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Abstract 

Abundant and widely available solar energy is one possible solution to the 

increasing demands for clean energy. The Thermodynamics and Sustainable Energy 

Laboratory (T-SEL) in Duke University has been dedicated to investigating methods to 

harness solar energy. Hybrid Solar System (HSS) is one of the promising methods to use 

solar energy, as it absorbs sunlight to produce hydrogen, which then can electrically 

power equipment through fuel cells.  Hydrogen is produced through a biofuel 

reforming process, which occurs at a high temperature (over 700℃ for methane). 

Methods to design a high-temperature solar selective coating are investigated in this 

thesis.  

The solar irradiance spectrum was assumed to be the same as Air Mass (AM) 1.5. 

A transfer-matrix method was adopted in this work to calculate the optical properties of 

the NREL #6, a design of nine-layer solar selective coating. Based on the design of NREL 

#6 coating, Differential Evolution (DE) algorithm was introduced to optimize this 

design. Two objective functions were considered: selectivity-oriented function and 

efficiency-oriented function, yielding the design of Revision #1 and Revision #2 

respectively. The results showed a high selectivity (around 13) with low efficiency 

(66.6%) in Revision #1 and a high efficiency (82.6%) with moderate selectivity (around 9) 

in Revision #2. 
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1. Introduction 

Reflection on the evolution of the world suggests a law that the desire for 

more and easier movement is inherited in everybody and in everything [1]. Human 

beings’ living environment is improved by air conditioners, evolving from campfire 

to HAVC systems. Individuals’ moving is sped up by transportation, evolving from 

horses to ground vehicles and airplanes. The difficulty to acquire knowledge is 

mitigated by books, evolving from written books to printed books or e-books. As 

time goes by, the world will continue to evolve. However, although some things 

evolve to be more efficient, the overall use of energy in the world will probably not 

decrease. This is because people are struggling for more and easier movements, 

which require increasing amount of energy to support the movement [1]. Moreover, 

the population of the world is increasing logarithmically [2], indicating the demand 

of energy in the next decades would be tremendous.  

The confliction between energy consumption and environmental protection 

emerged during the first industrial revolution. Human beings’ demand for energy 

was drastically increasing after the invention of Watt’s steam engine, fueled by wood 

and coal. For the sake of sustaining the working of steam engines, countless trees 

were cut down and tremendous amount of coals were burned. Byproducts of coal 

combustions led to serious health impacts on residents close to factories [3]. 

Furthermore, deforestation, which was not serious at that time, deteriorated global 

climate later and will continue to affect it in decades [4]. Knowing that energy 

consumption, especially the combustion of fossil fuels, damages the living 
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environment, people are making efforts to mitigate pollution when using energy, 

such as desulfurization and dust extraction. But these methods to reduce pollution 

are only potent in power plants, and less applicable to other small machines such as 

vehicles or home appliances. Therefore, clean and sustainable energy is currently 

desired. 

Several types of clean and sustainable energy have been developed. Solar 

energy, wind energy, tidal energy, hydropower and geothermal energy are of great 

interest to researchers in the field of energy. But solar energy and wind energy are 

intermittent energy sources, unpredictable for consumers to use. Tidal energy, 

hydropower and geothermal energy are subject to geographical location [4]. 

However, solar energy is promising to be a popular energy source because of its 

abundance and being easy to obtain. Methods to harness solar energy are discussed 

in this paper. 

1.1  Use of Solar Energy 

Solar energy comes from a stupendous number of nuclear fusion processes 

(primarily hydrogen fusion) happening around 93 million miles away from earth. 

Although the earth is far from the sun, the average solar energy flux that earth can 

receive before the atmosphere is 1361 W/m2 [5]. Given that the power reaching land 

is 1000 W/m2 and 70% days in one year are sunny in the daytime, the world could be 

powered by 20%-efficiency any kinds of solar energy converter in an area as large as 

Spain, according to the US Energy Information Administration’s estimation on global 

energy consumption [6]. 
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 Nuclear fusion in the sun releases electromagnetic radiation, seen as 

sunlight, to the earth. Sunlight consists of electromagnetic waves of various 

wavelengths and each wavelength contains a certain amount of energy. Human 

beings can see the electromagnetic waves ranging from 390 to 700 nm, where most of 

sunlight’s energy is distributed. When sunlight reaches an interface of two different 

substances, the sunlight will be either reflected, transmitted, or absorbed. Therefore, 

better solar absorber means better absorption to some extent. However, it has been 

discovered that the absorption varies with wavelength of light, which means that a 

solar absorber may have a very high absorption at one wavelength while it may have 

a low absorption at another wavelength. Therefore, the optimization of absorption at 

the full spectrum of sunlight is one promising approach to enhance the efficiency of a 

solar absorber. 

