in flat collectors for domestic purposes, like water heating. Their maximum 

reachable temperature is limited by convection of air between the absorber-glass space and by 

conduction through the insulation material placed below the absorber to fill the gap with the vessel 

bottom. Because of the limited operating temperature, the radiative emission in the Infra-Red 

wavelengths of the absorber is just a secondary contribution to losses which are mainly driven by 

conductive and convective mechanisms. Nonetheless, the absorber design is aimed at maximizing 

the solar light absorptance and simultaneously limiting the emitted thermal radiation to negligible 

levels [64]. 

3.1 Selectivity 

Selectivity is defined as the property of a solar absorber to differentiate between the wavelengths 

of the solar spectrum radiation and the infrared wavelengths that are characteristic of the blackbody 

radiation temperature. Since solar radiation spectrum is limited to relatively short wavelengths 

UV/VIS/NIR, whereas a realistic terrestrial application is in the range of infrared wavelengths, an 

effective Selective Solar Absorber (SSA) should be able to discriminate between solar spectrum 

and infrared spectrum, being able to capture as much solar light as possible, while emitting as little 

thermal energy as possible. The selectivity of an absorber can be characterized introducing the 

solar absorptance and the thermal emittance. The spectral emittance 𝜀𝜆 could be defined as the 

ratio between the radiation energy emitted by the object itself 𝐸𝜆 (𝑇, 𝑆𝑢𝑟𝑓𝑎𝑐𝑒) that depends by the 

temperature T and the surface, and the energy emitted by a blackbody at the same temperature 𝐵𝜆 

(𝑇) dependent by the temperature T: 

    𝜀λ(𝑇, 𝑆𝑢𝑓𝑎𝑐𝑒) =  
𝐸λ(𝑇,𝑆𝑢𝑟𝑓𝑎𝑐𝑒)

𝐵λ (𝑇)
      (3.1) 

The total emittance 𝜀 (𝑇, 𝑆𝑢𝑟𝑓𝑎𝑐𝑒) or thermal emittance is obtained by integrating over all the 

wavelengths: 

    𝜀 (𝑇, 𝑆𝑢𝑟𝑓𝑎𝑐𝑒) =  
∫ 𝜀λ(𝑇,𝑆𝑢𝑓𝑎𝑐𝑒) 𝐵λ (𝑇) 𝑑λ 

∞
0

∫ 𝐵λ (𝑇) 𝑑λ
∞

0

    (3.2) 
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When radiative energy interacts with a given surface, part of it could be reflected, while another 

fraction could be absorbed and the remaining fraction could be transmitted, defining the spectral 

absorption, reflection, and transmission coefficients, 𝛼𝜆, 𝜌𝜆, and 𝜏𝜆 respectively. The sum of the 

three coefficients is 1 (see Equation 2.7): 

     𝛼λ + 𝜌λ +  𝜏λ = 1      (3.3) 

For opaque surfaces transmittance is equal to 0, resulting in the following relationship: 

     𝛼λ = 1 −  𝜌λ       (3.4) 

According to Kirchhoff’s law, for a given surface in thermal equilibrium, absorptivity and 

emissivity are equal: 

     𝛼λ (𝑇, 𝑆𝑢𝑓𝑎𝑐𝑒) =  𝜀λ (𝑇, 𝑆𝑢𝑓𝑎𝑐𝑒)    (3.5) 

Where 𝛼𝜆 and 𝜀𝜆 are defined as the spectral absorptivity and spectral emissivity respectively, and 

they should both be considered as dependent on the temperature and the surface type. Even if, 

according to Kirchhoff’s law, 𝛼𝜆 and 𝜀𝜆 are equal at the equilibrium, 𝛼𝜆 is conventionally intended 

for the solar spectrum range while 𝜀𝜆 is conventionally intended for infrared blackbody emission 

range. This formulation let us define the spectral absorptivity and spectral emissivity as dependent 

by the reflectivity: 

   𝛼λ (𝑇, 𝑆𝑢𝑓𝑎𝑐𝑒) =  𝜀λ (𝑇, 𝑆𝑢𝑓𝑎𝑐𝑒) = 1 −  𝜌λ (𝑇, 𝑆𝑢𝑓𝑎𝑐𝑒)    (3.6) 

This allows us to write spectrally averaged solar absorptance and the thermal emittance as follows 

(for convenience dependence from the surface will be omitted from now on): 

     𝛼𝑠(𝑇) =  
∫ (1− 𝜌λ) 𝑆(λ) 𝑑λ 

∞
0

∫  𝑆(λ) 𝑑λ 
∞

0

     (3.7) 

     𝜀 (𝑇) =  
∫ (1− 𝜌λ) 𝐵λ(T) 𝑑λ 

∞
0

∫  𝐵λ(T) 𝑑λ 
∞

0

     (3.8) 

Being 𝑆(𝜆) (Wm-3) the spectral solar irradiance.  

Because of 𝛼𝜆 negligible dependence on the temperature, the spectrally averaged absorptivity will 

be simply identified with the nomenclature 𝛼𝑆 [65].  

Thermal transfer efficiency 𝜂𝑡 is defined as the solar irradiation converted into thermal energy at 

a certain temperature T and solar concentration C: 

     𝜂𝑡  =  𝛼𝑠  −  
𝜀 (𝑇) 𝜎𝑆𝐵𝑇4

𝐶 ∙ 𝐺𝑆𝑢𝑛
     (3.9) 

Being GSun (Wm-2) the integrated solar spectrum. Thermal transfer efficiency 𝜂𝑡 allows to derive 

important energetic considerations as regarding the selective solar absorbers. 
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3.2 Ideal Selective Absorbers 

The ideal selective solar absorber is a reference point when dealing with selective absorbers. 

Ideally, its behaviour would be well described by the dash-dotted lines in Fig. 3.1), exhibiting an 

absorptivity curve described by: 

     𝛼λ  = {
 1, 𝑖𝑓  λ < λ𝑐𝑢𝑡(𝑇)
0, 𝑖𝑓  λ > λ𝑐𝑢𝑡(𝑇)

     (3.10) 

where 𝜆𝑐𝑢𝑡 (T) is the cut-off wavelength, defined as the transition wavelength from high-to-low 

absorptivity that maximizes the efficiency at a certain working temperature. Generally, this 

transition occurs at the wavelength where the absolute value of blackbody emission exceeds the 

incident solar radiation [66], because after this wavelength the power emitted will be higher than 

the absorbed. The 𝜆𝑐𝑢𝑡 (T) decreases with increasing the operating temperature, as highlighted in 

Fig. 3.1. When the operating temperature increases over 200 °C, the blackbody emission starts to 

overlap the solar spectrum and 𝜆𝑐𝑢𝑡 is such that a significant part of the solar spectrum is in the 

range for which 𝛼𝜆 = 0, which means that part of the incoming solar radiation will be lost in favour 

of reduced thermal radiation losses (Figure 3.1). 

 

Figure 3.1. Normalized solar spectral irradiance (orange line) and normalized BB emission spectra at 

different temperatures: 100 °C (solid red line), 300 °C (solid blue line), and 500 °C (solid black line). 

Ideal absorptivity curves for solar selective absorbers with different cut-off wavelength λcut, depending 

on the operating temperature (dashed lines). 

It is clear from equation 3.9 that, in absence of concentration (concentration factor C = 1), the 

thermal efficiency ηt has a strong temperature dependence due to the Stephan Boltzmann emission 

term that can be mitigated by a very low value of the thermal emittance. The presence of 

concentration C >1 reduces the radiation loss term, and the emittance loses importance with respect 
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to the solar absorptance term. Since the blackbody irradiance is temperature dependent, also the 

ideal 𝜆𝑐𝑢𝑡 that maximizes the thermal efficiency, depends on the absorber operating temperature 

and as well as on the concentration factor, as illustrated in Figure 3.2. 

 

Figure 3.2. Ideal cut-off wavelength as function of the absorber temperature for different concentration 

factors. 

3.3 Relative importance of α and ε 

Temperature is a key parameter in the design of a selective absorber and the proper importance 

must be given to the role of α and 𝜀. A very deep analysis was conducted about this subject by Cao 

et al. in 2014 [66]. They came out with a formula to quantitative estimate the relative importance 

of α and 𝜀 for all the possible solar thermal applications and introduced two important concepts 

that guided the designing activity of the novel absorbers presented in this thesis: absorber 

efficiency ηabs, eq. 3.11, and weighting factor w, eq. 3.12. 

     𝜂𝑎𝑏𝑠  =  
𝑞ℎ

𝐺 𝑆𝑢𝑛 𝐶
 =  𝛼 –  𝑤𝜀     (3.11) 

     𝑤 =  
𝜎𝑆𝐵(𝑇𝑎𝑏𝑠

4  − 𝑇𝑎𝑚𝑏
4 )

𝐺 𝑆𝑢𝑛 𝐶
      (3.12) 

The absorber efficiency ηabs is postulated as the ratio between the heat directed to the pipes qh of 

the collector and the total solar irradiance GSun incident over the absorber, considering the presence 

of the concentration factor C due to the presence of reflectors, see eq. 3.11. ηabs is also expressed 

as combination of α and 𝜀 through weighting factor w which fixes the relative importance between 

the two parameters. w is defined as the ratio between the maximum exchangeable heat via radiation 

with the ambient at temperature Tamb and the solar light incident over the absorber, GSun times C. 

In other words, w quantifies the relative importance of the emission mechanism against the light 

absorption. In the following Fig. 1.4, w calculated by eq. 3.12 is shown versus Tabs for three 
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different levels of concentration C = 1, 10 and 100 at fixed Tamb of 25 °C and GSun of 1 kWm-2. 

The region w > 1 is marked by the yellow background. As expected, for a fixed C, the increase of 

Tabs produces the increase of w while for a fixed Tabs, an increase of C reduces w. From this graph 

it is possible to focus the situation about the plate absorbers for unconcentrated panels. The lack 

of reflectors limits the use of Fig. 1.4 just to the curve C = 1. In case of traditional not evacuated 

flat panels, the maximum reachable temperature is around 100 °C, matching values of w sensibly 

lower than 1. On the other hand, thanks to the high vacuum insulation, the operating temperature 

can reach values up to 200 °C and w increases up to 2. This profound change of w cannot happen 

for any other solar devices working with concentration, as the absorption mechanism is always 

more important than emission (w < 1). 

 

Figure 3.3. The weighting factor w calculated by eq. 3.12 is shown as function of the absorber 

temperature Tabs for three concentration factors C = 1, 10 and 100 for a fixed ambient temperature Tamb 

= 25 °C and solar irradiance GSun of 1 kWm-2. The yellow zone stresses the points where w is bigger than 

1, that is the unique condition of evacuated flat plate panels without concentration. 

3.4 Types of Selective Solar Absorbers 

The introduction in the market of the HVFPCs working without concentration up to 200 °C is 

relatively recent, and the lack of plate absorbers designed to work under these new condition of w 

> 1 pushed the research toward their study and optimization. The design and production of novel 

absorbers optimized to work at w > 1 lead to the analysis of the most adopted manufacturing 

processes. Six are the basic techniques to build a selective solar absorber. They are well known in 

literature [17,67] and a summary scheme is reported in Fig. 3.4 and listed below: 

• intrinsic absorbers [68]. They are made of materials with intrinsic selectivity (transition metals, 

semiconductors), induced by dielectric dispersion as a function of wavelength. Unfortunately, no 

natural materials have a perfect ideal selectivity; 
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• semiconductor-metal tandems [69,70]. The semiconductor (most likely Si, Ge, and PbS), which 

efficiently absorbs the visible light, is deposited over a metal reflector, which reflects the long 

wavelength radiation; 

• multilayer absorbers [71,72]. They consist of alternating layers of dielectric and metal and the 

working principle is based on the multiple reflections at the layer’s interfaces, which enhance the 

absorption of the incoming light; 

• ceramic-metal composites (cermets)) [66,73]. They consist of nanoscale metal particles 

embedded in a ceramic matrix, and are made of an AR layer, one or more cermet layer(s) that act 

as the primary absorber, and a reflective substrate to help minimizing the absorption of undesired 

IR wavelengths. They show a good selectivity at high temperatures; 

• textured surfaces [74,75]. In this case dendrite or porous microstructures are used to generate 

multiple internal reflections, to trap the incident light in the visible spectrum while rejecting the 

longer wavelengths (IR range); 

• photonic crystals [76,77]. They are made of periodic arrangements of materials with high and 

low dielectric constants. It generates a photonic bandgap in which certain wavelengths are fully 

reflected for all incident angles and polarizations. 

 

Figure 3.4. Schematic of the various design of selective solar absorbers: (a) intrinsic absorbers, (b) 

semiconductor-metal tandems, (c) multilayer absorbers, (d) cermets (metal-dielectric composites), (e) 

surface texturing, and (f) PhC-based designs. Adapted from [16]. 

3.5 Substrates 

Many of the presented selective solar absorbers make use of a metallic IR reflector substrate, 

because they take advantage of the properties of the coating that will efficiently absorb the visible 
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light while being transparent to the long-wavelength radiation, that will be reflected by the low 

emissivity metal reflector. With that said, the thermal emittance of the metallic substrate (𝜀𝑠𝑢𝑏 (𝑇)) 

is a parameter of primary importance in terms of overall efficiency of the collector (eq. 3.13). This 

is particularly true for high vacuum insulated collectors. In fact, for standard flat plate collectors 

the absorber uncoated side is insulated by rock wool, while the coated side is in air or inert 

atmosphere, plus they will not reach high temperatures and so and it is not useful to provide a low 

emissivity surface finishing to further reduce substrate emissivity. In HVFPCs the solar absorber 

is suspended in the vacuum envelope, and both the coated and uncoated side of the absorber 

exchange heat mainly in form of thermal radiation with the surroundings. For this reason, together 

with the high temperatures reached thanks to the high vacuum insulation, it is extremely useful to 

provide a low emissivity substrate to reduce the thermal losses.  

  𝜂𝑝𝑎𝑛𝑒𝑙  =  𝛼𝑠  −  
𝜀𝑎𝑏𝑠 (𝑇) 𝜎𝑆𝐵(𝑇𝑎𝑏𝑠

4  − 𝑇𝑎𝑚𝑏
4 )

𝐶 ∙ 𝐺𝑆𝑢𝑛
 −  

𝜀𝑠𝑢𝑏 (𝑇) 𝜎𝑆𝐵(𝑇𝑎𝑏𝑠
4  − 𝑇𝑎𝑚𝑏

4 )

𝐶 ∙ 𝐺𝑆𝑢𝑛
    (3.13) 

The ideal substrate, in addition to good optical properties should be cheap, chemically stable and 

have high temperature resistance. Table 3.1 (adapted from [78]) lists the thermal emittance of some 

typical metals that can be used as substrates for solar absorbers. Copper and aluminium have the 

best trade-off between cost of the bulk and optical properties, and they are the most used substrates. 

Stainless steel has a thermal emittance of one order of magnitude higher than the lower emissive 

metals as copper, but its use is almost mandatory for absorbers that should resist to high 

temperature applications, thanks to its superior mechanical properties and thermal stability. 

Table 3.1. Thermal emittance for some typical metals in increasing order. Approximate range to 500 °C, 

from lowest to highest value. (Adapted from [78]) 

Thermal Emittance Materials 

0.01-0.03  Pure silver (Ag), polished 

0.02-0.03  Pure copper (Cu), polished 

0.02-0.03  Pure gold (Au), polished 

0.03  Pure tungsten (W) 

0.02-0.06  Pure aluminium (Al), polished, unoxidized 

0.05  Wrought commercially pure aluminium (Al) 

0.05  Pure iron (Fe), unoxidized 

0.05-0.07  Pure nickel (Ni), polished 

0.04-0.09  Commercially pure nickel (Ni), cleaned 

0.07  Pure molybdenum (Mo) 
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0.06-0.1  Pure chromium (Cr) 

0.1  Carbon steel, polished 

0.2-0.3  Austenitic stainless steel, cleaned 

0.2-0-4  Ferritic stainless steel, polished 

3.6 Thermal Stability 

Thermal stability is a rather important parameter for selective solar absorbers because a stable 

absorber guarantees its performances all along its service lifetime (that should be superior or at 

least equal to the lifetime of the solar collector itself, usually 20-25 years). The thermal stability is 

defined as the capacity of the materials to withstand performance degradation due to changes of 

the properties of the material generated by high temperature activated processes and thermal 

shocks. Thermal shocks could affect the performance of multiphase solar absorbers because the 

difference between the expansion coefficients of the various phases generate thermal stress among 

the phases leading to microcracking, peeling, bulging [79]. Solid state diffusion mechanisms 

between the different phases of the coating and between the coating and the substrate involve 

alteration of the optical properties and a deterioration of the performances of the coatings [80]. 

Diffusion barriers are used to limit or slow down interdiffusion phenomena. Exposure to air, 

humidity, water, and pollutants are another cause for deterioration of the absorber, but not in the 

case of high vacuum insulated collectors, where thermal stress and diffusion are the main important 

mechanisms in terms of performance deterioration. 

3.6.1 Short duration heat treatment 

Short duration heat treatments consist in heating the solar absorber in a vacuum furnace at 

temperatures usually higher than the operating ones, for short periods of time (order of 10 hours). 

Preliminary information about the thermal stability of the coating could be collected by measuring 

the optical properties of the coating before and after the heat treatment. Example of this kind of 

treatment could be found in [66,81]. 

3.6.2 Accelerated ageing 

Absorber optical properties are measured and optimized during design process at room 

temperature, but these properties may vary with the operating temperature and can change during 

the operation time. For this reason, it is advisable to evaluate the optical properties of the absorber 

at working temperature and predict the aging behaviour of these coatings. The International Energy 

Agency (IEA) formulated an accelerated thermal stability testing and service life predication 

method for solar absorber coatings [42]. This method is currently the standard named ISO/CD 

12592, 2 “Solar Energy – Materials for flat-plate collectors – Qualification test procedures for 

solar surface durability”. Such standard, being developed for standard collector working in air at 

low temperature. The standard assumes that the degradation is caused by diffusion processes 

according to the Arrhenius’ law. The activation energy ET, according to Arrhenius’ law, is the 

fundamental coating parameter that determines the ageing resistance at the operating temperature. 
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The exponential temperature dependence of the Arrhenius law allows to perform accelerated aging 

tests using a temperature higher than the operating temperature and to estimate the failure time 

(the time at which the absorber efficiency is reduced more than the value defined according to the 

reported standard). However, the absorber temperature changes during the normal working 

conditions. Such temperature variations can be summarized by a temperature frequency function 

f(T) that represents how many hours the absorber is at temperature T during one-year operation. It 

is possible to replace the function f(T) with an effective constant temperature Teff that produces 

the same aging effect than the real f(T). The degree of aging of a coating can be evaluated through 

the Performance Criterion (PC), which can be evaluated by measuring the optical characteristics 

of the absorber. The PC value is periodically measured during the tests, and the ageing test is 

stopped when a measurement returns a PC value higher than the one defined as the maximum 

degradation for a service lifetime of 25 years (Standard ISO/CD 12592, 2). The time when the PC 

reaches its maximum acceptable value during testing is not experimentally accessible and it is 

usually extrapolated from the different measurements and used to evaluate the service lifetime. 

Because this method has been developed for collectors working in air at low temperature, it is not 

adequate to evaluate the service lifetime of solar absorber in HVFPCs. For this reason, a review of 

the current standard is necessary, and it will be a part of this PhD study (section 7). 

3.7 Summary 

The keys aspects of primary importance to achieve high solar-to-thermal conversion efficiency, 

especially when the thermal radiation is the main thermal loss mechanism, as in the case of 

HVFPCs, are the control of the radiative properties of the Selective Solar Absorbers (section 3.3) 

and the decrease of the substrate thermal radiation losses (section 3.5). The use of a multilayer 

structure appears to be the best suited for the control of the radiative properties of the SSA, because 

it allows to manage thermal emission still guaranteeing high solar absorption and excellent thermal 

stability, they have a flexible design, and they are easy to be realized at industrial level. To proof 

the service lifetime of SSA working in HVFPCs, the current standard must be revised in order to 

take in account the relative importance of thermal emittance and the higher working temperature 

of HVFPCs.  
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4. Methods and experimental setups 

Thin film and coatings that are the basis of selective solar absorber designs and architectures are 

usually fabricated using Physical Vapour Deposition techniques (PVD). PVD defines a variety of 

vacuum-based deposition methods, for which the target material is evaporated from a solid (or 

liquid) source and then condensed in solid phase on the substrate [82]. Most used PVD techniques 

are sputtering and evaporation. A variety of techniques are used to characterize the properties of 

the fabricated coating like surface composition, depth distribution, film thickness, structure, 

roughness. These techniques are based on probing methods as scanning probe methods, photon, 

electron, and ion methods [83]. This chapter briefly introduces the PVD fabrication methods and 

thin film characterization instrumentation used in this work. A custom made calorimetric 

instrument and a vacuum oven developed in collaboration with TVP Solar [13] and CNR-ISASI 

[84] of Naples is also described in this chapter. 

4.1 Sputtering 

Sputtering deposition is a type of physical vapour deposition technique based on the sputtering 

phenomena: when a solid surface is bombarded with energetic ions, surface atoms of the solid are 

scattered backward due to collisions between the surface atoms and the energetic particles as 

shown in Figure 4.1 [85]. 

 

Figure 4.1. Sputtering process, scheme of concept. (Adapted from [85]). 