Solar energy cannot be used directly. The most popular methods to use solar 

energy is to convert it to electricity or thermal energy. One of the prototypes to 

convert solar energy to electricity is photovoltaics (PV), a term describing that the 

voltage of the solar cell is generated by a supply of photons (the particle aspect of 

sunlight). Solar cells are fabricated to absorb photons that motivate electrons in the 

cells to move. Although the price of solar cells is lowered by modifying the bulk 

functional materials to be thin films, the efficiency is reduced. Therefore, the price of 

electricity produced by PV is still high. On the other hand, solar energy cannot be 

converted to thermal energy by radiative heat transfer. Heat can transfer from an 

object at high temperature to an object at low temperature without contact. The 

temperature of the sun’s surface is around 5,772 K [7], allowing the heat from the 
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sun’s surface to transfer to the solar thermal absorbers. These absorbers are usual 

accompanied with a heat storage system. 

 One common application of solar thermal absorbers is for water heaters. 

Water heaters convert solar energy to thermal energy and store it in the water. Large-

scale thermal absorbers can be used in solar thermal power plants: arrays of mirrors 

are distributed around an absorber to concentrate the solar energy, so that the water 

inside the absorber will be heated from liquid to steam, which is the heat transfer 

fluid in thermal power plants. The steam then undergoes a thermodynamic cycle to 

produce electricity.  

Recently, new prototypes were built to use solar thermal energy to reform 

biofuels and produce hydrogen. Chemical reactions happen when the biofuels and 

the catalysts supporting the chemical reactions are heated above certain temperature 

and generate hydrogen. 

CH3OH+ H2O = 3H2 + CO2 

 The produced hydrogen is then converted by a Polymer Electrolyte 

Membrane (PEM) fuel cells to electricity, electrically powering the home (Fig. 1). The 

excessive hydrogen can be compressed into a tank by a compressor. 
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Figure 1. Schematic Diagram for Hydrogen-Powered Housing [8] 

 Exergetic analysis of a methanol steam reformer was conducted and the 

results showed the efficiency and cost of this method were competitive in converting 

solar energy to electricity compared with other methods [9]. However, the deficiency 

of this method is methanol has a limited availability. A more practical biofuel, 

biomass-derived methane, is one of the candidates to react in the reformer and 

produce hydrogen. The chemical reactions of methane and steam in the reformer can 

be written as: 

CH4 + 2H2O = CO2 + 4H2 

The main challenge for this method is the high reactant temperature required 

for methane steam reforming, typically well above 900 K, which is difficult to 

achieve by a solar absorber.  
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1.2  Concept of High Temperature Solar Selective Absorber 

Solar absorbers receive thermal energy from sunlight and heat up. However, 

the absorbers will also lose heat to the surroundings by thermal conduction, 

convection as well as radiation (the process is shown in Fig. 2). Thermal conduction 

occurs from a hot object to a cold object, if they are in direct contact with each other. 

The mitigation of the thermal conduction loss can be achieved by enveloping the 

absorber in well-insulating substances. Furthermore, thermal convection occurs 

when objects are in contact with moving fluids of a different temperature, 

transferring heat from or to the object. The faster the surrounding fluids move, the 

more heat transfer between the object and surroundings will occur. The convection 

loss, therefore, can be reduced by evacuating the surrounding air such that a vacuum 

chamber is established around the absorber.  

 

Figure 2. Heat Transfer on Solar Absorber 
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The major heat loss at high temperature, however, is radiative heat loss. Solar 

absorbers receive radiation from sunlight and emit radiation back to the 

surroundings, which is at a much lower temperature than the solar absorbers. The 

ability of a solar absorber to absorb solar energy or emit radiative energy to 

ambience is measured by absorptivity or emissivity, respectively. As a result, the 

absorbers with high absorptivity in the visible wavelength range (over 0.9) and low 

emissivity at far infrared (less than 0.1) are candidates that refer to as solar selective 

absorbers. The ratio of absorptivity and emissivity is called the selectivity and that 

can approximate the theoretically possible temperature for an absorber. 

Assume the heat loss by thermal conduction and thermal convection of an 

absorber is negligible, the final state of the absorber is an equilibrium where the 

amount of captured solar power (𝑞in) equals to the amount of emitted power (𝑞out). 

 𝑞in = 𝑞out (1) 

The captured solar power can be calculated by multiplying input solar power 

by absorptivity and the emitted power obeys the Stefan-Boltzmann law. 

 𝑞in = α × I × A (2) 

 𝑞out = σ × 𝜖 × (T
4 − T0

4) × 𝐴 (3) 

where α is absorptivity of the absorber, I is solar irradiance (approximately 1366 

W/m2 in outer space, but will decrease to around 1000 W/m2 when it reaches earth’s 

surface) [10], A is the area of the absorber, σ is the Stefan-Boltzmann constant 

(approximately 5.67 × 10−8 W/(m2 ∙ K4)), T is the temperature of solar absorber and 

T0 is the ambient temperature.  
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According to equations (1), (2) and (3), the correlation between temperature 

of solar absorber and ratio of absorptivity to emissivity can be obtained. 

 
α

ϵ
=

σ(T4−T0
4)

I
= 5.67 × 10−11(T4 − T0

4) (4) 

For a good example of a solar selective absorber, the absorptivity α is 0.93 and 

emissivity ϵ is 0.09 [11]. Given that the heat emitted from the absorber will totally 

transfer to the universe, where the temperature is almost absolute zero (T0 = 0 K), the 

highest theoretical temperature the absorber can reach can be predicted by equation 

(4). 

T =  653.4K = 380.4℃  

In reality, the temperature of an absorber cannot reach that high for the 

reason that the emissivity will increase with temperature. High emissivity will 

decrease the temperature and limit the achievable temperature in real systems. 

The concept of high temperature solar selective absorbers requires the 

absorber to heat up to 700 ℃. Efforts were tried to build a high temperature solar 

absorber using nonconcentrated method, which turned out to be unrealistic because 

the selectivity of an absorber should reach over a value such that 

α

ϵ
> 5.67 × 10−11 × 10004 = 56.7 

But selectivity over 20 is currently hard to achieve. 

One possible solution is to use lens or mirrors to concentrate sunlight so that 

the solar intensity will be largely enhanced. From equation (4), if the solar intensity 

increases by 30 times, which is reasonable in realistic systems, the temperature of the 

concentrated solar absorber can be 2.34 (301/4) times than that of a nonconcentrated 
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one. The resulting temperature using solar concentration technology can reach over 

800 ℃. 

1.3  Obstructions 

The high-temperature solar absorbers operate at a temperature higher than 

700 ℃. The prevailing solar absorbers are coated with a solar selective surface for the 

required ratio of absorptivity to emissivity. However, the majority of selective 

surfaces collapse below 700 ℃. A review of high-temperature solar selective absorber 

materials indicated that most materials are unstable in air at high temperature [12]. 

Although a solar absorber could operate in a vacuum container, the ability to stay 

stable in air is required in case of any leakage. 

The fabrication of solar selective coatings is another challenge to build a high-

temperature solar absorber. The selective surface should have the characteristics of 

high absorptivity in the visible range and low emissivity in infrared. Because no 

single material has been discovered so far to have these characteristics and to 

function well at a high temperature, multilayer thin film coatings are a possible 

solution that use different materials in each layer to stack up in a combination such 

that the overall characteristics meet the requirements. However, the multilayer thin 

film coating is not easy to fabricate for the reason that these layers usually have 

thickness in the range of nanometers [13]. Every single layer of fabrication by means 

of prevailing fabricating method (PLD or CVD, etc.) takes the risk of poor adhesion 

to the previous layer. A multilayer fabrication will accumulate the risk because the 
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failure of fabrication in one layer will ruin the entire coating. Therefore, the number 

of layers in a surface coating is limited. 

1.4  Milestones  

The Thermodynamics and Sustainable Energy Laboratory has been working 

on developing a novel non-concentrating solar thermal collector for steam reforming 

of biofuels. However, to reach temperatures necessary to reform different types of 

biofuels, greater heat input is required, which is achieved by concentrated solar 

power. 

 Based on a material review, the temperature resistance required for the 

absorption coating exceeds the rated capacity of currently used and available 

coatings in academic and industrial applications [12]. 

Therefore, a high-temperature absorption coating must be manufactured in 

order to conduct experiments to validate the model. A literature review of high-

temperature (over 700 ℃.) absorption coatings and methods of fabrication is 

conducted. Suitable types of absorption coating are found for our new application of 

high-temperature steam reforming of biofuels. Most promising are combinations of 

multiple nano-scale metal and metal oxide layers, for example, comprising of TiSi-a, 

TiO2, and SiO2 nano-films, which can not only survive at high temperature, but is 

also easy to make (we only need different 3 materials for this 9-layer coating) [14].  