Sputtering deposition technique allows to deposit film coatings of thickness that ranges from a few 

Angstroms to micrometres. There are several types of sputtering systems including Direct Current 

(DC) diode, Radio Frequency (RF) diode, DC Magnetron Sputtering (DCMS) and RF Magnetron 

sputtering (RFMS), DC Reactive Magnetron Sputtering (DCRMS) and RF Reactive Magnetron 

sputtering (RFRMS). The simplest system is the DC diode, shown in Figure 4.2, left. The system 

is composed of two planar electrodes (a cathode and an anode). The surface of the cathode is 

composed by the material to be sputter-deposited, while the substrates are placed on the anode. To 

sustain the sputtering process, the vacuum chamber is filled with an inert gas (usually Argon), at 

pressure of the order of 1-5 Pa. By applying a DC voltage between the electrodes, a glow discharge 

(plasma) is generated. The Ar+ ions generated in the glow discharge are accelerated by the potential 
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difference towards the cathode where they hit and sputter the target material that leaves the cathode 

and ends on the substrates. In DC sputtering systems the target needs to be an electrical conducting 

material to ensure the current flow (thus the glow discharge) between the electrodes. If the target 

is an electrical insulator the sputtering discharge cannot be sustained because positive surface 

charges will build up on the target insulator material. For insulating materials Radio Frequency 

(RF)s puttering is used. RF technique works alternating the electrical potential between the 

electrodes to avoid a charge building up the target. Figure 4.2, right shows an RF system [85]. 

A sputtering process is defined as reactive sputtering when the atoms sputtered from a target 

(usually a metal target) and reactive molecules introduced in the system during the deposition 

chemically react to form and deposit on the substrate a compound thin film. As a reactive source 

is usually used a gas. The gas source can be a pure reactive gas or a mixture of pure gases or a 

mixture inert gas – reactive gas [85]. The introduction of reactive processes complicates inevitable 

the deposition because control over the new additional parameters is needed. Usually sputtering 

processes are subject to hysteretic behaviours that may affect the deposition. Parameters like 

partial pressure of the reactive gas or the pumping speed are of fundamental importance to control 

the reactive process and the quality of the film [86]. Reactive sputtering process can be carried on 

all the standard sputtering equipment like (DC), (RF), (DCMS) and (RFMS), and it is widely used 

in coating industry. 

 

Figure 4.2. Sputter deposition systems: DC and RF diode. (Adapted from [85]) 

Lowering the pressure in the chamber could increase the deposition rates of the sputtering process, 

and it could avoid process gas molecules being included in the growing film, affecting the film 

properties. Due to the low working gas pressure, the sputtered particles traverse the discharge 

space without collisions, which results in high deposition rate and a film with less impurities. If 

the pressure is too low however, the plasma discharge cannot be sustained as too few positive ions 

can be generated (few particles per unit volume due to the low pressure will result in few collisions 

between electrons and process gas particles). To lower the pressure magnetron sputtering is 
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introduced (Figure 4.3). In magnetron sputtering systems a magnetic field is used to trap electrons 

in the glow discharge, by driving them along drift paths in closed loops. The electron trapping 

effect increases the collision rate between electrons and inert process gas molecules allowing to 

sustain the plasma. So, the magnetic field increases the plasma density, which leads to increases 

of the current density at the cathode target, effectively increasing the sputtering rate at the target 

[85]. 

 

Figure 4.3 Sputter deposition systems: magnetron sputtering. (Adapted from [85]) 

Experimental setup 

The sputtering system used to deposit the multi-layer coating samples presented in this thesis is 

shown in Figure 4.4. The system has a cylindrical vacuum chamber equipped with four sputtering 

targets of 10 cm diameter placed at 90 degrees from each other, Figure 4.4 b). A rotating supporting 

disc with four sample holders allows to place the substrates under the desired cathode and deposit 

up to four different materials without breaking the vacuum, Figure 4.4 c). The distance between 

the cathodes and the substrate is set to 10 cm, and the substrate is static during deposition. Flow 

rates are controlled by means of flowmeters and mass flow controllers. Pressure in the chamber, 

during the sputtering process, is measured by a capacitance gauge (Pfeiffer CMR 364). All samples 

are loaded in the chamber the day before and pumped down overnight by a 1500 l/s turbomolecular 

pump to obtain the same base pressure of about 2x10-5 Pa. Before gas injection, the pumping speed 

is reduced by a throttle valve without affecting the base pressure. A rotating shutter placed at few 

cm from the cathodes (Figure 4.4 b)) is used to control the deposition time and, as consequence 

the layer thickness. 
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Figure 4.4 Sputtering deposition system. The sputtering apparatus a). Sputtering targets b). Rotating 

supporting disc with four sample holders c). 

4.2 Electron beam 

Electron beam evaporation (e-beam) is a physical vapour deposition technique, useful to produce 

thin film coatings. Using e-beam technique we can deposit film coatings of thickness that ranges 

from a few Angstroms to micrometres. Figure 4.5 shows the basics of electron beam deposition 

technique. An electron beam is usually generated by thermionic emission. The generated beam is 

accelerated thanks to a potential difference of the order of 10 kV. Using focusing magnets the high 

kinetic energy electron beam is focused on the material to be evaporated. Part of the kinetic energy 

of the electrons is converted into thermal energy, causing the material evaporation. Vapours of the 

target material will deposit on the substrates properly arranged in the upper part of the vacuum 

chamber. The evaporating material could be in form of ingots or pellets, and a crucible is usually 

used to contain the pellets. The filament that generates the beam and the target material are placed 

in a way that they don’t see each other, to prevent the filament to be covered with the evaporating 

materials. A magnetic field provided by the so-called ‘deflecting magnets’ is used to bend the 

beam and direct it to the target. Additional magnetic fields could be used to steer the beam over a 

larger surface of the evaporation material. In electron beam systems the pressure in the vacuum 

chamber needs to at least lower than 10-2 Pa to allow the passage of the electrons from the electron 

cannon to the target material and avoid arcs generation. Rotating sample holders are often used to 

guarantee thickness uniformity of the deposited film on the substrate. To monitor the thickness of 

the deposited film during the deposition thickness monitors are used. Thickness monitors are 

usually based on an exposed oscillating quartz crystal whose frequency decreases as material 

accumulates. Because the thickness monitor is positioned at a certain distance from the substrate 

to avoid interferences, it measures a thickness that will be different from the actual thickness on 

the substrate, so a tooling factor (geometry dependent) is used to correct the reading output of the 

thickness monitor, so that it corresponds to the actual thickness of the coating on the substrate. 
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Figure 4.5. Electron beam physical vapour deposition technique, scheme of concept (adapted from [87]) 

Experimental setup 

Figure 4.6 shows some details of the electron beam apparatus used to deposit some of the presented 

multilayer absorbers. The deposition chamber is equipped with an electron beam evaporation 

source and four routable crucibles, Figure 4.6 d): it is possible to deposit the desired number of 

layers alternating the four materials without breaking the vacuum. The e-beam system used is 

equipped with a rotating planetary that guarantees the samples thickness uniformity and the 

deposition of several substrates in the same conditions, Figure 4.6 c). A thermocouple allows to 

monitor temperature during the whole process: samples temperature never exceeds 80 °C. Prior to 

depositions, the vacuum chamber is pumped down to a base pressure of 10−5 Pa and the materials 

are slowly outgassed to remove unwanted trapped gases (impurities). The deposition is controlled 

by a thickness monitor (Inficon model XTC/3). The tooling factor of the thickness monitor was 

calibrated depositing a thicker layer (about 500 nm) that was measured using a profilometer (KLA 

Tencor P-15). The step to be measured was obtained by lift-off procedure in acetone, using 

standard photolithographic technique. The thickness monitor automatically controls the e-beam 

current, to keep the evaporation rate constant, as well as a shutter that stops the deposition once 

the desired thickness has been deposited. A careful calibration allowed us to obtain a thickness 

control in the order of 1 nm. All the depositions shown in this work have been carried out on 

smooth unheated glass substrates (roughness 1 nm). 
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Figure 4.6. E-beam deposition system. The electron beam apparatus a). Vacuum chamber b). Glass 

substrates mounted on the rotating planetary (thickness monitor sensor is also visible) c). Multiple 

crucible e-gun and copper crucible. 

4.3 Mini Test Box 

The Mini-Test-Box (MTB) is a custom experimental apparatus used to measure the absorptance 

and the thermal emittance of SSA in operating conditions (high vacuum, high temperatures) [88]. 

Figure 4.7 shows the Mini Test Box apparatus: it consists of a stainless steel high-vacuum 

chamber, closed by an extra-clear float glass, which can host a flat absorber suspended by four 

springs of negligible thermal conductivity (visible in Figure 4.7c). The internal pressure is kept 

below 10−3 Pa by a turbomolecular pump in order to suppress convection and to reduce residual 

gas thermal conduction down to a negligible level. A thermocouple fixed to the sample measures 

the temperature of the absorber under investigation. Additional thermocouples record the 

temperature of the vessel and the glass. An array of LED lights is used to perform indoor 

measurements (Figure 4.7 b, c). The LED system has been calibrated to precisely control the 

supplied power per unite area and guarantee the spatial uniformity of the light irradiance. Details 

about LED system are in [89]. The Mini Test Box is also equipped with a tilting support and a 

pyranometer to carry on outdoor measurements with solar irradiation spectrum [90] (Figure 4.7 a). 

 

Figure 4.7. Figure 4.3.1 Mini Test Box apparatus under direct solar illumination (a) and under LED 

light illumination (b and c). 
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The Mini Test Box measures the actual absorptance and thermal emittance using a calorimetric 

approach. The variations of the temperature of the sample are strictly related to the absorbed power 

and the radiative power losses through the following power balance equation: 

𝑚𝑎 𝑐𝑝(𝑇𝑎)
𝑑 𝑇𝑎

𝑑𝑡
=  𝛼𝐿 𝐴 𝜏 𝑃𝑖𝑛 − 𝜀�̅�(𝑇𝑎) 𝜎 𝐴 (𝑇𝑎

4 −  𝑇𝑎𝑚𝑏
4 ) −  𝜀�̅�𝑢𝑏(𝑇𝑠𝑢𝑏) 𝜎 𝐴 (𝑇𝑎

4 −  𝑇𝑎𝑚𝑏
4 ) (4.1) 

Being ma the sample mass, cp the specific heat, α the absorptance, A the sample Area, Pin the 

incident Power per unit area, 𝜀�̅�(𝑇𝑎) the absorber emittance, 𝜀�̅�𝑢𝑏(𝑇𝑠𝑢𝑏) the equivalent substrate 

emittance. During cooling down phase illumination is stopped and 𝑃𝑖𝑛 = 0: Equation 4.1 allows to 

evaluate the thermal emittance of the tested sample 𝜀𝑠𝑎𝑚𝑝𝑙𝑒(𝑇a) = 𝜀�̅�(𝑇𝑎) + 𝜀�̅�𝑢𝑏(𝑇𝑠𝑢𝑏), because the 

only unknown term is 𝜀𝑠𝑎𝑚𝑝𝑙𝑒(𝑇a) itself. Once 𝜀𝑠𝑎𝑚𝑝𝑙𝑒(𝑇a) has been calculated Equation 4.1 can be 

used during heating up phase data to evaluate 𝛼. A detailed description of the measurement can be 

found in [65,91]. The behavior of an absorber mounted in the MTB has also been numerically 

simulated using COMSOL Multiphysics [92].  

The Mini Test Box also allows to perform experimental measurements of the efficiency of a solar 

coating at different temperatures through stagnation measurements. To perform the efficiency 

measurements the absorber is illuminated with different light power using the calibrated LED 

illumination system described in [89] and the absorber stagnation temperature is recorded. In such 

configuration the power losses are equal to absorbed power: 

𝜀(𝑇𝑎𝑆)  𝜎𝑆𝐵(𝑇𝑎𝑠
4  −  𝑇𝑎𝑚𝑏

4 )  +  𝜀𝑠𝑢𝑏 𝜎𝑆𝐵(𝑇𝑎𝑠
4  −  𝑇𝑎𝑚𝑏

4 )  =  𝜏𝑔𝑙𝑎𝑠𝑠 𝛼𝐿 𝑃𝐿𝐸𝐷(𝑇𝑎𝑆)  (4.2) 

where the solar spectrum is replaced by the spectrum of the LED lump used to illuminate the 

absorber [89], PLED(TaS) is the light power provided by the calibrated LED system and TaS is the 

absorber stagnation temperature at the given LED power. As consequence, at T = TaS the efficiency 

can be calculated, as reported below: 

𝜂(𝑇)  =  𝜏𝑔𝑙𝑎𝑠𝑠 𝛼𝑠  −  
𝜏𝑔𝑙𝑎𝑠𝑠 𝛼𝐿 𝑃𝐿𝐸𝐷(𝑇𝑎𝑆)

𝐻
    (4.3) 

where H is the irradiated power chosen as reference and set to 1000 Wm−2, τglass = 0.91, αS = 0.95 

in the case of Mirotherm® coating actually mounted on TVP Solar high vacuum flat collectors. 

Figure 4.8 reports the Mirotherm® overall efficiency (as from Equation 3.13, chapter 3.5) when 

mounted in the MTB (blue solid line), the numerical simulation of the experimental setup (red 

dash-dot line) and the overall efficiency experimentally measured using Equation 4.3 (black dots).  
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Figure 4.8. Overall efficiency versus Absorber temperature Ta (°C): Mini-Test-Box (MTB) simulated 

efficiency (red, dash dot), Led Measured MTB efficiency (black dots), Mirotherm® overall efficiency 

calculated using Equation 3.13 (blue solid line). 

4.4 Vacuum Oven 

The Vacuum Oven is a custom experimental apparatus used to perform aging test; it can work till 

500 °C with high precision temperature control. Figure 4.9 shows the Vacuum Oven apparatus: it 

consists of a stainless steel high-vacuum chamber, with three copper plates inside supported by a 

steel structure (visible in Figure 4.9b). The copper plates are the heating elements, and they have 

a slot for the absorber of 10x10x0.8 cm3, which represents the samples holder. The plates are 

heated by home-made heating cartridges; they consist in a ceramic tube with 4 holes in which a 

tantalum wire is inserted (Figure 4.9c). The wire tantalum is heated thanks to Joule effect and 

consequently the copper plates are heated. The Seneca Z-DAQ-PID controller was used to control 

the power to be driven to heating cartridges. It receives as input the temperature measured by a 4 

wires PT100 inserted inside each copper plate and gives as output a 0-10 V signal. This signal is 

used as dimming controller for a Mean Well ELG-200 power supply, which deliver the exact 

amount of power to the heating cartridges. Thanks to this setup it is possible to control the 

temperature inside each copper plate with an uncertainty of ± 1 °C. The internal pressure is kept 

below 10−4 Pa by a turbomolecular pump to suppress convection and to reduce residual gas thermal 

conduction down to a negligible level. 

An example of a test is reported in Figure 4.9d; it is important to notice that a high heating up and 

cooling down rates are necessary to minimize the time around the testing temperature. The heating 

up rate (max 8 °C/min) was adjusted through to the PID parameters optimization, considering also 

to avoid a temperature overshoot, while to obtain high cooling down rate (max 11 °C/min), 

nitrogen was fluxed inside the chamber at the end of the test to increase the pressure and trigger 

convection phenomena. 
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Figure 4.9. a) Vacuum Oven apparatus, b) Vacuum Oven inner part, 3 copper plates supported by the 

stainless steel structure, c) Copper plate particular, d) Example of a test at 390 °C. 

4.5 Ellipsometry 

Ellipsometer is by far the most important and complex instrument in our study, as it allows to 

characterize the film thickness and optical constants. Its layout and working principle are shown 

in Fig. 4.10: by means of an optical fiber, the light ejected from a source reaches the polarizer, 

where the state of polarization of the light is defined. Then, the light strikes the sample, and the 

reflected component is modulated and sent to the analyzer and monochromator, that separates the 

light into its various components before it reaches the detector.  
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Figure 4.10. a) Layout and b) working principle of a classical ellipsometer. 

Ellipsometric measurements are based on the measurement of the change in polarization of the 

light incident on the sample of interest and depends on the optical properties and thickness of the 

individual materials included in the sample. The change in polarization is quantified by the 

amplitude ratio and phase difference: 

𝜌 =  
𝑟𝑝

𝑟𝑠
 =  tan(ψ)ei∆, 

tan(ψ)  =  
 |r𝑝| 

|r𝑠|
 ∈  [0, 90°],     (4.4) 

∆ =  δ𝑝  −  δ𝑠 ∈  [0, 360°]. 

The quantities rp and rs are the Fresnel reflection coefficient for s- and p-polarization, respectively, 

while ψ and ∆ are the ellipsometric angles: from them it is possible to obtain the optical properties 

of the sample. Unfortunately, they cannot be directly converted into the optical constants of the 

material, but are used to validate a material structure model that allows to predict the material 

optical properties, i.e. the complex refractive index, by means of mathematical relations, dispersion 

formulae. There are several degrees of freedom in this analysis: incident angle, as well as thickness, 
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roughness and refractive index of each layer included in the sample. Any of these properties is 

varied to improve the match between experiment and calculation. Therefore, it is important to 

carefully choose the model and control the χ2 value returned by the fit, which defines its quality. 

Figure 4.11 shows an example of the measured quantities Ic and Is, which are functions of ψ and 

∆ according to: 

I𝑠  =  sin(2ψ) ·  sin(∆),     (4.5) 

I𝑐 =  sin(2ψ)  ·  cos(∆). 

and the relative fit lines, which agree with the measurement.  

 

Figure 4.11. Example of a good fit (χ2 < 1): the ellipsometric measured quantities Ic and Is (blue and red 

dots, respectively) and the fitted quantities (Ic as a blue line and Is as a red line) are compared. 

In our analysis, the model used to fit the ellipsometric data faithfully reproduces the experimental 

samples. Also, two additional thin layers were included to simulate the roughness at the interface 

between the substrate and the film and on the film surface, as shown in Fig. 4.12. Measurements 

must be conducted at the Brewster angle (θB) of the substrate, where the highest sensitivity is 

observed. In fact, it corresponds to an angle of incidence at which the p-polarized light is perfectly 

transmitted through a transparent dielectric surface, with no reflection. It can be calculated from 

the indices of the two media: 

tan(θ𝐵)  =  
𝑛1

𝑛0
      (4.6) 
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Figure 4.12. Diagram of samples (not to scale), including roughness-equivalent layers. 

Experimental setup 

Measures of the samples in this work were carried out using a phase modulated spectroscopic 

ellipsometer by Horiba Jobin Yvon – UVISEL [93]. The ellipsometer is equipped with a xenon 

lamp and two detectors: it can analyze the optical response in the wavelength range from 190 nm 

to 2100 nm. A picture of the ellipsometer setup is shown in Figure 4.13. 

 

Figure 4.13. Spectroscopic ellipsometer Horiba Jobin Yvon – UVISEL, used for ellipsometric 

measurements 

To obtain reproducible and reliable results all the films to be analyzed were deposited on aluminum 

film, thick enough to be considered optically infinite, and grown on a glass support to be optically 

flat. An optically flat substrate allows to neglect the roughness parameter in the models that 

describe the fabricated thin film sample. Incidence angle of the incoming polarized light could be 

varied, and it is set so 70° for aluminum substrates. Software DeltaPsi from Horiba allows to 

perform data analysis of the measured samples. Figure 4.14 shows the ellipsometric measured 

quantities Ψ and Δ (dotted) and the relative fitting (lines) for a Cr2O3/Cr bilayer on Aluminum 

substrate, model in Figure 4.14, inset. Forouhi-Bloomer formula was the dispersion model used 

for the chromium oxide [94,95], while for chromium and titanium metals Drude-Lorentz [96] 

dispersion relation has been used (details in section 5.1). 
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Figure 4.14. Measured ellipsometric quantities Ψ (red, dotted) and Δ (blue, dotted), and the same fitted 

theoretical quantities Ψ (red line) and Δ (blue line). Al substrate is optically infinite, thickness for Al2O3, 

Cr and Cr2O3 is of 7, 15 and 70 nanometers. 

4.6 Integrating sphere and OSA 

An integrating sphere coupled with an Optical Spectrum Analyzer (OSA), showed in Fig. 4.15, 

was used to perform hemispherical reflectance measurements, in the short wavelengths’ region, 

from 350 to 1750 nm. The inner part of the integrating sphere is coated with a diffusive material 

which provides a high reflective surface and allows to obtain a homogeneous distribution of 

radiation thanks to the multiple Lambertian reflections on the inside of the sphere. A light source 

illuminates the sample and the fraction of light reflected by the sample under analysis is read by 

the spectrometer, which measures the spectral power (Wnm−1) over the range of investigated 

wavelengths. Then, the reflected power can be estimated from the comparison with a measurement 

made on a reference sample, which has a known reflectivity (ρref): 

𝜌 =  
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑃𝑖
 =  

𝑅𝑠𝑎𝑚𝑝𝑙𝑒 ∙ 𝑅𝑟𝑒𝑓 

𝑃𝑖 ∙ 𝑅𝑟𝑒𝑓
 =  

𝑅𝑠𝑎𝑚𝑝𝑙𝑒 

𝑅𝑟𝑒𝑓
 ∙  𝜌𝑟𝑒𝑓    (4.7) 

where Pi is the power intensity incident on the sample, Rsample and Rref the spectral power reflected 

by the sample and by the reference sample, respectively. The reference sample used in this work 

is the Spectralon WS-1-SL diffuse reflectance standard from Labsphere, with a 99% reflectivity 

in the range of 400 to 1500 nm, while > 96% reflectivity in the range of 250 to 2000 nm. 

Alternatively, optical transmittance spectra in the range of 200 nm to 2500 nm can be recorded 

using a spectrophotometer. The working principle is shown in Fig. 4.14: a lamp provides the source 

of light; the beam of light strikes the diffraction grating, which works like a prism and separates 

the light into its component wavelengths. The grating is rotated so that only a specific wavelength 

of light reaches the exit slit; at this point the light interacts with the sample and the detector 

measures the transmittance of the sample, i.e. the amount of light that passes completely through 

the sample and strikes the detector. 
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Figure 4.15. Working principle (a) and design (b) of the integrating sphere. 