The first milestone is to find a promising multilayer coating model which 

contains the thickness and type of material in each layer. The material in each layer 

should have a high temperature resistance in the air. The next milestone is to 
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develop a mathematical model that is used to calculate the optical properties, such as 

absorptivity or emissivity, of the multilayer coating. This mathematical model will be 

used to verify the feasibility of the coating and analyze the function of each layer. 

The analysis includes the influence of thickness and types of material in layers of the 

coating. Once the analysis is conducted, an optimized coating model will be 

proposed. 

 

Figure 3. Concentrated Solar Absorber and Coating 
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2.  High-Temperature Solar Selective Coating Model 

High solar absorptivity in the visible range and low thermal emissivity in the 

infrared range is a goal for fabricating high temperature solar selective coating. 

These two properties depend on the structure and material of the coating. 

Understanding the process when sunlight shines on a surface is significant to 

develop methods to enhance absorptivity and mitigate emissivity. 

Absorptivity measures the ratio of energy absorbed by surface to the total 

incident solar energy. When light sheds on a surface, the light will be separated into 

three parts. Only part of the light is trapped by the surface, others are either going 

through the surface or reflected by the surface. The relation between the fraction of 

absorbed energy, reflected energy and transmitted energy follows: 

 𝛼𝜆  + 𝜌𝜆 + 𝜏𝜆 = 1  (5) 

where 𝛼𝜆 , 𝜌𝜆 and 𝜏𝜆 are referred to as absorptivity, reflectivity and transmittivity, 

and λ is a particular wavelength. In other word, the solar energy cannot be totally 

absorbed because of reflectivity and transmittivity. Since solar absorber coatings are 

usual deposited on an opaque substrate, the transmission is trivial under this 

scenario. Low reflectivity is also a significant property that solar absorber coatings 

should have, allowing more sunlight to penetrate the absorber and be collected.   

From the analysis above, the reflectivity should be as low as possible. 

However, low reflectivity should only lie in the region of visible light, where most of 

solar energy locates, so that most of energy from sunlight can be captured by the 

coating. But for those energies located in the infrared region, high reflectivity is 
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required to reduce emission of infrared radiation from the coating and prevent loss, 

despite this high reflectivity reflecting away incident infrared light, which is trivial 

compared with the loss due to infrared emission. 

Therefore, low reflectivity in the visible light region while high reflectivity in 

the infrared region is the main objective for high-temperature solar selective coating 

design. 

2.1  Refractive Index and Extinction Coefficient 

The refraction phenomenon is easy to see when putting a straw into a glass of 

water. The straw looks as if it is broken at the interface of air and the water. Putting 

another straw into a glass of oil can perceive the same “broken” phenomenon, but 

the “broken” angle differs from that in the glass of water. The principle that governs 

the refraction is proposed by Pierre de Fermat, which is also denominated the 

principle of least time [15]. Light can travel in the medium, but its speed varies when 

materials or structures of the medium changes. When light travels from one medium 

to another, light speed will change at the interface, and thus the refraction will occur. 

In optics, the refractive index is defined as the ratio of speed of light in 

vacuum (c) to the speed of light in the medium (v).  

 n =
c

𝑣
 (6) 

The refractive index defined above indicates the optical property of a 

material, but this definition is not sufficient to include another phenomenon – 

attenuation. When light propagates in a certain group of materials, the energy 

contained in the light will decrease as the Beer – Lambert law describes, indicating 
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an exponential decay. Although the refraction phenomenon happens when light 

travel through an interface of two dissimilar materials, the refractive index should 

also take into account the attenuation phenomenon which happen when light travel 

in this medium. Therefore, a complex refractive index has been proposed [16].  

 𝑛 = 𝑛 − i𝑘 (7) 

Here, the real part n is the common refractive index which indicates the 

velocity ratio. The image part k is called the extinction coefficient, which is expected 

from Beer’s law. 

2.2  Calculate reflectivity  

The optical properties of a multilayer thin film coating will change if the size 

or material changes in every single layer. Considering the high price for fabricating 

coatings and testing the properties of them, a method to directly calculate the 

properties before fabrication is necessary. Because the size and material in each layer 

of the coating decides the overall absorptivity and emissivity, scientists need a model 

to calculate absorptivity and emissivity according to the information of design (e.g. 

size and material).  

Sunlight is actually a beam of electromagnetic waves with various 

wavelength. The propagation of electromagnetic waves is governed by Maxwell’s 

equations. In the SI unit conversion, the Maxwell equations in differential form are: 

 ∇ ∙ 𝐄 =
𝜌𝑒

𝜖0
 (8) 

 ∇ × 𝐄 = −
𝜕𝑩

𝜕𝑡
 (9) 

 ∇ ∙ 𝐁 = 0 (10) 
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 ∇ × 𝐁 = μ0(𝐉 + ϵ0
𝜕𝑬

𝜕𝑡
) (11) 

Where E is the electric field, B is the magnetic field, ϵ0 is the permittivity of 

free space (8.854 × 10−12 m−3𝑘𝑔−1𝑠4𝐴2), μ0 is the  permeability of free space 

(1.2566 × 10−6 m kg s−2𝐴−2), J is the total electric current density, and ρe is the total 

electric charge density. 

Electromagnetic wave is a transverse wave, the oscillations of which are 

perpendicular to the direction of energy transfer and travel [17]. When the 

electromagnetic wave transmits from one substance to another, refraction, reflection 

and transmission occurs.  

 

Figure 4. Propagation of Electromagnetic Wave [17] 

Although the wave will be separated into three parts, either the electric field 

or the magnetic field are continuous across the interface (Fig. 4) [18]. And according 

to the boundary condition at interface, a matrix transfer method can be deduced as 

[18]: 

https://en.wikipedia.org/wiki/Transverse_wave
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 (
𝐸𝑎
𝐵𝑎
) = (

𝑐𝑜𝑠𝛿
𝑖𝑠𝑖𝑛𝛿

𝛾1

𝑖𝛾1𝑠𝑖𝑛𝛿 𝑐𝑜𝑠𝛿
) (
𝐸𝑏
𝐵𝑏
) = M1 (

𝐸𝑏
𝐵𝑏
) (12) 

where γ1 ≡ 𝑛1√𝜖0𝜇0 cos 𝜃𝑡1, phase change from interface (a) to interface (b) is δ =

(
2π

λ
) n1𝑡 cos  𝜃𝑡1. Here  𝜖0 and 𝜇0 are the constants in the Maxwell equations,  𝜆 is the 

wavelength, and 𝜃𝑡1 is the refractive angle in Fig. 5. This method describes the 

changes in electric field and magnetic field after they travel through a single layer on 

the substrate. The matrix M1 contains the physical information of the single layer. But 

if multilayer thin films are deposited on the substrate, the overall information for all 

the multilayer thin films is synthesized to be the product of the matrices in every 

single layer. 

 M = ∏ Mi
𝑁
𝑖=1 = (

𝐴 𝐵
𝐶 𝐷

) (13) 

Assume the sunlight shines vertically at the solar absorber (θ0 = θt1 = θt2 =

0) for simplification. Combining the fact that the reflection coefficient and 

transmission coefficient are r ≡ Er1/𝐸0 and tr ≡ Et2/𝐸0 respectively, the matrix 

transfer method reduces to [19]: 

 [
1
𝛾
] + [

1
−𝛾0

] 𝑟 = 𝑀 [
1
𝛾𝑠
] 𝑡r (14) 

Solving for r and tr gives the following results: 

 trλ  =
2𝛾0

𝛾0𝐴+𝛾0𝛾𝑠𝐵+𝐶+𝛾𝑠𝐷
 (15) 

 rλ =
𝛾0𝐴+𝛾0𝛾𝑠𝐵−𝐶−𝛾𝑠𝐷

𝛾0𝐴+𝛾0𝛾𝑠𝐵+𝐶+𝛾𝑠𝐷
 (16) 

The reflectivity, ρ , and transmittivity, τ, of the multilayer thin films are 

determined by the reflection and transmission coefficient [19]: 

 τλ = |trλ|
2 (17) 
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 ρλ = |rλ|
2 (18) 

 

 

Figure 5. Electromagnetic Model of the Thin Film [18] 

2.3  Overall Absorptivity and Emissivity 

The coating of the solar absorber will be deposited on a stainless-steel 

substrate, which makes the absorber opaque. Therefore, the transmission of solar 

absorber is negligible (𝜏λ = 0). The equation (5) then reduces to  

 αλ = 1 − ρ λ  (19) 

Here, the reflectivity ρ λ is the reflectivity calculated from equation (18). The 

wavelength of sunlight varies roughly from 200 – 4,000 nanometers, with solar 

energies outside of this wavelength interval negligible, and the energy of sunlight is 
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unevenly distributed with the wavelength. The overall absorptivity should weigh the 

absorptivity by the energy contained in the corresponding electromagnetic wave. 