4.7 Fourier Transform Infrared Spectroscopy (FTIR) 

The Fourier-transform Infrared Spectrometer (FTIR) has been used for reflectance measurement 

in the range of 1.5 µm to 30 µm. The working principle of this instrument is shown in Fig. 4.16: a 

broadband infrared light beam is sent to an interferometer which produces an optical signal with 

all the IR frequencies encoded into it. Then, the light beam hits the sample, which absorb a fraction 

of light at certain wavelengths and the signal is decoded by applying a Fourier Transform (FT). 

The FT convert the intensity-time spectrum into intensity-frequency, and the spectral reflectance 

is estimated from the comparison with a reference sample. 

 

Figure 4.16. Fourier Transform Infrared Spectroscopy (FTIR), working principle. 

Experimental setup 

For NIR to FIR measurements (1.4-20.0 µm) Jasco FT/IR 6300 Fourier Transform Infrared 

Spectrometer has been used, aluminium film has been used as the reference reflectance standard. 

Figure 4.17 shows experimental result of optical spectroscopy carried out with the Integrating 

sphere (blue line) and FT-IR experimental measurements (green line) (numerical simulation of the 

coating is also reported). The two instruments overlap in the range 1.00-1.75 µm indicating a good 

agreement between the two different measurement techniques. 
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Figure 4.17. Cr2O3-Ti-Cr2O3 multi-layer on Al substrate: experimental result of optical spectroscopy 

carried out with the Integrating sphere (blue line), FT-IR experimental measurements (green line), 

numerical simulation of the multilayer (red dotted line) 

4.8 Profilometry 

A profilometer is an instrument used for measurements of surface properties, i.e. roughness, step 

height, etc. Its working principle is shown in Fig. 4.18: a probe tip, in direct contact with the surface 

to measure, moves linearly along it record the vertical change (z-direction), which is useful to 

reconstruct the surface profile. Measurements of step height are usually obtained using standard 

photolithography, i.e. by applying a mask on the substrate before deposition and chemically 

removing it after deposition of the thin film, and are useful to estimate the deposition rate. An 

example of this kind of measurement is shown in Fig. 4.18. 

  

Figure 4.18. a) Working principle of a stylus type profilometer [97], b) Step height measurement 

measured with KLA Tencor P-15 profilometer. 
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5. Improvement of energy conversion efficiency in HVFPCs 

As discussed in section 3.3 the emerging technology of HVFPCs places itself in a new field where 

the high working temperatures without concentration require special attention to be given to both 

solar absorptance and thermal emittance in the design of the selective coatings. The two most 

widespread solar thermal devices (Concentrating solar power (CSP) and standard flat plate solar 

collectors) justify the lack of interest by both the SSA manufacturers and the researchers in fine-

tuning the thermal emittance against solar absorptance. In fact, for CSP the solar absorptance is 

dominating over thermal emittance because of the high value of the concentration ratio, while for 

the flat plate collectors the greater importance of solar absorptance over thermal emittance is 

justified by the low temperature output [66] (details in section 3.3). Commercial solution of solar 

selective coatings such as Mirotherm® and Sunselect® from Alanod [98], and several types of 

TiNOx® from Almeco [99] still result in excellent performances up to 150 °C, but for higher 

temperatures no marketed solutions neither research studies that propose a valid SSA coating 

optimized for HVFPC technology are released. There are in fact authors that tried to optimize a 

coating suited for high vacuum insulated flat collectors obtaining encouraging results but still far 

from being optimal. For example, Thomas et al. [100] optimized a solar coating for mid-

temperature unconcentrated application, obtaining a stagnation temperature of about 230 °C under 

vacuum, still too low for the potentiality of HVFPCs. The same authors declare that the coating 

could be further optimized to potentially increase the stagnation temperature to about 300 °C, but 

they did not show experimental evidence, and not even in this case they would be able to 

outperform the existing commercial absorbers. The purpose of this PhD research project is to 

develop a method to optimize solar selective coatings well suited for HVFPCs emerging 

technology, focusing on a simple-to-realize, industrially feasible and robust selective coating, for 

both low and medium-high temperature applications. Among the possible SSA designs, as 

discussed in section 3, multilayer selective absorbers appear to be the best suited for the purposes 

of this work, because they allow to control thermal emission still guaranteeing high solar 

absorption and excellent thermal stability [101]. Multilayer architecture ensures the highest 

performance designs built and tested to date [17], their design is really flexible because it meets 

the need of having coatings qualified for different operating temperature by simply changing 

thickness of the layers leaving the architecture unchanged, it is easy to simulate and to optimize, 

while being simple to be industrially realized. As discussed in 3.4, multilayer absorbers consist in 

a stack obtained alternating a dielectric thin layer (high absorptance in visible range, transparent 

in Infrared region) and a metal layer, thin enough to allow for partial transparency. An 

antireflective layer is often used to reduce the reflection due to the generally high refractive index 

of the dielectrics composing the interference stack, further enhancing the performances of the 

coating. Like most of the selective solar absorbers designs they also make use of a metallic IR 

reflector substrate. Chromium Oxide and Chromium proved to be valid candidates for the 

dielectric layer and metal layer respectively. The choice fell on these materials because Cr2O3/Cr 

structure has been already deeply studied above all in form of ceramic-metal composite, being 

applied in commercial absorbers such as Mirotherm® or Sunselect® by Alanod [98]. A 



                 
 

52 
 

Cr2O3/Cr/Cr2O3 multilayer deposited by e-beam has also been studied, showing interesting optical 

properties [102] and good thermal stability [103]. Last but not least, these materials are relatively 

cheap and easy to be handled. A single SiO2 layer is used as antireflective coating to improve 

absorptance, while aluminum and copper are used as metallic IR reflector substrate. 

5.1 Multilayer SSA Cr2O3/Cr based: optimization via custom algorithm 

During this PhD project efforts have been made to perfect a new optimization method, based on 

the efficiency of the real coating that is considered as the fitness function of the optimization 

algorithm. The new optimization algorithm allows to find the best trade-off between solar 

absorptance and thermal emittance, that is strictly linked to the to the shape of the reflectivity 

spectrum ρ(λ) of the coating. This method is particularly suited for the emerging technology of the 

unconcentrated flat plate solar collectors under high vacuum insulation, as they are able to reach 

high working temperature without concentration, with thermal emittance gaining importance on 

the solar absorptance [104]. The drawback of multilayer selective coatings is that multilayer 

coating architecture working principle is strongly based on multiple reflections at the interfaces 

between the layers composing the stack, so the performances of such solar absorbers are strongly 

affected by the thickness of the various layers. Aiming at the industrial mass production of these 

Selective Solar Absorbers we need to consider that the control on the deposition parameters could 

not be perfect, introducing errors on layer thicknesses, thus affecting the performances of the 

coatings. So, it is interesting to add to the designing stage a new, important parameter, that is the 

robustness of the performances of the coating for unpredicted errors on the thickness of the layers. 

Including this new factor as a part of the optimization process of a selective coating offers the 

possibility to pick not the absolute maximum of the solution, i.e. the coating with the highest 

performance in the range of possible solutions, but the coating with the highest performances that 

ensures the proper robustness for given errors on layer thickness. 

5.1.1 Materials and architecture 

For the multilayer selective solar absorber, Cr2O3 and Cr were chosen as the dielectric and high-

absorption metallic layers, respectively. Further, copper was selected as the low-emissive metallic 

substrate, while the SiO2 thin film served as the antireflective coating.  

 

Fig. 5.1 Architecture used for the multilayer coating. 
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To exclude the effect of roughness on the radiative properties of the solar absorber, a low-emission 

substrate was deposited onto a smooth glass substrate. An optically thick copper layer (250 nm) 

was deposited using e-beam vapor deposition and then exposed to atmospheric air.  Figure 5.1 

shows the architecture used for the multilayer coating. As shown in the figure, a five-layer structure 

was used. The chromium layer directly deposited on the copper substrate acted as a bonding layer, 

while preventing the formation of emissive copper oxides during reactive sputtering deposition. 

Further, this layer was also integrated into the optimization process, allowing it to be part of the 

absorbing package. 

5.1.2 Samples preparation and deposition techniques 

To deposit the thin films, a magnetron sputtering machine has been used. Cr and Cr2O3 thin films 

are deposited using a 99.99% pure Cr cathode by means of DC Magnetron Sputtering (DCMS) 

and DC Reactive Magnetron Sputtering (DCRMS) process respectively. Argon was used as a 

sputtering gas for Cr deposition and oxygen was added as a reactive gas for Cr2O3 deposition. For 

Cr deposition, argon flow was set at 3.3 sccm corresponding to a pressure of 0.2 Pa. During Cr2O3 

deposition an oxygen flow of 1.6 sccm was chosen to obtain stable deposition condition that 

produces Cr2O3 films with the required dielectric properties. The multilayer Cr2O3/Cr/ Cr2O3 is 

completed with SiO2 thin film used as Anti-Reflective Coating (ARC) and deposited by RF 

magnetron sputtering (RFMS) technique in pure argon atmosphere. The deposition conditions, for 

the various layers, are reported in Table 5.1 [105]. The parameters of the copper substrate are also 

reported in the table to complete the SSA structure. E-beam PVD technique has been used for the 

deposition of the copper film that acts like the optically thick substrate. The deposition was 

performed in a vacuum pressure of 4 ∙ 10−5 Pa with a deposition rate of 2 Å per second. The 

uniformity of the deposition on the substrates is guaranteed by a rotating planetary. Prior to copper 

layer deposition the glass substrates have been cleaned with soapy water first, then with ultrasonic 

baths in both acetone and isopropyl alcohol, and finally dried with a nitrogen flux. The reported 

deposition rates are calculated by the ratio between the layer thickness measured with the 

profilometer (KLA Tencor P-15) and the recorded deposition time. The step height to calibrate the 

deposition rates are typically about 300 nm and they are obtained in dedicated layers by lift-off 

procedure in acetone, using standard photolithographic techniques. 

Table 5.1. Deposition parameters for the layers composing the Cr2O3/Cr based multilayer stack. 

Layer PVD 
Ar flow 

(sccm) 

O2 flow 

(sccm) 

Power (W)/ 

Current (A) 

Discharge 

Voltage (V) 

Deposition 

Rate (nm/s) 

Pressure 

(Pa) 

Cu 
E-Beam 

Evaporation 
/ / / / 0.2 4E-5 

Cr2O3 DCRMS 3.3 1.6 0.5A 390 0.14 0.3 

Cr DCMS 3.3 0.0 0.3A 300 0.44 0.2 

SiO2 RFMS 4.0 0.0 200W / 0.11 0.3 
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5.1.3 Optical characterization 

To evaluate the refractive indices of the material constituting the multilayer absorber we used the 

ellipsometric technique. Measures were performed on layers deposited in the same conditions 

reported in section 5.1.2. Since on the copper surface it is present a copper oxide that growths in 

time, to obtain reproducible and reliable results the layers to be analyzed were deposited on a 

different substrate, consisting of an aluminum film, thick enough to be considered optically 

infinite, and grown on a glass support to be optically flat. Thickness and complex refractive index 

ñ of the film were obtained by fitting the experimental data with numerical data returned by an 

optical model of the sample in which material dispersions are described by the proper dispersion 

formula. The experimental data were fitted by using the Forouhi-Bloomer formula for the 

chromium oxide [94,95], while for chromium Drude-Lorentz [96] dispersion relation has been 

used. Figure 5.2 a) and b) show the refractive index dispersion for both chromium and chromium 

oxide which best fits the ellipsometric experimental data, used for the optical simulations.  

 

Figure 5.2. Refractive index and extinction coefficient obtained by fitting ellipsometric measurements for 

Chromium a) and Chromium Oxide b). c) The agreement between experimental data and simulation 

obtained using the reported refractive indices is shown: simulation (green, solid line), Optical Spectrum 

Analyzer (OSA) (black, dash line), Fourier Transform Infrared Spectroscopy (FTIR) (red, dash-dot line). 

The refractive index of the pure Cr layer (Figure 5.2 a) shows the typical metallic characteristics 

(n and k indices increasing with wavelength), where k value greater than zero in all the wavelength 

range indicates that Cr layer is primarily responsible for the light absorption. Both the real and 

imaginary parts of Cr2O3 refractive index (Figure 5.2 b) decrease with the wavelength, showing a 

characteristic dielectric behavior. In particular, k index reaches values close to zero already in the 

visible region, which indicates the transparent properties of the film at longer wavelength. The 

reported refractive indices were able to fit Cr2O3 film for thicknesses from 15 nm up to 100 nm 

and Cr layer from 5 to 30 nm and they were obtained by fitting experimental data of several 

samples. The use of optically smooth surfaces allowed to exclude surface roughness effects in the 

models. Since the ellipsometric analysis is limited in the range between 300 nm and 1600 nm, 

refractive indices of both chromium and chromium oxide have been extended outside the measured 

wavelength range by using the respective dispersion relations. The results show good agreement 

with literature data [106–108]. Reflection measurements further confirm the effectiveness of the 
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obtained refractive indices: Figure 5.2 c) shows a comparison between measured and simulated 

reflection of a Cr2O3/Cr bilayer on aluminum substrate (model and layer thickness in inset). 

Integrating sphere coupled with an Optical Spectrum Analyzer (OSA) was used to measure the 

reflectance in visible and near-infrared range (0.35-1.75 µm) and Fourier Transform Infrared 

Spectroscopy (FTIR) was used to measure reflectance in range 1.00-4.00 µm. The two instruments 

overlap in the range 1.00-1.75 µm indicating a good agreement between the two different 

measurement techniques. The optical simulation of the sample under investigation uses the 

refractive indices reported in Figure 5.2 and literature data for Al2O3 and Al substrate [96,106,109]. 

The agreement between optical simulation and the reflectance measurements validates the studied 

refractive index for both chromium and chromium oxide in the whole wavelength range. 

5.1.4 Optimization using genetic algorithm and robustness 

A genetic algorithm (GA) was chosen to optimise the efficiency calculated using the MATLAB 

code. This algorithm is able automatically change the thickness of each layer and calculate the 

emissivity ε(λ) of the stack at each wavelength. The emissivity is computed according to the 

transfer matrix method [110] utilizing the experimental refractive indices. This search-based 

method is frequently used to solve constrained and unconstrained optimisation problems and to 

find optimal solutions for applications that are not well suited for solving classical optimisation 

algorithms, including problems wherein the objective function is discontinuous, nondifferentiable, 

stochastic, or highly nonlinear. GA is well suited for this application because it offers the 

possibility of sweeping a potentially large number of solutions (thickness combinations in this 

work case) and exploring the search space in a relatively short computational time. Further, being 

a global random search algorithm, the GA is independent of the gradient of the fitness function 

and carries less risk of being stuck in the local minima of the solution. Moreover, it is also 

independent of the initial conditions; however, the search space must be defined. This algorithm 

can maximize a fixed multilayer structure, without taking in account the layer position as design 

variable. The GA settings are the default parameters settled by MATLAB, the main settings are: 

population size = 50, number of generations = 500 and crossover fraction = 0.8.  

The thickness of each layer was calculated through a Genetic Algorithm (GA) developed in 

MATLAB. At each iteration, the GA changes the thickness of the individual layers and, starting 

from the experimentally determined refractive indices and using the transfer matrix method, 

calculates the corresponding multilayer reflectivity spectrum. For each reflectivity spectra, ρ(λ), 

the GA derives the spectral emissivity/absorptivity of the structure, ε(λ)/α(λ). In fact, according to 

Kirchhoff’s law of thermal radiation [111,112] and the principle of conservation of energy, the 

emissivity/absorptivity of an opaque object at thermal equilibrium satisfies the following relation: 

ε(λ) = α(λ) = 1 - ρ(λ). Once the emissivity/absorptivity is known, the GA evaluates the solar 

absorptance αS and thermal emittance ε(T) according to eqs. (5.1) and (5.2) respectively: 

𝛼𝑆 =  
∫ [1−𝜌(𝜆)]𝑆(𝜆)𝑑𝜆

∞𝜇𝑚
0 𝜇𝑚

∫ 𝑆(𝜆)𝑑𝜆
∞ 𝜇𝑚

0 𝜇𝑚

     (5.1) 

 



                 
 

56 
 

𝜀(𝑇) =  
∫ [1−𝜌(𝜆)]𝐸𝑏𝑏(𝜆,𝑇)𝑑𝜆

∞
0

∫ 𝐸𝑏𝑏(𝜆,𝑇)𝑑𝜆
∞

0

     (5.2) 

where S(λ) (Wm-2μm-1) and Ebb(λ, T) (Wm-2μm-1) are the solar radiation spectrum and the 

blackbody radiation spectrum respectively, depending on the radiation wavelength λ (μm) and 

temperature T(K). Next, these radiative parameters were used to evaluate the SSA efficiency (Eq. 

(5.3)): 

𝜂𝑐𝑜𝑎𝑡(𝑇ℎ) =
𝑞ℎ

𝐻 
= 𝛼𝑆 −

𝜀(𝑇ℎ)𝜎𝑆𝐵(𝑇ℎ
4−𝑇𝑎𝑚𝑏

4 )

𝐻
   (5.3) 

where qh (Wm-2) is the heat flux to the thermal system, Th (K) is the absorber temperature, Tamb 

(K) is the environmental temperature, H (Wm-2) is the sun-irradiated power, and σSB (Wm-2K-4) is 

the Stefan-Boltzmann constant. The 𝜂𝑐𝑜𝑎𝑡(𝑇ℎ) was used as fitness function of the GA algorithm, 

allowing the maximization of this parameter. 

To consider the robustness of the performances with error on layer thickness, the constraint 

introduced set the maximum loss in efficiency to be 2 percentage points, for errors on the layer 

thickness being within the 20% range. The constraint introduced in the GA sets the fitness function 

to acquire values only within a particular range for a particular percentage error in the thicknesses 

of the layers constituting the stack. Thus, solutions that are unable to respect the constraint are 

rejected, and the algorithm returns only thickness combinations that satisfy the constraints. 

5.1.5 Results 

5.1.5.1 Simulation results 

Figure 5.3 shows the results of the optimization process performed using the GA and a commercial 

absorber (Mirotherm® from Alanod). Two different coatings were considered and optimised for 

working temperatures of 200 °C, and 300 °C (OPT_200, and OPT_300, respectively). Table (5.2) 

presents the optimal thickness combinations, solar absorptance values, and thermal emittance 

values for the two optimized and the commercial coatings. The reduction in metallic layers 

thickness for the OPT_300 compared to the OPT_200 allows to have a significant reduction in 

thermal emittance value at the expense of solar absorptance value. 

Figure 5.3a shows the spectral reflectivity of the three coatings in comparison with the normalized 

solar spectrum. It is evident the way the cut-off wavelength λCut-Off shifts toward shorter 

wavelengths as the target working temperature increases. This shifting in λCut-Off is due to the 

blackbody emission peak shifting toward shorter wavelengths, and it is a well-known behavior for 

the ideal selective solar absorber. 

The introduced optimization method based on the efficiency as a fitness function allows to find 

the best trade-off between solar absorptance and thermal emittance, that is strictly linked to the to 

the shape of the reflectivity spectrum ρ(λ) of the coating. This method is particularly suited for the 

emerging technology of the unconcentrated flat plate solar collectors under high vacuum 

insulation, as they are able to reach high working temperature without concentration, hence 
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requiring special attention to be given to both solar absorptance and thermal emittance in the design 

of the selective coatings. 

Figure 5.3b shows the thermal emittance for the three coatings versus the temperature of the 

absorber. The coating optimized for higher working temperature (300 °C) shows a reduction in the 

thermal emittance of approximately 70% with respect to the Mirotherm coating. The reduction in 

the thermal emittance that reduces the radiative losses is obtained at the expense of 6% reduction 

in solar absorptance (see table 5.2). 

Table 5.2. Optimal thickness combinations, solar absorptance αS values and thermal emittance ε (T) for 

commercial coatings and OPT_200 and OPT_300. 

Sample T opt. (°C) 
Layer thick. (Layer 1 to 5) 

(nm) 
αS ε (100 °C) ε (200 °C) ε (300 °C) 

Mirotherm® - - 0.945 0.062 0.070 0.081 

OPT_200 200 72-55-10-27-15 0.936 0.026 0.031 0.040 

OPT_300 300 65-45-8-14-10 0.889 0.017 0.020 0.025 

0.5 1 5 101 10
0.0

0.2

0.4

0.6

0.8

1.0

100 200 300 400

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

R
e
fl
e
c
ti
v
it
y

 


(
)

Wavelength (m)

 Num. OPT_200

 Num. OPT_300

 Mirotherm

 Sun spectrum

a)

 Num. OPT_200

 Num. OPT_300

 Mirotherm

T
h
e
rm

a
l 
e
m

it
ta

n
c
e
, 

(
T

)

T
h
 (°C)

b)

 

Fig. 5.3. Optical simulations. (a) Spectral reflectivity of two coatings optimised for a target temperature 

of 200, 300 °C (red, green curve, respectively) and of the commercial coating (blue line). Normalised 

sun spectrum, grey filled area. (b) Temperature dependent thermal emittance of two coatings optimised 

for a target temperature of 200, 300 °C (red, green curve, respectively) and of the commercial coating 

(blue line). 

Figure 5.4 reports the coating efficiency (Eq. (5.3)) for the simulated multilayer for 1000 Wm-2 

incident power; the optimization process guarantees the highest efficiency at the setpoint 

temperature in every case. The way the reduction in the absorptance in favor of a low thermal 

emittance translates in a lower value of the radiation losses is evident from the efficiency curve. 

This consequently led to lower efficiency at low temperatures but facilitates the maintenance of 

higher efficiencies at higher working temperatures. 



                 
 

58 
 

100 200 300 400 500
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0


c
o

a
t

T
h
 (°C)

 Num. OPT_200

 Num. OPT_300

 Mirotherm

 

Fig. 5.4 Optical simulations of coating efficiency ηcoat of two coatings optimised for a target temperature 

of 200, 300 °C (OPT_200, OPT_300; red, green curve, respectively) and of the commercial coating (blue 

line). 