 αcoating =
∫αλ𝐼sun(𝜆)d𝜆

∫ 𝐼sun(𝜆)d𝜆
 (20) 

where 𝐼sun describes how solar energy is distributed with respect to wavelength and 

is referred to as the solar irradiance spectrum. 

The solar irradiance spectrum is similar to the black body irradiance 

spectrum, which obeys Planck’s law 

 Ebλ(𝜆, 𝑇) =
2ℎ𝑐2

𝜆5
1

e

ℎ𝑐
𝜆𝑘𝐵𝑇−1

  (21) 

where h is the Planck constant, c is the speed of light in vacuum, kB is the Boltzmann 

constant, and T is the temperature of black body.  

Although the irradiance spectrum of the sun follows Planck’s law, the 

sunlight is attenuated when it passes through earth’s atmosphere. 

 

Figure 6. Solar Spectral Irradiance [20] 



 

19 

 

How the atmosphere affects the sunlight irradiance spectrum is difficult to 

understand because of the complex dynamics of air in the sky. But special insight has 

been provided to predict the influence of atmosphere using the so-called air mass 

coefficient (AM). Taking into consideration the effect of optical length path before 

sunlight reaches the land, the air mass coefficient is defined [21]: 

 AM =
𝐿

𝐿0
≈

1

cos𝑧
 (22) 

where L is the optical path length through the atmosphere, L0 is the zenith path 

length at sea level and z is the zenith angle. For those who live in the mid-latitudes 

areas, AM1.5 is a suitable value that represent the average AM level of an entire year 

in that areas. This value has been chosen for standardized purposes in the United 

States since the 1970s [22]. The solar spectral irradiance at AM1.5 were used to 

simulate the solar absorber for this work. 

Finally, emissivity can be approximate after the absorptivity is deduced 

because the relation between the absorptivity and emissivity follows Kirchhoff’s law:  

 𝛼𝜆 = 𝜖𝜆 (23) 

This law means that the emissivity equals absorptivity at a specific wavelength. The 

assumption of this law should be a perfect black body, but its power on extension 

use of non-black-body objects is potent as well. The overall emissivity is then 

determined by: 

 ϵ =
∫ ϵλ𝐸𝑏𝜆(𝜆,𝑇)d𝜆

∫𝐸𝑏𝜆(𝜆,𝑇)𝑑𝜆
 (24) 

 ∫𝐸𝑏𝜆(𝜆, 𝑇)𝑑𝜆 =
2(ℎ𝑇)4

ℎ3𝑐2
𝜋4

15
=

𝜎

𝜋
𝑇4  (25) 
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where σ =
2𝜋5𝑘𝐵

4

15ℎ3𝑐2
= 5.67 × 10−8 W ∙ m−2 ∙ K−4, referred to as Stefan-Boltzmann 

constant. 

2.4  Coating Model 

The National Renewable Energy Laboratory (NREL) has conducted research 

on solar selective coatings for years. Cheryl E. Kennedy who worked at NREL 

developed a method to design solar selective multilayer coatings, including the 

following steps [14]: an infrared reflecting metal as the substrate; a layer of infrared 

reflecting material; a layer of solar absorption material; and a layer of antireflective 

material.  

Because the working temperature of the solar absorber for our desired 

purpose is over 700 ℃, the coating materials must have a high thermal resistance 

such as metal oxides or cermets.  The latest model of solar selective coatings 

designed by NREL is the NREL #6. This model comprises of TiSi-a, TiO2, and SiO2 

nano-films (Table 1), which are not only able to survive at high temperature but also 

suitable for a solar selective coating [14].  The TiSi-a can comprise at least one of 

Ti3Si, Ti5Si3, TiSi, or TiSi2. In this work, the TiSi-a layer is merely made of TiSi2, 

because the optical data of it is available. 

Expected from Kennedy’s design method, the TiSi-a, TiO2 and SiO2 all have 

their unique roles. TiSi-a, which has a high extinction coefficient, is a strong absorber 

of the energy of light. Thus, it is used for the absorption layers in the coating. TiO2 

works as the reflective layers, which prevent the emission of infrared thermal 

radiation from the substrate. But this high reflectivity property will also prevent light 
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from penetrating the coating, unless antireflective layers cooperate with reflective 

layers. SiO2 plays a role as antireflective layers, which mitigate the reflectivity 

around visible light region.  