Influence of errors on layer thickness: robustness 

To verify the robustness of the solution with respect to thickness variations, the efficiency for 

different thickness combinations of the multilayer stack was calculated. Each multilayer stack is 

obtained by varying the thickness of each layer around its optimal value. The maximum percentage 

error of the layer thickness was set to ±20% around the optimal thickness for each layer. To 

simplify the representation, only the values at the extremes of interval (+20% and -20%), coupled 

with the optimal thickness values, are reported in the figure. Thus, three different thickness values 

are possible for each layer. With three possible thickness values for each layer, and because the 

multilayer stack is composed of five layers, a total of 35=243 combinations are possible, 

identifying 243 possible multilayer stacks (combinations). In Fig. 5.5, the combinations are 

numbered sequentially from combination 1 to combination 243. Figure 5.5 clearly shows how the 

coatings are very stable in terms of efficiency; with a 20% error in layer thickness, on all the 

possible combinations, the efficiency difference is maintained below or at most equal to 2 

percentage points. This figure shows an overview of the relationship between the variation in the 

thickness and its effect on the efficiency of the coating at the target optimization temperature. For 

example, the OPT_200 coating efficiency varies more smoothly with the combinations than the 

coating OPT_300. This can be attributed to the chromium bottom layer, which in the coating 

optimized at 200 °C reaches a thickness as high as 70 nm.  



                 
 

59 
 

0

20

40

60

80

100

120

0 27 54 81 108 135 162 189 216 243

0

20

40

60

80

100

120

L
a
y
e
r 

T
h
ic

k
n
e
s
s
 (

n
m

)

B

error ±20%

0.60

0.64

0.68

0.72

0.76

Optimized for 200 °C

E
ff
ic

ie
n
c
y
 @

 2
0
0
 °

C

 SiO
2

 Cr
2
O

3
 top

 Cr Top

 Cr
2
O

3
 bottom

 Cr bottom

Combination

A

Efficiency

0.44

0.48

0.52

0.56

Optimized for 300 °C

E
ff
ic

ie
n
c
y
 @

 3
0
0
 °

C

 

Fig. 5.5 Coatings OPT_200, OPT_300 (panel A, B respectively). x axis: each ith combination identifies a 

different stack in terms of thickness, obtained by varying the thickness of each layer around its optimal 

value, in the case of three possible values for each layer and error=±20%. Left y axis: thickness value of 

each layer in nanometres for the ith combination. Right y axis: efficiency evaluated at the target optimisation 

temperature related to the ith combination. 

Figure 5.6 shows the spectral emissivity 1- ρ(λ) for the two coatings optimized at 200, and 300 °C 

as red, and green dashed lines, respectively. The light-colored areas around the optimized curves 

represent the spectral emissivity curves for the 35 combinations for the same three coatings. This 

figure shows the way the variations in the layer thickness identify a band around the optimal value, 

defining the radiative parameters of each stack which determine the efficiency trend in Fig. 5.5. 

Moreover, it is evident that the change in layer thickness does not result in leaps in the reflectivity 

curves, but in a smooth transition around the optimal value inside the defined band.  
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Fig. 5.6. Spectral emissivity 1- ρ(λ) for the coatings OPT_200 and OPT_300, in red and green. Dash 

curves: optimal thickness stack. Solid line curves light color: emissivity curves obtained by varying the 

thickness of each layer around its optimal value, in the case of three possible values for each layer and 

error = ± 20%. 

Figure 5.7 shows, for each combination, the solar absorptance αS (left y axis, purple) and the 

efficiency and thermal emittance ε(T) at the target optimization temperature for the two optimized 

coating (panel A, B), descending from spectral emissivity curves 1- ρ(λ) of Fig. 5.6. 

This figure clearly shows the relative importance of the solar absorptance αS and the thermal 

emittance ε(T) in determining the efficiency at different working temperature of the coating. It is 

interesting to note the way each of the three coatings handled these parameters differently. 

For the coatings optimized at 200 and 300 °C, an overall decrease in both the solar absorptance 

and thermal emittance was observed, together with an increased variation in αS and a decrease in 

ε(T). A higher variation in αS does not considerably affect the efficiency of the solar absorber, 

whereas variations in thermal emittance are limited. Further, an analysis of the coatings OPT_200 

and OPT_300 clarifies the importance of thermal emittance on the solar absorptance value with 

increasing temperature and clarifies the primary importance of considering the relative importance 

of αS and ε(T) with the working temperature. 

The optimization algorithm automatically satisfies the need to control αS and ε(T) as a function of 

the target working temperature, fine-tuning the layer thickness to ensure the best performance, and 

the robustness required with errors in the thickness during the deposition stage. 
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Fig. 5.7. Axis x: each ith combination identifies a different multilayer stack in terms of thickness, obtained 

by varying the thickness of each layer around its optimal value, in the case of three possible values for 

each layer and error = ± 20%. Axis y: solar absorptance αS (left y axis, purple), efficiency (left y axis, 

orange) and thermal emittance ε(T) (right y axis) for the ith combination at the target optimization 

temperature, for the coatings OPT_200 and OPT_300 (panel A and B respectively). 

5.1.5.2 Experimental results 

To validate the numerical simulations and the optimization process, coatings OPT_200, and 

OPT_300 were experimentally realized via sputtering deposition. After the deposition, the 

multilayer thickness was measured with a profilometer (KLA Tencor P-15) determining that the 

thickness of the multilayer agreed with the sum of the expected single-layer thicknesses. 

Figures 5.8 a and b show the measured reflectance spectrum and the related thermal emittance of 

the deposited samples in comparison with the simulated reflection spectra.  

Solar absorptance values α and thermal emittance at different temperatures in comparison with the 

numerical counterparts for the two coatings are listed in table (5.3). Measured samples almost 

perfectly match the simulated results. These results confirm the correct evaluation of the 

experimental refractive indices used for the optimization. 

The presented data have been calculated for normal incident radiation; when including the angular 

dependence, the absorptance and emittance could be different. However, the absorptance reported 

in table 5.3 was measured using an integrating sphere and results are only slightly different from 

the normal incident value indicating a small angular dependence. The emittance values were 

measured using a FTIR specular reflectance accessory and the hemispherical emittance could be 
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slightly higher than the reported value and it will subject to further investigation. Table (5.4) lists 

the coating efficiency (Eq. (5.3)) at the target optimization temperature for the three proposed 

selective absorbers, together with the related percentage deviation and the difference Δηcoat. 

Despite the variations in αS and ε(T) |Δηcoat|≤0.02 is still guaranteed, in accordance with the 

constraints imposed in optimization process. 
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Fig. 5.8. a) Measured reflectance spectrum of the deposited samples OPT_200, OPT_300 (red, green 

dash lines) in comparison with the simulated reflection spectra (red, green solid lines). Normalized sun 

spectrum, grey filled area. b) Thermal emittance of the deposited samples OPT_200, OPT_300 (red, 

green dash lines) in comparison with the simulated thermal emittance (red, green solid lines). 

Table 5.3. Solar absorptance values α and thermal emittance at different temperatures in comparison with 

the numerical counterparts for the two coatings 

Sample 
T opt. 

(°C) 
α Num. α Exp. 

ε Num. 

(100 °C) 

ε Exp. 

(100 

°C) 

ε Num. 

(200 

°C) 

ε Exp. 

(200 

°C) 

ε Num. 

(300 

°C) 

ε Exp. 

(300 

°C) 

OPT_200 200 0.936 0.925 0.026 0.025 0.031 0.031 0.040 0.039 

OPT_300 300 0.889 0.890 0.017 0.017 0.020 0.020 0.025 0.025 

 

Table 5.4. Coating efficiency ηcoat at the target optimisation temperature for the two proposed 

selective absorbers, related percentage deviation and the difference Δηcoat 
 

Sample T opt. (°C) ηcoat Num. ηcoat Exp. Deviation % Δηcoat. 
 

OPT_200 200 0.866 0.847 2.2 0.02  

OPT_300 300 0.753 0.746 1.0 0.01  

Using the optical measurements of the fabricated samples, along with Eqs. (5.3), the performance 

of the experimental coating was estimated. The coating efficiency calculated at 1000 W/m2 using 

the experimental emissivity curves are shown in Fig. 5.9 and compared with the efficiency 

calculated under the same conditions using the emissivity curve from the optical simulations. The 

figure shows a remarkable match between the experimentally realised coatings and their simulated 

counterparts, confirming the feasibility of the coatings and their applicability in the medium-
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temperature range. Moreover, the comparison between the optimized coatings efficiency and the 

commercial coating shows an improvement of 7.4% at 200 °C for both coatings and of 21.6% and 

26.3% at 300 °C for the OPT_200 and OPT_300 respectively. 
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Fig. 5.9. Coating efficiency of the experimental samples OPT_200, OPT_300 (red, green dash lines) in 

comparison with the optical simulations (red, green solid lines) and of the commercial coating (blue 

line). 

5.2 Substrate thermal radiative losses reduction 

As discussed, the performances of a solar absorber for high vacuum insulated flat collectors would 

benefit from a substrate thermal emittance reduction, that could be obtained with a better finishing 

of the back side of the substrate or using a substrate with a low thermal emittance (such as copper 

or silver). To better understand how the thermal emittance affects the performance of a solar 

absorber let us recall Equation 3.13, which defines the overall efficiency of a selective coating. 

The negative terms in the equation are defined as the radiation losses and they are responsible for 

the system efficiency reduction at medium-high temperatures. By reducing the thermal emittance 

term 𝜀(𝑇) of the SSA its performance will be significantly increased. For relatively high emissive 

substrates (section 3.5), a simple and relatively cheap way to significantly reduce the emissivity of 

both the selective coating side and the substrate side of a solar absorber could be a low emissive 

thin film coating could be used increasing the performances.  

For example, Mirotherm® from Alanod [98], which currently powers TVP Solar collectors, uses 

aluminum as a substrate. Russo et al. [65,91] showed how εSub = 0.045 is the value for the thermal 

emittance of the aluminum that best fits the experimental results for Mirotherm® commercial 

coating. A simple yet effective way to enhance the performances of this solar absorber could be to 

deposit a low emissivity coating such as a copper or silver coating (thermal emittance ≈ 0.02) on 

the back side of the absorber, on the aluminum surface, as shown in Figure 5.10. 
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Figure 5.10. Solar absorber with a low emissivity coating on the back side of the aluminum substrate. A 

titanium bonding layer is used to guarantee the adhesion of the coating. 

5.2.1 Materials and architectures 

To study the effect of a low emissivity coating (LEC), several architectures were realized (fig. 

5.11), titanium layer (10 nm) was used as bonding layer for all the architecture but is omitted in 

fig. 5.11. Silver (Ag) and copper (Cu) were chosen as low emissive materials, they were deposited 

using e-beam vapor deposition on an aluminum bulk substrate. The LEC was deposited on one 

side (architecture 1 and 2) or on both sides (architecture 3 - 4 - 5) of the aluminum substrate, the 

thickness of each LEC is 200 nm. Moreover, on architecture 5 also a Cr2O3 layer was deposited 

between the substrate and LEC, this layer acts as diffusion barrier (DB) layer, to prevent 

degradation due to high temperature. 

 

Figure 5.11. Low emissive coating architectures: 1-2) one side LEC Ag and Cu respectively, 3-4) both 

sides LEC Cu and Ag respectively, 5) both sides Ag LEC with Cr2O3 diffusion barrier. 

Additionally, to prove the LEC thermal stability a 200 nm-thick layer of Ag was electron-beam 

deposited on the backside of a 15x15 cm2 commercial SSA (Mirotherm®), with and without the 

presence of a Cr2O3 DB layer (fig. 5.12). The two samples were thermal stressed for 24 hours at 

360 °C in the MTB apparatus, and the thermal emittance measurements before and after the 

treatment were performed. 

 

Figure 5.12. Silver LEC on the back side of a commercial Selective Solar Absorber without (6) and with 

(7) a Cr2O3 diffusion barrier layer. 
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5.2.2 Samples preparation and deposition techniques 

The electron-beam vapor deposition technique was employed for the fabrication of samples in fig. 

5.11. The evaporation of Ag, Cu and Cr2O3 was performed at a vacuum pressure of 4∙10-5 Pa and 

with a deposition rate of 1.5 Ås-1 on the aluminum substrates cleaned with acetone and isopropyl 

alcohol. The uniformity of the layers deposited on the substrates was guaranteed by placing the 

samples on a rotating planetary. The deposition rate is controlled by a Quartz Crystal Microbalance 

(QCM) [113] accurately settled with density and Z-ratio of Ag, Cu and Cr2O3. The QCM 

deposition rate reading was adjusted to the deposition rate on the samples thanks to a carefully 

calibration of the tooling factor. The tooling factor was experimentally adjusted by depositing 

single layers of Ag, Cu and Cr2O3 and measuring their thicknesses through a profilometer (KLA 

Tencor P-15). 

5.2.3 Experimental results 

The actual thermal emittance from low temperatures up to stagnation temperature are measured 

using a calorimetric instrument well described in [88] (see also section 4.3), based on the power 

balance equation defined in the following equation: 

m c𝑝  
𝑑𝑇𝑎

𝑑𝑡
 =  𝛼 𝐴 𝑃𝑖𝑛  −  𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑙𝑜𝑠𝑠𝑒𝑠    (5.3) 

being m, cp, Ta, α and A the mass, specific heat, temperature, spectrally averaged absorptivity, and 

area of the absorber, and 𝑃𝑖𝑛 the incident power density. Figure 5.13 shows the aluminum bulk 

substrate before and after being copper coated.  

Thermal emittance reduction with LECs 

Figure 5.14 shows the results of the calorimetric measurements for a bulk aluminum substrate and 

for the 5 different architectures of fig. 5.11. 

 

Figure 5.13. Aluminum bulk substrate before (a) and after (b) copper coating via e-beam PVD. 



                 
 

66 
 

50 100 150 200 250 300 350

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

T
h
e

rm
a
l 
e

m
it
ta

n
c
e

Temperature (°C)

 Al substrate

 Architecture 1

 Architecture 2 

 Architecture 3 

 Architecture 4

 Architecture 5

 

Figure 5.14. Thermal emittance calorimetric measurements of aluminum bulk substrate (grey line) and 

architectures 1 - 2 - 3 - 4 – 5 (black, red, brown, violet, and cyan respectively). 

Figure 5.14 shows the thermal emittance (𝜀𝑠𝑎𝑚𝑝𝑙𝑒(𝑇a)) results obtained during the cooling down 

phase of a colorimetric measurement as described in section 4.3. The 𝜀𝑠𝑎𝑚𝑝𝑙𝑒(𝑇a) refers to the sum 

of the thermal emittance of both side of the measured sample, in the case of bulk aluminum (grey 

line) we have an almost constant value (0.10) on all the measured temperature range. This value 

is exactly doubled the aluminum thermal emittance literature data [78] (table 3.1, section 3.5). A 

25% thermal emittance reduction can be observed for the one side coated samples (architecture 1 

and 2), while a 50% reduction can be observed for the double side Cu coated sample (architecture 

3). The best result is obtained with the double side Ag coated samples (architectures 4 – 5), with a 

thermal emittance reduction of 60-65%.  

LECs thermal stability 

Figure 5.15 demonstrate the impact of the Ag LEC on the thermal emittance of a commercial SSA 

and the role of the Cr2O3 diffusion barrier (DB) layer on the thermal stability of LECs. The thermal 

emittance of the commercial SSA (as produced), the architecture 6 (fig. 5.12) and the architecture 

7 (fig. 5.12) (black, blue, and green line respectively) are shown. Both sample with the LEC exhibit 

an 11% reduction in thermal emittance at 200 °C compared with the commercial SSA as produced.  
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Figure 5.15. Thermal emittance calorimetric measurements of commercial SSA, architecture 6 and 7 

before (black, blue, and green line respectively) and after (red, magenta, and orange respectively) 

thermal treatment. 

To demonstrate the thermal stability of the LECs, these samples were thermally stressed for 24 

hours at 360 °C in vacuum environment. The thermal emittance after the annealing process is 

shown in fig. 5.15. The commercial SSA (as produced) is thermally stable, because the thermal 

emittance after the thermal treatment (red line) is the same compared to the untested commercial 

SSA. The architecture 6 showed an increase in thermal emittance after the thermal stress compared 

to the untested architecture 6, this emittance reaches the same value of the commercial SSA, losing 

all the advantages due to the LEC. Instead, the architecture 7 after the thermal treatment exhibited 

the same thermal emittance of the untested architecture 7, demonstrating the necessary to have a 

diffusion barrier to preserve the benefits of the LECs. 

HVFPCs performance improvement analyze 

The substrate thermal emittance (𝜀𝑠𝑢𝑏 (𝑇)) reduction strongly affect the overall efficiency of a 

selective coating for HVFPCs as defined from equation 3.13, here reported:  

𝜂𝑝𝑎𝑛𝑒𝑙  =  𝛼𝑠  −  
𝜀𝑎𝑏𝑠 (𝑇) 𝜎𝑆𝐵(𝑇𝑎𝑏𝑠

4  − 𝑇𝑎𝑚𝑏
4 )

𝐶 ∙ 𝐺𝑆𝑢𝑛
 −  

𝜀𝑠𝑢𝑏 (𝑇) 𝜎𝑆𝐵(𝑇𝑎𝑏𝑠
4  − 𝑇𝑎𝑚𝑏

4 )

𝐶 ∙ 𝐺𝑆𝑢𝑛
    (5.4) 

The effects of a LEC on the ηpanel are reported in figure 5.16. The overall efficiency of an optimized 

selective coating on aluminum substrate without (black line) and with diffusion barrier and low 

emissive coating (red line) are reported. The figure shows how at 200 °C efficiency of the absorber 

increases from 0.64 up to 0.72, with 13% enhancement in performances, and the stagnation 
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temperature increases of about 30 °C. It is worth to note that the advantages of the low emissive 

coating increase with increasing temperature, in fact at 300 °C the overall efficiency increase from 

0.19 to 0.37, having an almost doubled enhancement in performances. 
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Figure 5.16. The overall efficiency of an optimized selective coating on aluminum substrate without 

(black line) and with diffusion barrier and low emissive coating (red line). 

As discussed before (section 3.4), for multilayer coatings, the spectrally averaged emissivity is 

mainly due to the low-emissive metal substrate, so it makes sense to use a low emissive coating 

for the coating side of the absorber, too. This solution would allow to use cheap materials as a 

substrate as aluminum, while guaranteeing excellent optical properties of the absorber, using 

coatings of low emissive but more expensive materials at a negligible cost (see Table 3.1). At high 

temperatures however, interdiffusion between the low emissive thin film and the aluminum 

substrate may cause adhesion issues and a deterioration of the optical properties, so an 

interdiffusion barrier should be used to limit the diffusion phenomena. 
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6. High-Efficient Selective Emitter for Solar Thermophotovoltaic 

application 

This chapter intends to provide a general overview of thermo-photovoltaic (TPV) systems, 

highlighting the key role of both high-vacuum insulation and selective emitters in the control of 

the thermal emissions and of the systems efficiency. The chapter is organized as follows: section 

6.1 introduces the PhotoVoltaic (PV) cells operation, as it is the main component of a TPV system. 

The working principle of TPVs is described in detail in section 6.2. Section 6.3 presents the state 

of the art of the development of selective emitters, while section 6.4 reports the results of our 

approach in designing selective emitters. 

6.1 PV cell operation 

A photovoltaic (PV) cell, whose working principle is schematically shown in Fig. 6.1, is basically 

configured as a large-area p-n junction, i.e. n-type and p-type semiconductors put directly adjacent 

to each other to create a stronger carrier diffusion gradient. The mechanism that allows to convert 

solar energy into electricity is the photovoltaic effect: when the photons hit the cell, their energy 

is transferred to the electrons of an atom of the semiconducting material in the p-n junction, causing 

it to jump to a higher energy state (conduction band) and creating an electron-hole pair. Hence, 

these electrons are free to move through the material, and their motion towards the n-side of the 

junction creates an electric current in the cell, which is the key point of a working cell [114].  

 

Figure 6.1. Working Principle of a PV Device. Image available in [115]. 

However, only photons with appropriate energy (equal to the bandgap energy, Ebg, of the 

semiconductor) participate to the process: photons with E < Ebg are not able to create the electron-

hole pair; photons with E > Ebg can only create one electron-hole pair and their excess energy is 

dissipated as heat. Therefore, in both cases there is a loss of energy which limits the conversion 
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efficiency of the PV cell, determined as the fraction of incident power which is converted to 

electricity and is defined as: 

𝜂𝑃𝑉  =  
𝑃𝑒𝑙

𝑃𝑖𝑛
      (6.1) 

Hence, only a small part of the solar spectrum is useful for the conversion: for example, Fig. 6.2 

shows that the available portion of the solar spectrum is reduced to the 33% in the case of a silicon 

solar cell, with Ebg = 1.1 eV. 

 

Figure 6.2. Spectral analysis of the minimum losses for a silicon solar cell (bandgap = 1.1 eV): 

thermalization represents the largest loss in this analysis, and it increases for the higher energy portions 

of the solar spectrum [116]. 

Besides silicon, other semiconductors can be used in solar technologies: the most diffuse are listed 

in table 6.1, where their bandgap energy and wavelength (Ebg, λbg) are reported. PV cells can be 

classified into four generations, depending on the materials which are used for their fabrication. 

They are illustrated in Fig. 6.3 [115]: 

• first-generation cells, which include single- and multi-crystalline silicon;  

• second-generation cells, which are based on thin films (the maximum film thickness was 

brought down to a few nanometers to tens of micrometers to reduce the high material usage and 

cost of the previous generation);  

• third-generation cells, which include organic solar cells with nano-crystalline films; 

• fourth-generation cells, which combine the low cost/flexibility of polymer thin films with 

inorganic nanostructures. 
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Table 6.1. Band-gap energy and wavelength of the semiconductors most used for PV cells. Note that the 

term perovskite indicates a class of compounds which have the same type of crystal structure as CaTiO3, 

and the range of bandgap energies indicated in the table can be further extended. CIGS stands for Copper 

Indium Gallium Selenide. 

Material Ebg (eV) λbg (µm) 

GaInAsSb 0.53 2.34 

Ge 0.66 1.88 

GaSb 0.72 1.72 

Si 1.12 1.11 

GaAs 1.42 0.87 

InGaSb 1.42 to 0.36 0.87 to 3.44 

CdTe 1.45 0.86 

CIGS 1.01 to 1.68 0.74 to 1.23 

Perovskites 1.30 to 2.30 0.54 to 0.95 

InGaP 1.90 0.65 

 

 

Figure 6.3. Schematic of the various generations of solar cells [115]. 
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However, the most common solar cells available in the market are the first-generation solar cells: 

Monocrystalline silicon solar cells which are made up of crystals grown along one plane from 

cylindrical shaped ingots which are sliced into small wafers. Impurity atoms are added to dope the 

silicon either to make it p-type or n-type. The high purity determines high costs but high efficiency 

(26.7% [117]).  

Polycrystalline silicon solar cells which are made from raw silicon, melted and poured into a 

square mold, further cooled and cut into perfectly square wafers. Therefore, the low purity and 

nonuniformity of the wafers determines a lower efficiency, which reach its maximum around the 

24.4% [117]. 

6.2 The interest in TPV technologies 

The recent growth of photovoltaic solar energy capacity worldwide, as well as the relatively high 

collection efficiency of solar thermal collectors, have brought the attention of many on the 

development of thermo-photovoltaic systems. A TPV system employs a PV module and a thermal 

collector and allows the direct conversion from the thermal radiation emitted from an object heated 

at temperatures typically higher than 1000 K to electricity.  

As a result of the PV cell operation (described in the prior section), it is crucial that the radiation 

incident on the PV cell matches its bandgap. Hence, the key role of the thermal emitter, a device 

which emits thermal radiation and for which selectivity is required: it must emit only the photons 

with energy included in the range of interest to make the PV cell work properly. Alternatively, a 

filter can be added in front of the PV cell to transmit only the photons with E = ħ ω ≃ Ebg, while 

the remaining photons with energy outside the range of energies admitted by the PV cell are 

reflected back and reabsorbed by the emitter. The filters are particularly useful when working with 

black body emitters or emitters not perfectly selective, but they mostly reflect a small percentage 

of light in the desired wavelengths range. Then, all the light that is not redirected to the emitter or 

to the PV cell is lost. 

 

Figure 6.4. Schematic of TVP operation. Image available in [118]. 
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The working principle of a TPV device is schematically illustrated in Fig. 6.4 and could be 

summarized as follows [23]: the thermal energy coming from any source heats up an emitter, which 

emits photons preferably with energy above the bandgap of the PV cell. At this point, the radiation 

emitted hits the PV cell and is converted into electricity.  

Despite their design is complex, TPV systems have several advantages besides directly converting 

heat radiation into electricity: they are modular and lightweight, which means that existing systems 

can be expanded or adapted to the needs; their average lifetime is of 25 years; they require little 

maintenance, are silent and emission free [114]. The main advantage of TPV with respect to direct 

conversion by solar cells is that their spectral distribution can be tailored according to their 

sensitivity, thanks to the either the selectivity of the emitter and the filter. It also has a potentially 

higher efficiency and higher power densities (5-60 W/cm2 compared with 0.1 W/cm2 for solar 

cells), as the heat source and the PV cell are much closer in TPV compared to the distance from 

the Sun (1-10 cm Vs ≃ 1.5· 1010 m). However, the definition of efficiency in TPV systems is 

complex and strongly depends on the boundary conditions: the total input can be defined in 

different ways depending on the heat source, and the output could be either considered as 

exclusively electrical or electrical and thermal - in the case of Combined Heat and Power (CHP) 

systems. Fig. 6.5 illustrates a schematic of the energy flow of a general TPV system. 

 

Figure 6.5. Energy flow of a TPV system (adapted from [23]). 

Therefore, the overall efficiency of a TPV system, ηTPV, depends on the product of all partial 

efficiencies of the various part of the system [23], namely:  

• ηPV is the PV cell efficiency, defined in Eq. 6.1;  

• ηsource is the heat source efficiency, defined as the ratio of emitter net heat transfer to the total 

input: 

𝜂𝑠𝑜𝑢𝑟𝑐𝑒  =  
𝑃𝑛𝑒𝑡

𝑃𝑖𝑛
      (6.2) 
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• ηcavity is the cavity efficiency, which in steady state is defined as ratio of the power incident on 

the PV cell to the net radiative heat flow: 

𝜂𝑐𝑎𝑣𝑖𝑡𝑦  =  
𝑃𝑃𝑉

𝑃𝑛𝑒𝑡
      (6.3) 

The current estimate of the capital costs for PVT systems shows that it is approximately 30% 

higher than the cost of a PV and solar thermal system installed side by side, and the PVT collectors 

account for approximately the 60% of the total cost [119,120]. But, as the cost of solar thermal 

systems is decreasing with a learning curve of 20% in Europe, similar to the decreasing production 

cost of crystalline silicon (c-Si) PV modules [121,122], it would be not too risky to assume that a 

reduction of costs will also invest the TPV market. A first step in that direction certainly could be 

the development of innovative designs which increase the thermal efficiency and improve the cost-

competitiveness of the system. About this, a recent work [123] has proposed new high efficiency 

designs which reduced the emissivity of the solar cells in flat plate and evacuated TPVs. Those 

employs an evacuated glazing cavity combined with a low emissive coating (with and emissivity 

of ε = 0.15). Compared to present commercial TPVs, this collector is projected to have double the 

thermal efficiency, and to provide 1.5 and 2 times the revenue or carbon savings of PV modules 

and solar thermal collectors, respectively [123]. Hence, the need to exploit the advantages of high 

vacuum insulation, already illustrated in the section 2.4 (Fig. 2.12). Potentially, TPV systems can 

convert heat into electricity with Carnot efficiency. Hovewer, at the current stage of research, the 

highest estimation of efficiency for TPV systems working at 1300 K reaches the 70% of the 

Carnot’s limit [124] if a selective emitter built from refractory metals is employed. It is therefore 

obvious that in such systems the control of thermal radiation through selective emitters becomes 

fundamental to reduce the amount of wasted heat. In the next two sections we present the state of 

the art and propose new and easier designs of selective emitters. 

6.3 Selective emitters: state of the art 

We have learned that the interest in the control of thermal emissions in the IR range represents a 

crucial factor in reaching higher efficiency in various energy systems (as well as in other fields, 

involving applications like thermography [125], radiative cooling [126,127], IR spectroscopy 

[128,129], etc.). Emitters and their properties play a crucial role in that issue.  

The ideal thermal emitter is a selective emitter (SE), characterized by a sharp transition from high- 

to low-emissivity. Considering the TPV systems operation, the transition has to happen in the 

position of the spectrum corresponding to a photon energy approximately equal to the bandgap 

energy of the associated PV cell. Depending on their characteristics, they can be classified in 

broadband emitters and narrow-band emitters. Broadband emitters are characterized by an 

emissivity curve which is spectrally close to 1, leading to emission of photons across wide range 

of wavelengths. Silicon carbide (SiC) is for example one of the most used materials for this 

application, as it determines an emissivity of approximately 0.9 over a large region of the spectrum. 

Their main advantages are the simplicity of fabrication and high durability [130], however their 

broad emission spectrum causes existing systems to have low efficiencies when applied to TPV 
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systems, since the wavelength range of PV cells conversion is very small compared to the emitter 

spectral range. Therefore, to prevent unnecessary absorption of above-band gap photons and avoid 

losses, it is crucial to work on the properties of the emitter to obtain narrow-band emitters. In this 

case, the emitted photons should have energies slightly above the PV cell bandgap. Typically, 

broadband emitters yield higher output electrical power density while narrow-band emitters can 

increase the TPV conversion efficiency. The ideal spectral control of both broadband and narrow-

band emitters is shown in Fig. 6.6 a), while Fig. 6.6 b) highlights the fraction of high-energy 

photons convertible into electricity in a GaInAsSb cell.  

 

 

Figure 6.6: a) Ideal spectral control of a broadband thermal emitter, where any in-band photons are 

preferentially emitted, and of a narrow-band emitter, where only photons with energy slightly above the 

bandgap are emitted. b) Blackbody emission at 1000 °C, where the fraction of high-energy photons 

convertible into electricity in a GaInAsSb cell is highlighted (grey area with pattern). Adapted from 

[131]. 

Several solutions of SE have been already developed in the past. They are based on different 

designs, each having advantages and disadvantages:  

• bulk emitters, which can be either graybody emitters [27] such as Si, SiC, or metals with [28] 

or without AR coatings [29]. Both are typically inexpensive and easy to fabricate in large areas.  

• naturally selective emitters [30], made from rare earth metals like erbium and ytterbium. They 

are easy to fabricate and thermally stable at high temperatures, but their emission is not tunable.  

• metamaterials [31], they consist in engineered material made of periodic patterns that are 

smaller than the wavelength of interest and can produce or behave with characteristics that are not 

found in nature.  

• 1D photonic crystals [32,132,133], which consists of alternating layers of high and low-index 

materials. They can cause high emissions outside the region of interest. 
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 • 2D photonic crystals [33], they consist of 2D array of features on top of or in a substrate: 

whether an emitter can be fabricated inexpensively with large area depends on the substrate. 

Nevertheless, although some have very favorable characteristics, they all have in common two 

main disadvantages: high cost and complexity of fabrication, especially when considering that they 

need to be industrialized. Therefore, in the next section we propose simpler structures based on 

easy-to-fabricate multilayers which can be extended to an industrial manufacturing. Multilayers 

basically consist of alternating metal and dielectric layers of varying thicknesses. The layer 

thicknesses can be optimized to enable broadband or tight emissions. The main advantages are the 

good performance, the low fabrication cost, and the ability to fabricate in large scale. The only 

drawback could be that, in the long run, the materials at the interfaces may intermix. Therefore, 

the materials must be chosen carefully and the absence of interdiffusion experimentally verified. 

6.4 Design and realization of multilayer-based selective emitter 

In this section we define the steps towards the complete design and realization of nearly ideal 

selective emitter (SE) based on multilayer design. The emitter (figure 6.7) was realized on 

Tungsten (W) Polycrystalline Substrate, 25.4 x 25.4 x 0.5 mm two sides polished, provided by 

MTI Corporation. The chose structure results to be very simple (three layer) and without the 

presence of metallic layers, in order to reduce the oxidation issues that could occur during high 

temperature applications [134]. The selected materials are: SiNx, SiO2 and TiO2. These materials 

were chosen because of their high melting point (higher than 1700 °C), their similar thermal 

expansion coefficient [135–138] and their common usage for emitter applications. 

 

Figure 6.7. Architecture of the Selective Emitter 

A way to evaluate the efficient behavior of a SE is to calculate the emitter efficiency (ηemi) 

hypothesizing that all emitted photons with energies above the bandgap of the PV cell are absorbed 

and provide electric energy equal to the bandgap energy (called ‘ultimate efficiency’ in [139]). In 

this case the PV cell generated electric power (Pout ideal) is defined as: 

Pout ideal  =   ∫
λ

λg

λg

0
 ε(λ) IBB(λ, Temitter) d𝜆     (6.4) 

where λ are the wavelength, λg is the bandgap wavelength, ε(λ) is the spectral emissivity of the 

SE, IBB (λ, Temitter) is the blackbody spectral power density at the emitter temperature. The ratio of 

the generated electric power to the emitter emitted power is the ηemi: 
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η𝑒𝑚𝑖 =
𝑃𝑜𝑢𝑡 𝑖𝑑𝑒𝑎𝑙

𝑃𝑒𝑚𝑖
      (6.5) 

where Pemi is the emitter emitted power defined as: 

𝑃𝑒𝑚𝑖 = ∫ 𝑃𝑒𝑚𝑖(λ)𝑑λ
∞

0
  

𝑃𝑒𝑚𝑖(λ) = ε(λ)𝐼𝐵𝐵(λ, 𝑇𝑒𝑚𝑖𝑡𝑡𝑒𝑟)     (6.6) 

The thickness of each layer was obtained thanks to a Genetic Algorithm developed on 

MATLAB®. This algorithm can automatically change the thickness of each layer and calculate 

the reflectivity ρ(λ) of the stack at each wavelength (section 5.1.4). The reflectivity is computed 

according to the transfer matrix method [110] utilizing the experimental refractive indices at room 

temperature (section 6.4.3.1). The algorithm also considers the angle of incidence dependence (0-

10-20-30-40°) of the reflectivity. With this information it is possible to calculate the ηemi for each 

angle of incidence and the averaged ηemi was used as fitness function (maximization). To optimize 

the multilayer structure the algorithm also needs to know the PV cells bandgap and the emitter 

working temperature. The temperature chosen is the upper limit of the heating stage used for 

ellipsometric measurements (1000 °C), while for the bandgap was chosen a variable range (0.55 - 

0.72 eV) in order to obtain a structure able to work with the III-V semiconductors region, mainly 

used as PV cells for STPV systems. The obtained thickness are 77 nm, 324 nm and 247 nm for 

SiNx, SiO2 and TiO2 respectively. 

6.4.1 Deposition techniques 

The multilayer stack was deposited through PVD Sputtering System - Metal/Dielectric Sources, 

the targets have a circular shape with a diameter of 5.08 cm and the distance between the sample 

and target is 10 cm. The system is equipped with four different targets and a rotating sample holder, 

in order to improve the uniformity of the deposition on the substrates. The RF magnetron sputtering 

(RFMS) and RF reactive magnetron sputtering (RFRMS) technique were used, regulating the 

output power. High purity Si, SiO2 and TiO2 targets (99.99%) have been utilized for the deposition 

of the thin films. Argon was employed as a sputtering gas and Nitrogen as a reactive gas. The 

deposition parameters are listed in Table 6.2. 

Table 6.2. PVD Sputtering System deposition parameters 

Layer Target PVD 
Base 

pressure (Pa) 

Argon flow 

(sccm) 

Nitrogen 

flow (sccm) 

Power 

(W) 

Deposition 

rate (nm/min) 

SiNx Si RFRMS 6.67x10−5 14.5 0.5 100 3.07 

SiO2 SiO2 RFMS 6.67x10−5 15.0 0.0 100 1.65 

TiO2 TiO2 RFMS 6.67x10−5 15.0 0.0 100 1.35 
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The deposition rates were obtained performing single layer deposition for each material on photo-

resist material at the same deposition conditions listed above. The thickness was measured with 

KLA-Tencor P-10 Profilometer from several step height measurements averaged. 

6.4.2 Optical characterization 

The spectral reflectivity of the experimental sample was measured through a traditional dual-beam 

spectrophotometer equipped with integrating sphere (PerkinElmer Lambda950) in the range 300-

2000 nm. Spectralon® WS-1-SL diffuse reflectance standard from Labsphere (99% reflectivity in 

the range 400-1500 nm; > 96% in the range 250-2000 nm) was used as reference reflectance 

standard.  

Thermo Fisher Nicolet 670 was utilized for NIR to FIR reflectivity measurements (1700-10000 

nm), with gold mirror used as reference reflectance standard.  

J.A. Woollam RC2 Spectroscopic Ellipsometer was employed to evaluate the refractive indices of 

the material composing the multilayer in the range 500-2500 nm. The same tool equipped with 

Linkam TSEL 1000 Vertical Heat Cell was used for in temperature ellipsometric measurements. 

6.4.3 Experimental results 

6.4.3.1 Refractive indices: room temperature 

The refractive indices used for the optimization of the multilayer have been experimentally 

determined via ellipsometric analysis at room temperature for SiNx, SiO2 and TiO2 layer. The 

ellipsometric measurements were also performed on the plain Tungsten Polycrystalline Substrate, 

in order to include this material as an optical infinite layer in the optimization. Tauc-Lorents model 

was used to fit experimental data for SiNx and TiO2, while Cauchy transparent model was adopted 

for SiO2, the W was modelled with 6 Lorentz oscillators. The refractive indices obtained are 

reported in figure 6.8 (solid lines) compared with literature data (dashed lines) [106,140–142]. 

 

Figure 6.8. Experimental (solid lines) and literature (dashed lines) refractive indices (a) and extinction 

coefficient (b) for W (black lines), TiO2 (red lines), SiO2 (green lines) and SiNx (blue lines). 
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The comparison shows an agreement between experimental and literature data for all the materials. 

The thicknesses, ellipsometric measured, are within 4% of the expected from deposition rates. The 

refractive indices data for higher wavelength (from 2500 to 10000 nm) were extrapolated 

according to the trend of the literature data. 

6.4.3.2 Experimental verification 

The emitter was fabricated on a polished W substrate (0.5 mm thickness) and the emissivity (ε(λ)) 

measured values (reported in figure 6.9) were obtained from reflectivity measurements as: α(λ) = 

1 – ρ(λ) – τ (λ), where α(λ), ρ(λ) and τ (λ) are the spectral absorptivity, reflectivity and 

transmissivity of the multilayer structure respectively, and τ (λ) is 0 because of opaque surface. 

Moreover, according to Kirchhoff ’s law of thermal radiation [111,112] the emissivity (ε(λ)) of a 

hot radiating body equals its absorptivity (α(λ)). Therefore, we can evaluate the spectral emissivity 

by measuring the absorptivity of our multilayer structure. At room temperature, the measured 

emissivity (ε(λ) as dep., black line) of the deposited SE results to be similar to the simulated 

optimized emissivity (ε(λ) simulated, red dash-dot line) computed by the optimization algorithm 

(figure 6.9a). 

 

Figure 6.9. a) Left axis: as deposited (black line) and simulated optimized (dash-dotted red line) spectral 

emissivity of the Selective emitter; Right axis: normalized spectral energy density of blackbody at 1000 

°C and of the as deposited emitter (grey area and dark grey area with pattern respectively); b) Left axis: 

as deposited (black line) and after annealing process (8 hours at 1000 °C) (dash blue line) spectral 

emissivity of the Selective emitter; Right axis: normalized spectral energy density of blackbody at 1000 

°C and of the annealed emitter (grey area and blue area with pattern respectively). 

The deposited SE shows high emissivity values mainly after 1000 nm where the normalized 

spectral energy density of the blackbody at 1000 °C (grey area) exceed 0.1. The two main measured 

peak values are 0.98 and 0.88 at 1130 nm and 1645 nm respectively, and they are similar to the 

expected optimized values (0.96 and 0.97 at 1120 nm and 1570 nm respectively). The emissivity 

values drop down to values lower than 0.1 at 2000 nm and they remain lower than 0.1 till about 

8000 nm where the normalized spectral energy density of the blackbody at 1000 °C is lower than 
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0.1. This emitter behavior aims to have a spectral energy density of the as deposited sample mainly 

concentrated before the highest PV cell bandgap considered (0.72 eV or 1722 nm), while the 

Pemi(λ) emitted after this bandgap is reduced to low values (dark grey area with pattern). The fast 

transition from high to low emissivity values, guarantee a high emitter efficiency in all the bandgap 

range considered. To better understand the SE functioning of the optimized and as deposited 

sample, the emitter efficiency as a function of the PV cell bandgap (Eg) and SE emitter working 

temperature was plotted in fig. 6.10. The optimized structure (figure 6.10a) shows a high emitter 

efficiency in all the optimized bandgap range at 1000 °C. The maximum value of 0.54 is reached 

at 0.66 eV, while 0.50 and 0.51 are the values at the bandgap range limits (0.55 and 0.72 eV 

respectively). A maximum difference of 4% is obtained all over the bandgap range, demonstrating 

the possibility of this structure to work with several different PV cells. The correct behavior is also 

preserved for higher working temperature showing a versatility also with temperature. 

 

Figure 6.10. Calculated emitter efficiency of the optimized (a), as deposited (b) and annealed (c) selective 

emitter as a function of temperature versus PV cell bandgap energy. 

An emitter efficiency loss is observed for the as deposited sample (figure 6.10b), where the 

maximum value at 1000 °C of 0.50 is reached at 0.63 eV, while 0.47 and 0.43 are the values at the 

bandgap range limits. In this case a maximum difference of 7% is noticed all over the bandgap 

range, but the structure preserves significant emitter efficiency values. 

In order to understand if this multilayer structure can actually work at high temperatures, the 

emissivity measurements were also performed after a long thermal stress (figure 6.9b). The long 

thermal stress was performed in the high vacuum Centorr Testorr™ furnace at 8x10−3 Pa, the 

sample was kept at 1000 °C for 8 hours. The emitter behaviour after thermal treatments, measured 

at room temperature, shows similar characteristics to the as deposited with even a slight 

improvement of the spectral characteristics, e.g. an higher emissivity peak value around 1600 nm. 

The shift from high to low emissivity values occurs always at the same wavelength, confirming 

that 1000 °C isn’t a critical temperature for this structure. The emitter after the annealing process 

(dashed blue line figure 6.9b) remain relatively stable and the transition from high to low 

emissivity values is preserved, but an emissivity increase was observed between 4000 and 6000 
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nm. The emitter behavior doesn’t change a lot preserving the spectral energy density of the thermal 

stressed sample mainly before the highest solar cell bandgap considered (blue area with pattern). 

Figure 6.10c reports the change in the emitter efficiency for the thermal stressed sample. The 

maximum value at 1000 °C of 0.46 is reached at 0.63 eV, while 0.44 and 0.41 are the values at the 

considered bandgap range limits. The difference between the as deposited and thermal stressed 

emitter efficiency maximum value is of 4%, while 3% and 2% difference is observed for the values 

at the considered bandgap range limits, demonstrating the capability of this structure to work at 

1000 °C preserving his characteristic. 

The performance of the proposed SE was compared with four of the most effective SEs present in 

literature to date: Bhatt et al. [143], Chan et al. [144], Chirumamilla et al. [39] and Shimizu at al. 