Table 1: Coating for High-Temperature Absorber [14] 

Layer Material Thickness (nm) 

Medium Air - 

1 SiO2 58.61 

2 TiO2 3.91 

3 SiO2 34.75 

4 TiO2 31.92 

5 TiSi-a 2.75 

6 TiO2 32.68 

7 TiSi-a 19.36 

8 SiO2 73.01 

9 TiSi-a 383.41 

Substrate Stainless Steel - 

 

The coating NREL #6 (Table 1) is derived from NREL’s numerical model and 

has good optical properties (0.959 for absorptivity and 0.073 for emissivity). 

However, this coating has not been fabricated yet, experimental data are not 

available, and NREL’s numerical model is unknown. Therefore, the optical 

properties of this coating are determined by a numerical model developed for this 

work. They are slightly different from the values from NREL, but valid enough for 

the thermal analysis. 

2.5  Sensitivity Analysis 

The prototype of NREL #6 is a sophisticated design, the layer thicknesses of 

which determined to two decimal places in nanoscale. When making a real 

demonstration solar collector, this accuracy of fabrication is unachievable because of 
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the limitation of instruments. Therefore, the 3.91-nm-thick titanium dioxide in the 

second layer may turn out to be more than 4 nm, or closer to 3 nm. Other 

imperfections including holes or breaks, which are common when making extremely 

thin films. The equipment in the SMIF cleanroom of Duke University is capable of 

fabricating thin layers of titanium dioxide and silicon dioxide, which can be built by 

E-Beam Metal Evaporator (EVAP1) and Plasma-Enhanced Atomic Layer Deposition 

System (ALDE1), respectively. This equipment is sophisticated in making nanoscale 

thin films with a separate crystal thickness monitor that changes oscillation 

frequency as more material is deposited, so the thickness of layer is controlled 

accurately.  

The deposition of the thin layers of TiSi-a is challenging. One method to make 

thin films of TiSi2 (one structure of TiSi-a) is by plasma enhanced chemical vapor 

deposition (PECVD) [23]. However, for this method, silicon substrates are needed for 

the deposition of TiSi2. Considering the substrate of solar absorber coatings should 

be stainless steel and the TiSi2 should also grow on other thin films, the chemical 

vapor deposition is not applicable. An alternative method is to anneal a thin film 

made of titanium on top of a layer of silicon based on the findings that the titanium 

and silicon can transform to TiSi2 above 600 ℃ [24, 25]. The kinetics of TiSi2 formation 

were investigated, deriving the thickness of TiSi2 by annealing is proportional to the 

square root of annealing time [24]. But the overall thickness of TiSi2 is unknown, 

because as thin films of silicon and titanium are reacting, the total thickness of these 

two layers may shrink or swell, depending on the physical properties. Therefore, the 
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fabrication process will result in errors for the thickness of TiSi2. The effects of these 

errors on overall optical properties of the coating should be investigated. 

In certain groups of systems in nature, a slight change of the starting points 

will result in an enormous difference in the later outcome. This butterfly effect has to 

be avoided in the context of this work. Otherwise, small differences in the fabrication 

of the absorber coating will lead to unexpected and unsatisfying results. The effects 

resulting from a thickness change should be examined in every single layer that 

contains TiSi2 to verify the feasibility of fabrication. If a variation of 1 nanometer in 

thickness of a TiSi2 layer leads to a large decrease in absorptivity or increase in 

emissivity, this coating is not feasible for production due to fabrication inaccuracies, 

and a new coating design needs to be chosen. 

To examine the effect of thickness, the thickness of a certain layer of TiSi2 is 

changed intentionally while other layers stay unchanged.  

 tn
′ = tn + dtn (26) 

Here, n is the number of layer to be examined, tn
′  is the intentionally changed 

design, tn is original thickness, and dtn is the deviation. This intentionally changed 

design will be simulated in the mathematical optical model developed in this work 

and compared to the original one. Considering the size effect, which means 1 nm 

deviation in the thin layer #5 (2.75 nm) will have stronger effects on the optical 

properties than that in the thick layer #9 (383.31 nm), the scale of the deviation in 

thickness,  dtn, should vary.  

                  dt5 = {−1.5,−1.2,−0.9,−0.6,−0.3,0,+0.3,+0.6,+0.9,+1.2,+1.5} nm , 

                  dt7 = {−10,−8,−6,−4,−2, 0,+2,+4,+6,+8,+10} nm , (27) 
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                  dt9 = {−50,−40,−30,−20,−10,0,+10,+20,+30,+40,+50} nm  

The values of dtn are estimates and will change to more reasonable values when the 

accuracy of fabrication of instruments are considered. These estimate values are used 

for an initial sensitivity analysis. 