[145]. The ηSE was calculated at 1000 and 1400 °C for the as-deposited structure with Eg = 0.55, 

0.63, 0.66 and 0.72 eV. The results, reported in table 6.3, clearly show the decreasing trend of ηSE, 

starting from the lowest energy bandgap value for the literature SEs, whereas the SE proposed in 

this work presents the highest ηSE in the middle of the chosen energy bandgap range. This trend 

suggests that at 0.55 eV two out of four literature SEs [143,144] have an ηSE higher than those 

reported by our design; however, at 0.63 eV and above, our SE design results to be the best 

solution. Moreover, the ηSE of our design exhibits less variation throughout the energy bandgap 

range, resulting in the most coherent solution in the range considered. It is also interesting to note 

that the less good performance highlighted at 0.55 eV for our emitter becomes less important when 

increasing the working temperature, emphasizing a better behavior of our structure increasing the 

temperature. 

Table 6.3. Emitter efficiency: comparison of the proposed design with previous literature 

Eg (eV) 
Temperature 

(°C) 

Emitter efficiency 

This work 
Shimizu et 

al. 
Chan et al.  

Chirumamilla 

et al. 
Bhatt et al. 

0.55 
1000 0.47 0.46 0.55 0.45 0.51 

1400 0.56 0.54 0.60 0.53 0.57 

0.63 
1000 0.50 0.40 0.50 0.39 0.40 

1400 0.61 0.52 0.58 0.51 0.51 

0.66 
1000 0.49 0.37 0.45 0.36 0.35 

1400 0.61 0.50 0.55 0.49 0.47 

0.72 
1000 0.43 0.30 0.35 0.29 0.26 

1400 0.57 0.44 0.48 0.44 0.39 
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6.4.3.3 Refractive indices: high temperature 

The refractive indices at high temperature were measured on the whole deposited multilayer 

structure. The Linkam TSEL 1000 Vertical Heat Cell equipped on the J.A. Woollam RC2 

Spectroscopic Ellipsometer was fluxed with nitrogen to avoid the oxygen contamination at high 

temperature. The samples were heated up to 1000°C and the results are shown in figure 6.11 – 

6.12 – 6.13. The in temperature refractive indices were used to perform reflectivity simulation of 

the SE to take in account the reflectivity temperature dependence. The tungsten in temperature 

refractive indices is shown in figure 6.11. 

 

Figure 6.11. Tungsten refractive indices (a) and extinction coefficient (b) from room temperature to 

1000°C. 

Both refractive indices and extinction coefficient showed an increase with increasing temperature. 

This trend results to be confirmed also by previous high temperature measurements [146]. The 

SiNx exhibit a similar trend with an increase of both refractive indices and extinction coefficient 

with increasing temperature (figure 6.12). This material behaviour looks to be very similar to the 

in-temperature silicon tendency [147,148]. This could be reasonable due to the high silicon 

presence in the sputtered SiNx. 

 

Figure 6.12. SiNx refractive indices (a) and extinction coefficient (b) from room temperature to 1000°C. 
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The SiO2 and TiO2 refractive indices are reported in figure 6.13, the extinction coefficient of these 

materials is 0, in this wavelength region, for this reason is not reported. No data for this temperature 

range was found in literature, but other works [149,150] for lower temperature confirm the small 

refractive index temperature dependence of these materials. 

 

Figure 6.13. SiO2 (a) and TiO2 (b) refractive indices from room temperature to 1000°C.  

6.4.3.4 In temperature emitter behavior and PV cell simulation 

All the results listed in section 6.4.3.2 are refereed to measurements taken at room temperature, 

they give an idea of the emitter behavior and of his thermal stability but can’t describe the real in 

temperature emitter functioning. To obtain a realistic in temperature emitter response the in 

temperature refractive indices were used to simulate the emissivity curve. The emissivity is 

calculated computing the reflectivity according to the transfer matrix method [110] utilizing the 

experimental in temperature refractive indices (section 6.4.3.3). The thicknesses used for the 

simulation are 88, 336, 255 nm for SiNx, SiO2, TiO2 respectively. These thicknesses were obtained 

during 1000 °C ellipsometric measurement, they minimize the mean square error, and they are in 

agreement with the expected ones from deposition rate. The SiNx thickness results to have the 

bigger increase (14%) probably due to his larger thermal expansion coefficient, while for SiO2 and 

TiO2 is observed a small thickness increase (about 3%). Figure 6.14a shows the emitter spectral 

response simulation at 1000 °C (magenta line). 
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Figure 6.14. a) Left axis: Selective emitter simulation at 1000 °C (magenta line), Right axis: normalized 

spectral energy density of blackbody at 1000 °C and of simulated emitter at 1000 °C (grey area and 

magenta area with pattern respectively); b) Calculated emitter efficiency for the Selective emitter at 1000 

°C as a function of temperature versus PV cell bandgap energy. 

The main differences between the emitter behavior at 1000 °C and at room temperature are the 

shift of the peaks to higher wavelength and the increase of the emissivity values, both of these 

differences are due to the increases of the refractive indices with the temperature. A similar 

emissivity response, between 3000 and 8000 nm, can be observed for the emitter simulation at 

1000 °C and the thermal stressed sample measured at room temperature, this is due to the formation 

of a diffusion layer between tungsten and SiNx. These variations cause a larger emission in the 

high wavelength region leading to a worst emitter efficiency for the PV cells with high energy 

bandgap, but the fast transition from high to low emissivity values still guarantee the same emitter 

efficiency in a certain energy bandgap range (figure 6.14b). The emitter efficiency maximum value 

(0.44) for the simulated behavior of the SE at 1000 °C is reached at 0.55 eV and it is almost 

constant till 0.63 eV, after this energy bandgap the emitter efficiency start to decrease achieving 

0.32 at 0.72 eV. A simulation of a real PV cell behavior exposed to the emitter at 1000 °C was 

used to calculate the PV cell power efficiency (ηPV cell), defined as: 

η𝑃𝑉𝑐𝑒𝑙𝑙 =
𝑃𝑜𝑢𝑡

𝑃𝑒𝑚𝑖
      (6.7) 

where Pout is the PV cell electrical output power, and it was calculated starting with the current 

density (J(V)) as defined in [151]: 

𝐽(𝑉) = ∫ [
2𝑞𝑐

λ4

ε(λ)𝐸𝑄𝐸(λ)

𝑒
ℎ𝑐

λ𝑘𝑇−1

] 𝑑λ
∞

0
− [

𝑞(𝑛2+1)𝐸𝑔
2𝑘𝑇𝑑

4π2ℏ3𝑐2 𝑒
𝐸𝑔

𝑚𝑘𝑇𝑑 + 𝐽𝑛𝑟] (𝑒
𝑞𝑉

𝑚𝑘𝑇𝑑 − 1)  (6.8) 

where q is the elementary charge of a proton, k is Boltzmann’s constant, h = 2π ̄h is Planck’s 

constant, c is the speed of light, λ is the wavelength, EQE(λ) is the external quantum efficiency of 

the PV cell (approximately 82% above the bandgap), ε(λ) is the emissivity of the selective emitter, 
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T is the temperature of the emitter, Eg is the bandgap of the PV cell, m is the PV cell ideality factor, 

Td is the cell temperature, n is the refractive index of the PV cell semiconductor region, Jnr is the 

dark current density induced by nonradiative recombination, and V is the applied voltage. The Pout 

is the maximum value obtained multiplying the J(V) by the applied voltage. The ηPV cell was 

calculated as a function of PV cell energy bandgap and emitter temperature, and as expected the 

maximum value at 1000 °C (0.15) is reached at 0.55 eV and it is almost constant till 0.63 eV (figure 

6.15), following the same behavior of the emitter efficiency. 

 

Figure 6.15. Calculated PV cell power efficiency (ηPV cell) for the selective emitter at 1000 °C as 

a function of temperature versus PV cell bandgap energy. 

A ηPV cell value of 0.15 at 0.55 eV represents also the SQ limit as reported in [152], demonstrating 

the high efficiency of the realized emitter. Figure 6.15 shows the possibility (hypothesizing the 

same emitter behavior) to reach a ηPV cell value of 0.23, 0.24 and 0.25 for 1400, 1500 and 1600 °C 

emitter working temperature respectively, exceeding the SQ limit, pointing out the importance to 

reach high temperature to improve the PV cells performance. 

In conclusion, we propose a selective emitter (SE) to be easily fabricated via sputtering deposition 

of SiNx, SiO2, and TiO2 on a W substrate. The SE emissivity spectrum was simulated, by means 

of the transfer matrix method, starting from experimentally evaluated refractive indices. Through 

a genetic algorithm, its efficiency is optimized for a chosen operating temperature of 1000 °C and 

an extended range of bandgap energies, i.e. from 0.55 to 0.72 eV, to ensure proper functioning 

with most of the commonly used PV cells for STPV systems (semiconductors of the III-V groups). 

The deposited sample behaves very similarly to what was expected from simulations, reaching a 

maximum efficiency of 50% at 0.63 eV (at 1000 °C). Its thermal stability was demonstrated after 

a long thermal stress test carried out in a vacuum furnace at 1000 °C: its efficiency only slightly 
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decreased, reaching 46%. For a more reliable analysis of the SE properties, the refractive indices 

of the materials involved in the design were measured at various temperatures, from room 

temperature up to 1000 °C. Hence, a new simulation was performed and the results showed an 

efficiency equal to 44%. In addition, the behavior of a realistic PV cell exposed to the fabricated 

SE was also simulated: the results show a maximum efficiency of 15% at 1000 °C and the 

possibility of reaching an efficiency of 25% at 1600 °C, exceeding the theoretical limit of 

Shockley-Quisser. In conclusion, the proposed structure demonstrated high efficiency, thermal 

stability up to 1000 °C and versatility, as it can efficiently operate in the energy bandgap range of 

0.55 to 0.63 eV. 
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7. Prediction of service lifetime of SSA for HVFPCs 

As discussed in section 3.6, the thermal stability is a fundamental parameter for selective solar 

absorbers because a stable absorber guarantees certain performances along its service lifetime. The 

thermal efficiency of HVFPCs strictly depends on the radiative properties of the Selective Solar 

Absorber (SSA), in particular on the solar absorptance and the thermal emittance as defined from 

equation 3.13, here reported:  

𝜂𝑝𝑎𝑛𝑒𝑙  =  𝛼𝑠  −  
𝜀𝑎𝑏𝑠 (𝑇) 𝜎𝑆𝐵(𝑇𝑎𝑏𝑠

4  − 𝑇𝑎𝑚𝑏
4 )

𝐶 ∙ 𝐺𝑆𝑢𝑛
 −  

𝜀𝑠𝑢𝑏 (𝑇) 𝜎𝑆𝐵(𝑇𝑎𝑏𝑠
4  − 𝑇𝑎𝑚𝑏

4 )

𝐶 ∙ 𝐺𝑆𝑢𝑛
    (7.1) 

The optical properties (αs and ε(T)) may change during the service lifetime of the solar collectors 

due to high temperature conditions [153], causing a decrease in absorber thermal efficiency and, 

consequently, in the energy production. For this reason, the evaluation of the optical properties of 

the absorber at working temperature and the prediction of the aging behaviour of these coatings is 

necessary.  

The International Energy Agency (IEA) formulated an accelerated thermal stability testing and 

service life predication method for solar absorber coatings [42]. This method is currently the 

standard named ISO/CD 12592, 2 “Solar Energy – Materials for flat-plate collectors – 

Qualification test procedures for solar surface durability”. Such standard, being developed for 

standard collector working in air at low temperature, assumes that the degradation is caused by 

diffusion processes according to the Arrhenius’ law: 

     𝑘 =  𝐷𝐴𝑟𝑟ℎ 𝑒𝑥𝑝 (− 
𝐸𝑇

𝑅 𝑇
)     (7.2) 

where 𝑘  is the chemical reaction rate, 𝐷𝐴𝑟𝑟ℎ  is the Arrhenius constant, 𝑅 is the constant of ideal 

gas, 𝑇 is the temperature, and 𝐸𝑇 is the activation energy per mole of the ageing process according 

to Arrhenius’ law, which is the fundamental coating parameter that determines the ageing 

resistance at the operating temperature.  The exponential temperature dependence of the Arrhenius 

law allows to perform accelerated aging tests using a temperature higher than the operating 

temperature and to estimate the failure time (the time at which the absorber efficiency is reduced 

more than the value defined according to the reported standard). However, the absorber 

temperature changes during the normal working conditions. Such temperature variations can be 

summarized by a temperature frequency function 𝑓(𝑇) that represents how many hours the 

absorber is at temperature T during one-year operation. According to the Arrhenius law, it is 

possible to replace the function 𝑓(𝑇) (that have a complex shape) with an effective constant 

temperature 𝑇𝑒𝑓𝑓 that produces the same aging effect than the real 𝑓(𝑇): 

   𝑒𝑥𝑝 (−
𝐸𝑇

𝑅
𝑇𝑒𝑓𝑓

−1 ) =  ∫ 𝑒𝑥𝑝 (−
𝐸𝑇

𝑅
𝑇−1)

𝑇𝑚𝑎𝑥

𝑇𝑚𝑖𝑛
𝑓(𝑇)𝑑𝑇    (7.3) 

where 𝑇𝑚𝑎𝑥 and 𝑇𝑚𝑖𝑛 are the maximum and minimum temperatures of the solar absorber observed 

over one year operation and 𝑓(𝑇) is the temperature frequency function. The standard defines 𝑓(𝑇) 
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for Domestic Hot Water (DHW) applications. It is obtained as the averaged measured values from 

four different flat-plate collectors, exposed for one year in Rapperswil (Switzerland). The panels 

were kept for 11 months in operation and for 30 days at stagnation (Figure 7.1).  

 

Figure 7.1. Temperature frequency function defined by ISO/CD 12592, 2 [42]. 

Once the 𝑇𝑒𝑓𝑓 is calculated, and if the activation energy 𝐸𝑇 is known, it is possible to calculate a 

failure time (𝑡𝑅 in years) corresponding to a testing temperature (𝑇𝑅). For a coating with an 

expected service lifetime of 25 years the 𝑡𝑅 value can be determined by: 

    𝑡𝑅 = 25 exp [−
𝐸𝑇

𝑅
(

1

𝑇𝑒𝑓𝑓
−  

1

𝑇𝑅
)]     (7.4) 

The values of 𝑡𝑅 and 𝑇𝑅 are a compromise between the requirements of a testing time easily 

accessible (no more than few weeks), easily measurable with a small relative error (at least one 

hours), and a testing temperature not too higher than the stagnation temperature, to avoid the 

activation of other degradation mechanisms (with a different activation energy).  

To estimate the activation energy, the standard procedure aims to obtain the same degradation in 

two tests performed at different temperatures. According to IEA, the degree of aging of a coating 

can be evaluated through the product of the chemical reaction rate (𝑘) and the time of the chemical 

reaction (𝑡), called Performance Criterion (𝑃𝐶), it can be also evaluated by measuring the optical 

characteristics of the absorber: 

    𝑃𝐶 = 𝑘 ∙ 𝑡 =  − ∆𝛼 + 0.5∆𝜀 ̅     (7.5) 

where  ∆𝛼 = 𝛼𝑆
′ − 𝛼𝑆, ∆𝜀̅ = 𝜀�̅�

′ − 𝜀�̅� , 𝛼𝑆
′  (𝜀�̅�

′) represents the absorptance (the thermal emittance) 

after testing, and 𝛼𝑆 (𝜀�̅� ) the absorptance (the thermal emittance) of the virgin sample. The 

different roles and weights of absorptance and thermal emittance in determine the efficiency in the 

solar thermal collector for DHW applications define the signs and the factor 0.5 in eq. 7.5.  
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The 𝑃𝐶 value is periodically measured during the tests, and the ageing test is stopped when a 

measurement returns a 𝑃𝐶 value higher than 0.05, which has been defined as the maximum 

degradation for a service lifetime of 25 years (Standard ISO/CD 12592, 2). The time when the 𝑃𝐶 

reaches 0.05 during testing is not experimentally accessible and it is usually extrapolated from the 

different measurements. Such extrapolated time value can be used in eq. 7.4 to evaluate the service 

lifetime. The procedure flow of the current standard is shown in figure 7.2. 

 

Figure 7.2. Procedure flow of the current standard 

Because this method has been developed for collectors working in air at low temperature, it is not 

adequate to evaluate the service lifetime of solar absorber in HVFPCs. For this reason, a review of 

the current standard is necessary. 

7.1 Novel definition of the Performance Criterion 

The activation energy (ET) is the key parameter to describe an aging process. The ET is the 

minimum energy needed to reach a certain degradation through a chemical reaction. To calculate 

the ET is necessary to define a performance criterion (PC), this criterion is used to evaluate the 
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absorber performance degradation during thermal aging test. The current standard define the 

Performance Criterion (PC) as reported in equation 7.5. The standard PC suggested formula aims 

to evaluate the change in absorber performance during a thermal aging test.  It is important to 

notice that the standard PC could be also written as the difference of the absorber efficiency (𝜂𝑎𝑏𝑠) 

(section 3.3) before (η𝑎𝑏𝑠
′ ) and after (η𝑎𝑏𝑠

′′ ) a thermal aging test, when the weighting factor (w) (eq. 

7.8) assumes a value of 0.5 in equation 7.7:  

   𝑃𝐶 = 𝑘 ∙ 𝑡 =  − ∆𝛼 + 0.5∆𝜀̅   =  Δ𝜂𝑎𝑏𝑠  =  η𝑎𝑏𝑠
′  – η𝑎𝑏𝑠

′′    (7.6) 

     𝜂𝑎𝑏𝑠  =  𝛼 –  𝑤𝜀      (7.7) 

     𝑤 =  
𝜎𝑆𝐵(𝑇𝑎𝑏𝑠

4  − 𝑇𝑎𝑚𝑏
4 )

𝐺 𝑆𝑢𝑛 𝐶
      (7.8) 

For flat plate collectors (C = 1), the w assumes a value of 0.5 at about a Tabs of 90 °C as reported 

in Figure 7.3. 

 

Figure 7.3. Weighting factor for flat plate collectors as a function of absorber temperature. 

The weighting factor value, as showed in figure 7.3, increases as the absorber temperature 

increases, and the fixed weighting factor (0.5), established by the standard, is reasonable for the 

solar thermal collectors for DHW applications, where the absorber working temperature (Tabs) is 

about 90 °C, but after the temperature of 127 °C , w > 1, meaning that the thermal emittance begin 

to have more importance than solar absorptance in terms of absorber performance. As previously 

discussed (section 2.4.6), the HVFPCs aim to reach a working temperature of 200 °C or higher, 

for this reason the standard PC (with a fixed thermal emittance weight) cannot be used also for the 

HFPCs. To take in account the relative importance of solar absorptance and thermal emittance a 

novel Performance Criterion is proposed. As pointed out by Cao [66], the relative weight depends 
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by the operating temperature and this would result in a temperature dependent PC. The use of the 

overall efficiency (eq. 7.1) to define a performance criterion solves the problem of the PC 

temperature dependence and represents a more useful and appropriate criterion for the absorbers. 

The proposed performance criterion (𝑃𝐶η(𝑇)) is defined as: 

     𝑃𝐶η(𝑇) =  ∆η𝑝𝑎𝑛𝑒𝑙(𝑇)     (7.9) 

with ∆η𝑝𝑎𝑛𝑒𝑙(𝑇) = η𝑝𝑎𝑛𝑒𝑙(𝑇) – η𝑝𝑎𝑛𝑒𝑙
′ (𝑇), where η𝑝𝑎𝑛𝑒𝑙(𝑇) is the virgin absorber overall 

efficiency and η𝑝𝑎𝑛𝑒𝑙
′ (𝑇) is the absorber overall efficiency after thermal aging test. 

The proposed performance criterion (𝑃𝐶η(𝑇)) results to be a better parameter to describe the 

change in absorber performance during thermal aging test, because is able to adapt the relative 

weight of absorptance and thermal emittance, depending on absorber working temperature, and 

also take in account the influence of the substrate thermal radiation losses. Indeed, the 𝑃𝐶η(𝑇) is 

equally effective to eq. 7.5, if we consider 90 °C as absorber working temperature but enlarge the 

application also to high absorber working temperature, making the 𝑃𝐶η(𝑇) a more precise and 

versatile criterion. 

7.2 Temperature frequency function novel evaluation 

One of the most important parameters to calculate the service lifetime of a SSA is the temperature 

frequency function. The temperature frequency function 𝑓(𝑇) represents how many hours the 

absorber is at temperature T during one-year operation. This function, thanks to the equation 7.3, 

can be replaced with an effective constant temperature 𝑇𝑒𝑓𝑓 that produces the same aging effect 

than the real 𝑓(𝑇). The 𝑇𝑒𝑓𝑓 is used to calculate the failure time of a thermal aging test through 

equation 7.4. The current Standard presents the 𝑓(𝑇) as the averaged measured values from four 

different flat-plate collectors, for Domestic Hot Water (DHW) applications, exposed for one year 

in Rapperswill (Switzerland) and, in this year of observation, the collectors are maintained under 

working conditions for 11 months and 30 days under stagnation (fig. 7.1). An updated procedure 

to adapt the standard 𝑓(𝑇) for other types of solar collectors is presented in [154] and consists in 

a re-scaling method that takes account of the difference in stagnation temperature of absorber but 

assumes that the shape of the temperature curve will not be changed by different absorber optical 

properties. The shape of the standard 𝑓(𝑇) strongly depends on the absorber, mounted in the solar 

collectors during the measures campaign, and on the location where the collectors were exposed, 

therefore it could be reasonable only for thermal collectors for DHW applications. For this reason, 

the standard 𝑓(𝑇) cannot be used also for HVFPCs and a procedure to obtain the specific 𝑓(𝑇) for 

absorbers mounted on HVFPCs is presented. This procedure prescribes to use a dynamic 

simulation to build the absorber temperature history in operating conditions while the temperature 

trend under stagnant condition is derived from experimental data collected with a Test-Bench. The 

simulation model is based on TVP Solar HVFPCs parameter, the same model of HVFPC is 

mounted on the Test-bench for the experimental campaign. 
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Re-scaled 𝒇(𝑻) for absorber stagnation temperature of 300 °C 

TVP-Solar HVFPCs reach higher temperature than conventional flat plate solar collectors thanks 

to the high vacuum insulation and their absorber coating can achieve stagnation temperatures 

higher than 300 °C. An update procedure to re-scale 𝑓(𝑇) for absorbers with different stagnation 

temperature is presented in [154]. The Standard and the re-scaled absorber temperature frequency 

function for collectors with stagnation temperature of 300 °C, are reported in Fig. 7.4 in black and 

red respectively. Setting a hypothetical value of the activation energy (ET) of 100 kJ/mol, the 𝑇𝑒𝑓𝑓 

obtained from the re-scaled histogram, using (7.3) is equal to 190 °C. 

 

Figure 7.4. Curve in black [155]: Reference absorber temperature frequency function valid for absorber 

with stagnation temperature of 180 °C (standard 𝑓(𝑇)). Curve in red [154]: Re-scaled absorber 

temperature frequency function valid for absorbers with stagnation temperature of 300 °C. 

Methodology for 𝒇(𝑻) calculation  

The procedure for 𝑓(𝑇) calculation prescribes to use a dynamic simulation implemented in 

Simulink to build the absorber temperature history in operating conditions while the temperature 

trend under stagnant conditions is derived through experimental data collected with a Test-Bench.  

Simulation model description  

In order to evaluate the TVP-Solar HVFPC’s absorber temperature frequency function, in 

operating conditions, a simulation model was developed using Simulink software [156]. In Fig. 

7.5 a simple scheme of the model is shown. It includes a tank where the heat transfer fluid (HTF) 

is stored at constant pressurization (1 MPa), a centrifugal circulation pump whose rotation 

frequency regulates the flow rate of the HTF circulating inside the HVFPC, modeled with the 

characteristics of TVP Solar panels, a three-way valve that has the function to direct the fluid 

through a radiator when the tank temperature overcomes an imposed limit.  
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Figure 7.5. Simplified scheme of the Test Bench modeled in Simulink. 

To model this system, blocks of Simscape fluids library have been used. Once built the elements 

of the model, the simulation works giving as inputs the properties of the HTF, the mass flow rate 

during functioning and the weather data for the specified location and time of observation 

(Ambient Temperature (°C), Solar irradiation components (W/m2) considering that the orientation 

angles of the HVFPC are settled to the optimal values (Slope β = 30°, Azimuth = 0°)). Regarding 

the computation of 𝑓(𝑇), it is assumed that the instantaneous temperature of the HTF and the 

collector absorber temperature are the same and that the absorber optical properties remain 

constant during a year of functioning. The simulation, carried out in transient, at every time step 

provides as output the instant working fluid medium temperature Tmf(t), the necessary parameter 

for the 𝑓(𝑇) construction. The rise in temperature of the HTF that passes through a solar collector 

depends on the thermal power converted, as expressed by the principle of calorimetry: 

𝑄 =  �̇� 𝑐𝑝 (𝑇𝑜  −  𝑇𝑖)     (7.10) 

Where Q is the thermal power (W), �̇� is mass flow rate (kg/s), cp is the specific heat at constant 

pressure (kJ/ (kg °C)), To is outlet fluid temperature (°C) and Ti is the inlet fluid temperature (°C).  

The thermal power converted is equal to the portion of solar irradiation (G) converted multiplied 

for the collector surface (Ac): 

𝑄 =  𝜂 ∙  𝐺 ∙  𝐴𝑐      (7.11) 

where η is the collector thermal efficiency that, for flat plate solar collectors, can be expressed 

following the standard formula (eq. 7.12) that models the heat losses of the collector as a second-

degree function of the difference between ambient e fluid Temperature (Tmf – Ta) [157]: 

𝜂𝑠𝑡  =  𝜂0 𝐼𝐴𝑀𝜃  −  [
𝑐1(𝑇𝑚𝑓 − 𝑇𝑎)

𝐺
 −  

𝑐2(𝑇𝑚𝑓 − 𝑇𝑎)
2

𝐺
]   (7.12) 
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where η0 is the fraction of perpendicular irradiance converted into useful heat when the fluid 

temperature is identical to the ambient temperature Ta. It can be calculated multiplying a correction 

factor between the average absorber plate temperature and the inlet fluid temperature, named 

collector heat removal factor FR, and the transmittance – absorptance product at normal irradiance. 

The factor c1 and c2 in (eq.7.12) are the first and second order collector heat loss coefficients 

respectively. The incidence angle modifier (IAM) function describes the optical efficiency for a 

certain radiation incidence angle θ (off normal) normalized by optical efficiency when solar 

irradiation is perpendicular to the collector surface [158]. The different irradiation components Gb, 

Gs, Gr are weighted by individual Incidence Angle Modifiers (IAM) Kb, Ks, Kr to take into account 

the changes in the conversion factor due to non-perpendicular irradiance of these radiation 

components [159]. For dynamic collector tests Ks, Kr are summarized in one single IAM Kd for 

diffuse irradiance from the overall collector hemisphere Gd. This Kd is a constant collector 

parameter determined for isotropic diffuse irradiance and it is provided in collector test reports 

[160]. Therefore, Kb is usually approximated according to [161]: 

𝐾𝑏 (𝜃𝐿, 𝜃𝑇)  =  𝐾𝑏 (𝜃𝐿, 0)  ∙  𝐾𝑏 (0, 𝜃𝑇)    (7.13) 

where θL and θT are the projection of θ (angle between solar beam and the collector surface normal) 

into the longitudinal and transversal collector planes. The TVP-Solar Panels efficiency coefficients 

are reported in Tables 7.1 and 7.2 in which the zero-loss efficiency η0, the first order heat loss 

coefficient c1, the second order heat loss coefficient c2, and Incident Angle Modifier coefficients 

are obtained through a standard test effected according to EN ISO:9806 2013 & ICC 901/SRCC 

100-2015 carried out by: Solar and Heat Technology Stuttgatt (SWT). During the simulation the 

medium fluid temperature is evaluated every time step.  

Table 7.1. TVP Solar panels efficiency coefficients. 

Coefficients Value 

η0 0.737 

c1 0.5 

c2 0.006 

Kd 0.95 

Expressing the IAM coefficients, the standard efficiency in (eq. 7.12) becomes: 

𝜂𝑠𝑡  =  [𝜂0  
𝐾𝑏 (𝜃) 𝐺𝑏 + 𝐾𝑑 𝐺𝑑  

𝐺
]   −  [

𝑐1(𝑇𝑚𝑓 − 𝑇𝑎)

𝐺
 +  

𝑐2(𝑇𝑚𝑓 − 𝑇𝑎)
2

𝐺
]   (7.14) 

Multiplying equation 7.14 for the collector gross area Ac at incident solar irradiation G, the 

instantaneous power given to the HTF can be obtained as equation 7.15. The inputs of the 

simulation model are the HTF characteristics, the HTF mass flow rate (kg/s) and the weather data 
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(hourly ambient temperature (°C) and Solar Irradiation (W/m2) components on a tilted surface (tilt 

= 30°)). 

𝑄(𝑡) = {[𝜂0(𝐾𝑏(𝜃) 𝐺𝑏(𝑡)  +  𝐾𝑑 𝐺𝑑(𝑡))] − [𝑐1(𝑇𝑚𝑓(𝑡)  −  𝑇𝑎(𝑡))  +   𝑐2(𝑇𝑚𝑓(𝑡)  −  𝑇𝑎(𝑡))
2

]}  (7.15) 

With the imposition of the weather data, assuming a value of an initial fluid inlet temperature (Ti(1) 

= Ta(1)), the software computes iteratively the instantaneous average fluid temperature from a 

thermal balance (eq. 7.16): 

𝑇𝑜(𝑡)  =  
{[𝜂0(𝐾𝑏(𝜃) 𝐺𝑏(𝑡) + 𝐾𝑑 𝐺𝑑(𝑡))]−[𝑐1(𝑇𝑚𝑓(𝑡) − 𝑇𝑎(𝑡)) +  𝑐2(𝑇𝑚𝑓(𝑡) − 𝑇𝑎(𝑡))

2
]}

�̇� 𝑐𝑝
 +  𝑇𝑖 (𝑡) (7.16) 

𝑇𝑚𝑓 (𝑡)  =  
𝑇𝑜(𝑡) + 𝑇𝑖 (𝑡) 

2
      (7.17) 

Once obtained the HTF average temperature distribution over the simulated time, that is 

considered equal to the absorber average temperature distribution, it is possible to derive the 

simulated temperature frequency function 𝑓(𝑇) for the operating conditions. 

Absorber temperature trend in stagnant conditions  

The coefficients reported in Tables 7.1 and 7.2 are obtained from experimental data collected with 

a standard test conducted for a maximum temperature of 180 °C and, for this reason, the 

mathematical model presented above is not valid for higher collector temperature. For the stagnant 

conditions, the temperature profile of a highly selective absorber was measured in a TVP-Solar 

HVFPC installed in Avellino/Italy, facing south with a tilt angle of 30° (see Fig. 7.6a). The profile 

was recorded on 28th of September 2018 with a maximum global radiation of about 1000 W/m2 

(Fig. 7.6b) measured on the collector plane. The stagnation temperature was 300 °C. The 

corresponding daily absorber temperature frequency function 𝑓(𝑇) represents the sample daily 

𝑓(𝑇) for HVFPCs in stagnant conditions. Multiplying the daily 𝑓(𝑇) for 30, it is possible to derive 

the stagnation month 𝑓(𝑇) (see Fig. 7.7a). 

 

Figure 7.6. (a) Measured temperature of a selective absorber in a High Vacuum Flat Plate Collector 

during stagnation; (b) Measured solar Irradiation on collector plane. 
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Temperature frequency function evaluation with dynamic simulation 

A new 𝑓(𝑇) suitable for HVFPCs is provided in order to get more reliable results than that obtained 

with the re-scaled 𝑓(𝑇) (histogram in red in Fig. 7.4). The histograms relative to HVFPCs 

considering 4 different Operating Temperatures (O.T. = 60 °C, 90 °C, 120 °C, 180 °C), obtained 

through dynamic simulations and experimental data, are represented. The minimum O.T. is 

characteristic of DHW applications, while the maximum O.T. is a reference value for medium 

temperature applications. The dynamic simulation gives as result the temperature trend of the 

collector over the simulated time that is subsequently summarized as a histogram. To obtain a 

direct comparison, as inputs of the dynamic simulations, meteorological data of the standard test 

location (Rapperswill) were imposed. The hourly meteorological data were downloaded from the 

Solar radiation tool of the Joint Research Centre (JRC) website [162] (setting the desired year, 

location coordinates, collector orientation angles). The simulation model also needs in input the 

HTF characteristic and, in these cases the XCELTHERM®500 (-60 – 260 °C) has been chosen 

with a mass flow rate circulation during daylight hours, settled equal to the nominal value for oil 

�̇� = 516 (kg/h) (reported on TVP-Solar panel certification). The TVP-Solar HVFPC absorber 

temperature frequency functions 𝑓(𝑇) obtained from simulations at different O.T.s are reported in 

the following Fig. 7.7b.  
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Figure 7.7. (a) HVFPC 𝑓(𝑇) relatives to 30 days of stagnation (b) Absorber temperature frequency 

functions relative to 11 months of operation and 30 days of stagnation valid for HVFPCs considering 4 

different operating temperatures (O.T. = 60 °C, 90 °C, 120 °C, 180 °C). 

The temperature range of analysis from -20 to 305 °C is divided in intervals of 5 °C. In Fig. 7.7b 

(logarithmic scale), the number of hours in which the collector absorber works under each interval 

can be seen. The temperature data of period in stagnation are obtained from histogram in fig. 7.7a. 

Unlike the re-scaled 𝑓(𝑇) (Fig. 7.4), is notable, in Fig. 7.7b, that the collector O.T.s are easily 

distinguishable (temperature which the absorber reaches for the major number of hours). 

Analyzing the case of O.T. equal to 180 °C is evident that the shape of the 𝑓(𝑇) is different from 

the other cases, clear indication that the HVFPC is not able to operate at that temperature for a 

desirable number of hours under the meteorological conditions of Rapperswill. Utilizing the 

histograms reported in Fig. 7.7b to compute the 𝑇𝑒𝑓𝑓 (ET assumed equal to 100 kJ/mol), these 

results equal to 242 °C for every considered case (for every O.T.) instead of the 190 °C, which is 

the result obtained with respect to re-scaled 𝑓(𝑇). The difference between the analyzed cases is 

negligible because, for the strong non-linearity of the Arrhenius-type kinetics (see eq. 7.3), the 

temperature load under operating conditions affects much less the calculation than that under 

stagnation, that does not depend on O.T. Established that the main role in the calculation of 𝑇𝑒𝑓𝑓 

is played by the stagnation period, is observable that the assumption of 30 days of stagnation in 

one year made by the Standard, is realistic for conventional flat-plate collectors used to produce 

DHW, but when looking at HVFPC, for industrial applications, 30 days of unproductivity cause 

unacceptable energy loss. The 𝑇𝑒𝑓𝑓 computed for every considered collector operating temperature 

(O.T. = 60 °C, 90 °C, 120 °C, 180 °C) by varying the stagnation period length (1, 2, 3, 4, 5, 10, 

15, 20, 25, 30 days), are reported in Fig. 7.8 that shows a logarithmic trend of 𝑇𝑒𝑓𝑓 with the rise of 
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stagnation period length. On the same graph is also represented the 𝑇𝑒𝑓𝑓 computed using the re-

scaled 𝑓(𝑇) (30 days of stagnation). As the days under stagnation increase, the influence on 𝑇𝑒𝑓𝑓 

of the different working temperatures becomes less valuable. In the case of absence of stagnation 

(stagnation period length = 0), the 𝑇𝑒𝑓𝑓 for each O.T. is almost equal to the collector O.T. 

considered. The difference in terms of 𝑇𝑒𝑓𝑓 obtained at the different operating temperatures of 60 

°C, 90 °C, 120 °C is negligible already from the first day of stagnation. After 10 days into 

stagnation, all the considered operating temperatures became equivalent with respect to 𝑇𝑒𝑓𝑓 

calculation. It follows that it is important to predict a realistic fallowing period for the industrial 

solar plant to calculate a reliable effective temperature of solar collectors. 

The results show clearly that there is a difference in the evaluation of the 𝑓(𝑇) following the 

current standard and using the simulation model with any operating temperature considered. This 

difference leads to a different 𝑇𝑒𝑓𝑓 calculated value, and consequently to a different failure time. 

For this reason, the use of the simulation model to predict the 𝑓(𝑇) for HVFPCs is more 

reasonable. Thanks to the simulation model, the 𝑓(𝑇) trend in different location and for different 

operating temperature can be investigated. To take in account a high stressful 𝑓(𝑇) to be used 

during service lifetime calculation (section 7.4), Dubai was chosen as location, an operating 

temperature of 100 (a) and 200 °C (b) was established, and 0-10-20-30 stagnation days was 

considered, the results are reported in figure 7.9. 

 

Figure 7.8. Variation of  𝑇𝑒𝑓𝑓 with stagnation periods length for 4 operating temperatures (O.T. = 60 

°C, 90 °C, 120 °C, 180 °C). 
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Figure 7.9. Dubai temperature frequency function evaluation for an operating temperature of 100 (a) 

and 200 °C (b), with 0-10-20-30 days of stagnation period length (black, red, blue and magenta column 

respectively). 
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7.3 Thermal aging tests of commercial SSA for HVFPCs 

To predict the service lifetime of an SSA, the calculation of the activation energy (ET) is 

mandatory. As described in section 7.1, it is possible to obtain the ET thanks to the evaluation of 

the performance criterion (PC) trend during thermal aging tests. For this reason, 7 different thermal 

aging tests were performed on a commercial SSA (Mirotherm®) and consequently the ET was 

calculated.  

The tests were performed with the vacuum oven (section 4.4), thanks to this apparatus we are able 

to execute 3 tests with different temperatures at the same time, strongly reducing the total thermal 

aging test time. The tested temperatures were: 360, 370, 380, 390, 400, and 420 °C, the 400 °C 

test was repeated in order to check the reliability of the tests. The samples were tested for a certain 

time-step (ti) and the solar absorptance and thermal emittance were measured at each ti. The solar 

absorptance was computed with optical measurements performed with an OSA equipped with an 

integrating sphere (section 4.6), while the thermal emittance was calculated thanks to calorimetric 

measurements executed with the Mini Test Box (section 4.3). The thermal emittance was evaluated 

at 3 temperatures (100, 200 and 300 °C), representative of the absorber behavior for low, mid and 

mid-high temperature applications respectively, while for solar absorptance the temperature 

dependence was neglected. Both the standard PC and the novel proposed PCη (section 7.1) were 

calculated during the tests at each ti. 

The trends of the solar absorptance and thermal emittance for each test are reported in fig. 7.10. 

The solar absorptance behavior is similar for each test, showing a considerable decrease after the 

first time-step and then manifesting an almost linear decreasing response. The thermal emittance 

exhibits a slightly increase for all the tests and for all the evaluated temperatures (100, 200 and 

300 °C), with a maximum change of 0.01 all over the testing time. The test 1 and 4, tested at 400 

°C, show similar value and similar trend for both solar absorptance and thermal emittance, 

confirming the reliability of these measurements. 
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Figure 7.10. Left axis: Solar absorptance (red square) trend during the 7 thermal aging tests; Right axis: 

Thermal emittance at 100, 200 and 300 °C variations (solid, x centered and open blue circle respectively) 

during the 7 thermal aging tests. 
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According to Arrhenius’ law multiplying the equation 7.2 for each temperatures testing time-step 

(ti), we obtain: 

𝑘 𝑡𝑖 = 𝑡𝑖 𝐷𝐴𝑟𝑟ℎ 𝑒𝑥𝑝 (− 
𝐸𝑇

𝑅 𝑇𝑗
)     (7.18) 

Where the first term k ti, is the PCi at ti time-step, as described in equation 7.5, DArrh is the Arrhenius 

constant, R is the gas constant and Tj is the testing temperature of the j-th test. In this equation the 

PC can be evaluated (using the standard formula (eq. 7.5) or the proposed one (eq. 7.9)), the ti can 

be accurately measured, and Tj and R are known, consequentially DArrh and ET are the only 

unknown. Accordingly, combining two tests at two different temperatures we obtain 2 different 

equations from equation 7.18 (one for each testing temperature) and we are able to evaluate the 

ET. The ET calculated, following the Arrhenius’ theory, is able to describe how the considered PC 

changes during the time and consequently to provide the absorber behavior along the service 

lifetime. For this reason, the ET evaluated with this procedure is strictly dependent on the PC 

considered. To obtain a more reliable value of the ET, 7 different tests at 6 different temperatures 

were performed, in order to have 20 different combinations to calculate the ET.  

The standard (PC st.) and proposed (PCη) performance criterions were calculated for all the tests 

at each time-step (fig. 7.11) according to equations 7.5 and 7.9. The PCs describe the absorber 

performance degradation during thermal aging test, and they were evaluated at the 3 considered 

operating temperatures, in order to predict the absorber behavior at these temperatures.  

It is important to notice how the variation in thermal emittance is not constant varying the 

considered operating temperature, leading to a different absorber performance degradation for the 

different operating temperatures. This difference is less evident for the PC st. because the weight 

of thermal emittance, in terms of performance, is fixed to 0.5 (eq. 7.5), leading to have an almost 

equal PC st. for all the considered operating temperature (circles with dashed lines). The relative 

weight of thermal emittance, in terms of performance, is taken in account from PCη (section 7.1), 

leading to have a more distinguishable absorber performance degradation behavior for the 

considered operating temperatures (squares with solid lines). 
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Figure 7.11. Standard (PC st.) (circles) and proposed (PCη) (squares) performance criterion at 100, 200 

and 300°C (blue, black and red respectively) for the 7 thermal aging tests. 
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Thanks to these data we are able to calculate the activation energy for the Mirotherm® that 

describe the aging process in vacuum environment for 3 different operating temperatures. The ET 

calculation strictly depends on the considered performance criterion as described from eq. 7.18, 

for this reason we obtain different energy activation for the PC st. and PCη. The evaluated ET 

considering PC st. (ET-st.) and PCη (ET-η) for the 3 different operating temperatures are reported 

in table 7.2 and fig. 7.12.  

Table 7.2. Activation energy with PC st. and PCη for 100, 200 and 300°C operating temperature. 

Operating 

Temperature (°C) 
ET-st. (kJ/mol) ET-η (kJ/mol) 

100 57 55 

200 59 77 

300 65 120 

The ET showed is the average of the 20 combinations obtained matching 2-by-2 the equation 7.18 

for the 7 different tests, as explained above. The figure 7.12 clearly shows the light dependence 

from the operating temperature of the ET-st., this happen because PC st. is almost equal for the 3 

considered operating temperatures. The ET-st. temperature dependence is due to smaller variation 

of the thermal emittance as the operating temperature increases. Indeed, the ET-η presents a larger 

temperature dependence, mainly due to the relative weight given to the absorptance and thermal 

emittance. For the Mirotherm®, as reported in figure 7.10, the absorptance is the most critical 

factor, because the thermal emittance observes small variations. The weight of absorptance is 

lower and consequently the ET-η increase, increasing the operating temperature. The ET-η points 

out that the changes in absorber performance are temperature dependent and for this reason the 

aging process have to be described with different activation energy for different operating 

temperatures. 

 

Figure 7.12. ET-st. (black circles) and ET-η (red squares) for 100, 200 and 300°C operating temperature. 
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Moreover, as described in section 7.1, the PCη is equally effective to PC st., if we consider 90 °C 

as absorber working temperature, and this is confirmed by the almost equal ET at 100°C. In 

conclusion, the ET-η results to be a more realist way to predict the absorber behavior, because is 

able to consider the performance absorber changes for the different operating temperatures, giving 

the exact relative weight to the absorptance and thermal emittance. 

7.4 Service lifetime calculation with standard and novel procedure 

The large difference in the ET (fig. 7.12) can strongly affect the service lifetime calculation for an 

absorber working at operating temperatures higher than 100 °C. Multiplying the equation 7.2 by 

the service lifetime (tLT) we obtain: 

𝑘 𝑡𝐿𝑇 = 𝑡𝐿𝑇 𝐷𝐴𝑟𝑟ℎ 𝑒𝑥𝑝 (− 
𝐸𝑇

𝑅 𝑇
)    (7.19) 

Where 𝑘 𝑡𝐿𝑇 is the performance criterion limit (PCLIM), that represents the maximum acceptable 

degradation in terms of performance that can occur during the absorber lifetime, in other words it 

represents how much the chosen PC can change. The current standard establishes a value for PCLIM 

of 0.05, meaning that the absorber performance can decrease of a maximum of 5% to consider the 

absorber in good working conditions. From equation 7.19 is possible to calculate the service 

lifetime as: 

𝑡𝐿𝑇 =
𝑃𝐶𝐿𝐼𝑀

 𝐷𝐴𝑟𝑟ℎ 𝑒𝑥𝑝(− 
𝐸𝑇
𝑅 𝑇

)
     (7.20) 

Where PCLIM is fixed to 0.05, DArrh and ET were already calculated (section 7.3), and T is replaced 

by the effective constant temperature (𝑇𝑒𝑓𝑓) that produces the same aging effect than the real 𝑓(𝑇) 

as described in section 7 and 7.2.  

To calculate the service lifetime for the Mirotherm®, following the standard procedure (tLT-st.), 

the ET-st. was used and the 𝑇𝑒𝑓𝑓 was computed from equation 7.3 using the re-scaled 𝑓(𝑇) for an 

absorber with 300 °C of stagnation temperature (fig 7.4 in section 7.2). The 𝑇𝑒𝑓𝑓 values slightly 

depend on the ET-st., as expected from equation 7.3, and they are 185, 187 and 192 °C for 57, 59, 

65 ET-st. respectively. The tLT-st. results are reported in figure 7.13. The figure clearly shows how 

the tLT-st. increase, increasing the absorber operating temperature. This result looks to be in the 

opposite way as expected, because increasing the operating temperature the absorber has more 

thermal stress, and consequently lower service lifetime. This happen because the standard 

procedure fixes the 𝑓(𝑇), based on the absorber stagnation temperature, without taking in account 

the real absorber operating temperature. The increase in service lifetime, fixing the 𝑓(𝑇), is 

explained both by the higher ET-st. for higher operating temperature, and by the re-scaled 𝑓(𝑇) 

shape. For the re-scaled 𝑓(𝑇) most hours are concentrated before 100°C, for this reason the re-

scaled 𝑓(𝑇) could be reasonable only for an operating temperature of 100 °C, and consequently 

tLT-st. = 32 years for 100 °C operating temperature, is the only acceptable value obtained from 

standard procedure. 
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Figure 7.13. Left axis: Service lifetime following the standard (black circles) and the novel (red squares) 

procedure for 100, 200 and 300°C operating temperature; Right axis: Effective temperatures following 

the standard (black open circles) and the novel (red open squares) procedure for 100, 200 and 300°C 

operating temperature. 

To understand how the different ET and 𝑓(𝑇) impact the service lifetime calculation, the tLT was 

calculated also following the novel procedure (tLT-η). The 𝑇𝑒𝑓𝑓 used in this calculation is derived 

from equation 7.3 using the 𝑓(𝑇) reported in figure 7.9, obtained using the simulation model, for 

100 and 200 °C operating temperature and with and 30 stagnation days. The results are reported 

in fig. 7.13, compared with tLT-st., the stagnation length was chosen because the standard 𝑓(𝑇) 

consider the same stagnation period length. Using the novel procedure, the tLT-η decrease, 

increasing the operating temperature, from 73 years to 60 years for 100 and 200 °C operating 

temperature respectively. The two-procedure lead to obtain very different results. About the 100 

°C operating temperature results, we have very similar ET (ET-η = 55 kJ/mol, ET-st = 57 kJ/mol), 

but the different shape of 𝑓(𝑇) allows to have a different 𝑇𝑒𝑓𝑓, and consequently a different tLT 

value. In this case, the 𝑇𝑒𝑓𝑓
100°𝐶 evaluated following the novel procedure (𝑇𝑒𝑓𝑓

100°𝐶-η = 160 °C), is 

lower compared with the one obtained from standard procedure (𝑇𝑒𝑓𝑓
100°𝐶-st. = 185 °C), because 

most of the hours of the novel 𝑓(𝑇) (fig. 7.9a) are concentrated before 100 °C, and for this reason 

the 𝑡𝐿𝑇
100°𝐶-η (73 years) is higher than 𝑡𝐿𝑇

100°𝐶-st. (32 years). Indeed, about the 200 °C operating 

temperature results, in this case, the 𝑇𝑒𝑓𝑓
200°𝐶-η (204 °C) is higher than 𝑇𝑒𝑓𝑓

200°𝐶-st. (187 °C), because 

the novel 𝑓(𝑇) (fig. 7.9b) presents most of the hours around 200 °C, while the re-scaled 𝑓(𝑇) (fig 

7.4) have a very little amount of hours at high temperatures. The huge increase in the 𝑇𝑒𝑓𝑓- η (from 

160 to 204 °C, for 100 and 200 °C operating temperature), leads to obtain a decrease in the tLT-η, 

despite the increase of the ET-η (𝐸𝑇
100°𝐶-η = 55 kJ/mol, 𝐸𝑇

200°𝐶-η = 77 kJ/mol). But, thanks to ET-

η increase, the tLT-η values don’t decrease drastically, otherwise the tLT-η would have reached very 



                 
 

107 
 

low values, leading to an unrealistic prediction of service lifetime. The tLT-η trend, with a decrease, 

increasing the operating temperatures, looks to be more reasonable compared to the tLT-st. trend.  

These results suggest that the standard procedure looks to make an error in both ET and 𝑓(𝑇). The 

re-scaled 𝑓(𝑇) could leads to a too high 𝑇𝑒𝑓𝑓 for the 100 °C operating temperature case, but to a 

too low 𝑇𝑒𝑓𝑓 for the 200 °C operating temperature case, demonstrating that assuming only one 

𝑓(𝑇) for the different operating temperature result in a huge error in the service lifetime 

calculation. On the other hand, also not considering the relative weight of absorptance and thermal 

emittance, during ET estimation, leads to a large error in the service lifetime calculation. For this 

reason, the novel procedure looks to be a more realistic way to predict the service lifetime for 

absorber working in HVFPCs. 

The service lifetime calculation, following the novel procedure, was made also considering 0-10-

20 stagnation days, and the results are summarized in fig. 7.14. The 𝑇𝑒𝑓𝑓 values are strongly 

affected by the stagnation length, as explained in section 7.2, and consequently the tLT-η decrease, 

increasing the stagnation days. 

 

Figure 7.14. Left axis: Service lifetime following the novel procedure for 100 (black squares) and 200°C 

(red squares) operating temperature; Right axis: Effective temperatures following the novel procedure 

for 100 (black circles) and 200°C (red circles) operating temperature. 

The results clearly show the strong impact that different ET and 𝑓(𝑇) can have on the service 

lifetime calculation. As previously discussed (section 7.1 and 7.3), The ET can be calculated thanks 

to the evaluation of the PC trend during different thermal aging tests, for this reason, is very 

important to define a correct performance criterion, in order to obtain a more realist energy 

activation that is able to better describe the absorber aging process. In this work we proposed a 

novel definition of the performance criterion (𝑃𝐶η(𝑇) in section 7.1), that results to be a better 

parameter to describe the change in absorber performance during thermal aging test, because is 
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able to adapt the relative weight of absorptance and thermal emittance, depending on absorber 

working temperature, and also take in account the influence of the substrate thermal radiation 

losses. Indeed, the 𝑃𝐶η(𝑇) is equally effective to standard PC, if we consider 90 °C as absorber 

working temperature but enlarge the application also to high absorber working temperature, 

making the 𝑃𝐶η(𝑇) a more precise and versatile criterion. Moreover, figures 7.13 and 7.14 show 

how different operating temperatures can strongly impact on the service lifetime calculation. This 

happen because in equation 7.20, the effective constant temperature (𝑇𝑒𝑓𝑓) is influenced by the 

temperature frequency function, 𝑓(𝑇), that is not the same for the different operating temperatures. 

Furthermore, the 𝑓(𝑇) can be affected also by different technologies (standard solar collectors, 

HVFPCs, evacuated tubes collectors, etc) and location, for this reason, is very important to define 

correctly the 𝑓(𝑇) to obtain the exact 𝑇𝑒𝑓𝑓. In this work we proposed to evaluate the 𝑓(𝑇) using a 

simulation model able to take in account the different location and operating temperatures for 

HVFPCs technologies (section 7.2). The 𝑓(𝑇), evaluate thanks to this simulation model, results to 

be more precise, versatile, and realistic compared to the one proposed by the standard (fig. 7.4). 

Summarizing, to correctly predict the service lifetime of an absorber, the most precise definition 

of the activation energy (ET) and of the effective constant temperature (𝑇𝑒𝑓𝑓) is mandatory. 

Consequently, the definition of a performance criterion (PC) and a temperature frequency function 

(𝑓(𝑇)) able to better describe the absorber behaviour during the time is necessary. For this reason, 

in this work the current standard, used to calculate the absorber service lifetime for standard 

collector working in air at low temperature, was revised, and a novel and more versatile procedure 

was proposed in order to obtain a more realist prevision of the service lifetime for absorber working 

in HVFPCs. The novel PC definition (𝑃𝐶η(𝑇) in section 7.1) can automatically take in account the 

absorber working temperature, changing the relative weight of absorptance and thermal emittance, 

while the novel proposed way to calculate 𝑓(𝑇) (section 7.2) can take in account different location 

and operating temperatures for HVFPCs technologies. In conclusion, the revised procedure is able 

to better predict the absorber behaviour during the time for different operating temperatures and 

location for HVFPCs, and it could be easily adapted also for new emerging technologies. 
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8. Conclusions 

Many optical applications require spectral selectivity, including solar absorption, high-temperature 

radiation, hyperspectral sensors, and optical communications. Although many new materials have 

been developed, often their properties and/or production costs do not favor their use. The main 

purpose of this work is to increase the flexibility of optical materials by including periodic or more 

complex structures to obtain the desired functionality, but also to maintain a low production cost 

and a design that is reproducible on a large scale. In this work, we considered the problem of 

reducing losses for solar devices to improve their overall efficiencies. The concept investigated 

was to introduce selective coatings to improve the solar conversion efficiency in thermal or 

thermo-photovoltaic (TPV) devices. Moreover, the prediction of the service lifetime of solar 

absorbers for High Vacuum Flat Plate Collector (HVFPC) was investigated, in order to obtain a 

more realistic prediction for this type of collector. 

The High Vacuum Flat Plate Collector (HVFPC) is the new frontier to renewably produce 

industrial process heat in the mid-temperature range 100 °C – 200 °C. To improve the solar 

conversion efficiency, the development of an optimize solar selective absorber (SSA) and the 

reduction of the SSA’s substrate radiative losses has been proposed. The optimized selective solar 

absorber presented in the thesis is a five-layer structure on copper substrate based on sputter 

deposited chromium oxide and chromium metal (Cr/Cr2O3/Cr/Cr2O3/SiO2). For this coating the 

optimization algorithm is developed aiming at obtaining multilayer SSA suitable for a mass 

industrial production. To guarantee the best result the efficiency of the real coating is used as the 

fitness function of the optimization algorithm. The algorithm incorporates as a binding parameter 

the robustness of the coating in terms of efficiency loss when errors on layer thickness are made. 

Two coatings are designed to obtain the highest efficiency at 200 °C and 300 °C operating 

temperature while having a small sensitivity to thickness variations. Results of the optimization 

procedure predict an overall efficiency of the proposed SSAs in a HVFPC as high as 0.74 and 0.56 

at 200 °C and 300 °C, respectively. Efficiency loss is less than 2 percentage points if the layer 

thickness variation is less than 20%. The optimized SSAs were fabricated via sputtering 

depositions on optically smooth samples. The deposited samples have been characterized via 

optical analysis, showing excellent results, in agreement to the simulation. Short duration high 

temperature thermal stability tests of the fabricated absorbers delivered encouraging results on the 

resistance of the coating to high operating temperatures.  

The HVFPC performances would benefit from a substrate thermal emittance reduction. Such 

reduction could be obtained with a better finishing of the back side of the aluminum substrate or 

using a substrate with a lower thermal emittance (such as copper or silver). A simple yet effective 

way to enhance the performances of this solar absorber could be to deposit low emissive coating 

(LEC) of copper or silver (thermal emittance ≈ 0.02) on the back side of the absorber, on the 

aluminum surface. To test the properties of the copper or silver coating on the aluminum a Cu and 

Ag coating was deposited via electron beam deposition technique on aluminum bulk substrates on 

one side or both sides. A 25% thermal emittance reduction can be observed for the one side coated 
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samples, while a 50% reduction can be observed for the double side Cu coated sample. The best 

result is obtained with the double side Ag coated samples, with a thermal emittance reduction of 

60-65%. The thermal stability test demonstrated the necessary to have a diffusion barrier to 

preserve the benefits of the LECs also at high temperatures (up to 360 °C). The overall efficiency 

of an optimized selective coating on aluminum substrate with diffusion barrier and low emissive 

coating at 200 °C increases from 0.64 up to 0.72, with 13% enhancement in performances, and the 

stagnation temperature increases of about 30 °C. It is worth to note that the advantages of the low 

emissive coating increase with increasing temperature, in fact at 300 °C the overall efficiency 

increase from 0.19 to 0.37, having an almost doubled enhancement in performances. 

Instead, the development and use of selective emitters (SE) could play a key role in increasing the 

efficiency of TPV devices and in reducing heat losses. TPV systems represent one of the newest 

technologies to direct convert the thermal radiation emitted from an object heated at temperatures 

typically higher than 1000 K into electricity. During my abroad period at Purdue University - 

Electrical & Computer Engineering - Birck Nanotechnology Center (West Lafayette, IN, USA), 

the optimization, development, and realization of selective emitters has been studied. The proposed 

SE was fabricated via sputtering deposition and made of SiNx, SiO2, and TiO2 on a W substrate. 

The SE emissivity spectrum was simulated, by means of the transfer matrix method, starting from 

experimentally evaluated refractive indices. Through a genetic algorithm, its efficiency is 

optimized for a chosen operating temperature of 1000 °C and an extended range of bandgap 

energies, i.e. from 0.55 to 0.72 eV, to ensure proper functioning with most of the commonly used 

PV cells for Solar-TPV systems (semiconductors of the III-V groups). The deposited sample 

behaves very similarly to what was expected from simulations, reaching a maximum efficiency of 

50% at 0.63 eV (at 1000 °C). Its thermal stability was demonstrated after a long thermal stress test 

carried out in a vacuum furnace at 1000 °C: its efficiency only slightly decreased, reaching 46%. 

For a more reliable analysis of the SE properties, the refractive indices of the materials involved 

in the design were measured at various temperatures, from room temperature up to 1000 °C. 

Hence, a new simulation was performed, and the results showed an efficiency equal to 44%. In 

addition, the behavior of a realistic PV cell exposed to the fabricated SE was also simulated: the 

results show a maximum efficiency of 15% at 1000 °C and the possibility of reaching an efficiency 

of 25% at 1600 °C, exceeding the theoretical limit of Shockley-Quisser. In conclusion, the 

proposed structure demonstrated high efficiency, thermal stability up to 1000 °C and versatility, 

as it can efficiently operate in the energy bandgap range of 0.55 to 0.72 eV. 

The last part of this Ph.D. thesis was concentrated on the elaboration of a novel procedure for the 

prediction of the service lifetime of solar absorbers for HVFPCs. The current standard is developed 

for standard collector working in air at low temperature, and it cannot be used also for HVPCs. 

The Performance Criterion (PC), that represent the degree of aging of a coating, the temperature 

frequency function 𝑓(𝑇), that represents how many hours the absorber is at temperature T during 

one-year operation, and the procedure flow were revised and adapted to be suitable to evaluate the 

service lifetime of solar absorbers for HVFPCs. The proposed performance criterion (𝑃𝐶η(𝑇)), 
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given by the difference in the overall efficiency of the virgin and after test absorbers, results to be 

a better parameter to describe the change in absorber performance during thermal aging test, 

because is able to adapt the relative weight of absorptance and thermal emittance, depending on 

absorber working temperature, and also take in account the influence of the substrate thermal 

radiation losses. Indeed, the 𝑃𝐶η(𝑇) is equally effective to standard PC, if we consider 90 °C as 

absorber working temperature but enlarge the application also to high absorber working 

temperature, making the 𝑃𝐶η(𝑇) a more precise and versatile criterion. Instead, the 𝑓(𝑇) presented 

by the standard, is a fixed function for any location and operating temperatures. For this reason, a 

dynamic simulation to build the absorber temperature history in operating conditions is presented. 

The results show clearly that there is a difference in the evaluation of the 𝑓(𝑇) following the 

current standard and using the simulation model with any operating temperature considered. This 

difference leads to a different effective temperature calculated value, and consequently to a 

different failure time. For this reason, the use of the simulation model to predict the 𝑓(𝑇) for 

HVFPCs is more reasonable. Thanks to the simulation model, the 𝑓(𝑇) trend in different location 

and for different operating temperature can be investigated. The final results, using the novel 

proposed performance criterion and 𝑓(𝑇), lead to a very different service lifetime calculation 

compared with the standard procedure. The service lifetime calculated with the novel procedure 

looks to be more reasonable because it decreases, increasing the operating temperature, from 73 

years to 60 years for 100 and 200 °C operating temperature respectively, instead the one obtained 

from standard procedure goes in the opposite way (32, 34 and 76 years for 100, 200 and 300 °C 

operating temperature respectively).  

Summarizing, the results of the study conducted during this Ph.D. program present for both 

selective solar absorbers and selective emitters, a simple and cost-effective solution, which is 

easily reproducible on a large-scale production and used daily in industrial applications. The 

proposed improvement could allow the HVFPCs to produce heat up to 300 °C with high efficiency. 

Currently the range of mid-high temperature (150 - 400 °C) heat represents the 22% of the 

worldwide heat request [9] but is not very well covered by the renewable source. This Ph.D. thesis 

could represent the starting point for the transition from fossil fuel to renewable energy also for 

the mid-high temperature applications. The multi-layered structures proposed for both solar 

selective coatings and selective emitters avoid complex techniques, the choice of materials 

inexpensive and easy to handle. The sputtering techniques is widely demonstrated to be a very cost 

effective solution [163,164] and multi-layered sputtered structures result to be more sustainable 

on a cost approach than other techniques (e.g. electrochemical deposition) [165]. Currently, this 

technique is one of the most used to produce a large number of devices and represents the best 

choice to implement on a large scale the proposed solutions. In fact, this work represents the first 

step towards the broader, industrial development of these elements, where all the aforementioned 

characteristics are fundamental. The proposed solutions could allow the production of abundant 

renewable energy and the mismatch between available and demanded energy could represent a 

problem. For this reason, the energy storage is a critical challenge to manage intermittent 

renewable energies. The thermal energy storage is one of the most attractive energy storage 
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solutions since the energy storage efficiency of the thermal storage system can reach 95%-97%. 

The commonly used materials are usually listed into three categories: sensible heat storage (e.g 

water, air, oil, rocks, brine, concrete, sand, and soil), latent heat storage (e.g. organic, inorganic, 

eutectics, and low melting point metals), and thermochemical heat storage (e.g. sorption and 

thermochemical) [166]. About the latent heat storage, one of the most attractive solutions are the 

PCM materials. Their efficiency as thermal storage is widely demonstrated  [167–169] and their 

optimization and cost analysis was also investigated [170]. Anyway, the thermal energy storage 

represents a valid option for continuous power production and to shift the solar energy of peak 

sunshine hours to peak consumption hours, and for this reason a massive and comprehensive 

research have to be implemented. 

Moreover, a novel procedure for HVFPCs (easily adaptable also for new emerging technologies) 

able to better predict the service lifetime for different operating temperatures and location for 

HVFPCs is presented. All the results presented above could certainly play a key role in increasing 

and expansion of the solar energy market and they will ultimately benefit our planet and our health.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



                 
 

113 
 

9. Future developments 

Experimental measurements of the investigated selective coatings show that thermal emittance of 

the multilayers deposited on bulk substrate is higher than expected from simulations (simulation 

are for smooth samples). A possible source of such increase could be due to factors like the 

influence of the surface roughness or in the presence of copper oxides at the interface between the 

substrate and the multilayer. So, in future works the origin of the increased emittance should be 

investigated, allowing to further improve the SSA performances.  

Thermal stability is a rather important parameter for selective solar absorbers because a stable 

absorber guarantees its performances all along its service lifetime: even if literature and 

preliminary experimental tests showed encouraging results in terms of thermal stability for the 

selective coatings developed in this work, a detailed and accurate study of the aging mechanisms 

which are characteristic of the fabricated selective absorbers should be provided. The novel 

proposed procedure will be applied on the developed coating and their service lifetime will be 

calculated.  

A comprehensive study about the thermal energy storage, its applications to solar fields and the 

development and optimization of novel solutions have to be realized. 

The correct measurement of the Performance Criterion will be mandatory and for this purpose, the 

enhance of optical properties measurements is necessary. In particular we will focus on the 

improvement of MTB apparatus, leading to a higher sensibility to obtain more precise thermal 

emittance measurements.  

Moreover, an economic study on the energy production losses for a HVFPCs field, considering 

the selective solar absorber aging degradation could be necessary to define a more precise 

Performance Criterion limit. 
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