2.6  Efficiency 

High temperature is a major goal to achieve, because 700 ℃ is the prerequisite 

for the methane reforming reaction. The efficiency of the solar thermal system, 

nevertheless, is another crucial factor to consider. The ultimate purpose of absorbing 

solar energy is to capture and use it. Equation (4) derives the maximum temperature 

based on the energy equilibrium of heat gained by sunlight and heat lost by 

emissions of radiations. Put another way, the absorbed solar energy in this 

circumstance is totally lost to the surroundings. The operating temperature is the 

temperature of the absorber when solar energy is harnessed to reform methane. 

From equation (1) and (3), and adding the thermal power used for reforming in a 

unit area (qreform) to the equation (2), the operating temperature (Toper) is derived: 

 Toper
4 =

𝛼I−𝑞reform

𝜖𝜎
<

𝛼I

𝜖𝜎
= Tmax

4  (28) 

Therefore, the operating temperature will be lower than the maximum temperature. 

The operating temperature will decrease more when greater reforming energy is 

needed. 

 The efficiency of the solar thermal system is defined as the portion of sunlight 

that can be used as shown in the following: 

 η =
𝑞reform

I
 (29) 
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Here, the energy used to produce hydrogen is the used energy. Combining equations 

(28) and (29), the relation between the efficiency and the operating temperature is 

deduced. 

 η = α −
𝜖𝜎T𝑜𝑝𝑒𝑟𝑎

4

I
< α (30) 

From this equation, the limit of efficiency is the absorptivity of the solar absorber, 

indicating the importance of high absorptivity. Although a high ratio of absorptivity 

to emissivity (α/ϵ) can lead to a higher temperature absorber, the efficiency is 

another important factor to consider. A highly reflective coating whose α/ϵ is 

0.1/0.001 =100 is not a good idea because of low efficiency. 

2.7  Thickness Optimization  

The design of multilayer solar selective coatings includes three major 

decisions: determine the number of layers in the coating, determine the material used 

in every layer and determine the thickness of each layer. The NREL #6 is a fairly 

good design, but still has the potential to be improved. During the optimization of 

solar selective coatings, these three decisions should be reexamined repeatedly until 

a better result is discovered. This reexamining process is counterintuitive compared 

with finding the minimum (or maximum) value of a function in a mathematic 

problem, where the function is always differentiable, and thus the “best” solution 

can be found through Lagrange multipliers. However, optimizing the multilayer 

coatings is not simple. Not only the number of independent variables is large (nine 

layers), but also the relation between the objective value and the independent 

variables are indifferentiable. These characteristics are fatal for mathematic methods 
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to pinpoint the extreme values. In consequence, instead of finding the “best” solution 

of the design, “better” is the goal to achieve in the optimization.  

In addition, adjusting the thickness of each layer based on NREL #6 may 

yield a better result, which again is used as the reference design to be improved. 

Therefore, the optimization process is the evolution of NREL #6. Since the 

adjustment of the thickness in each layer will lead to different results, millions of 

trials may be required to for this nine-layer coating to find the “best” design where 

the reference design cannot evolve any more. The more trials are conducted, the 

more time will be consumed, and the better design may be found. 

The methods to guide the trials is important because a proper method will 

largely decrease the number of trials and save time. Several algorithms are 

candidates for this method, such as Genetic Algorithm (GA) or Particle Swarm 

Optimization (PSO). All of these methods are capable of finding minimum or 

maximum values. In this work, Differential Evolution (DE) algorithm is introduced 

to optimize the thickness of the coating due to its faster evolving time compared to 

GA [26]. And this algorithm succeeded in optimizing multilayer antireflection 

coatings for photovoltaic applications [27]. 

Basically, the idea of the DE algorithm is to mimic the evolution of creatures 

in nature. For instance, it might mimic the social influence on individuals, mutations 

in minors and competition to survive. In this work, the nine-layer thicknesses are 

shown as a vector: 
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 𝑥 i,G =

{
 
 

 
 
(𝑥i,𝐺)1
(𝑥i,𝐺)2
⋮

(𝑥𝑖,𝐺)n }
 
 

 
 

 (31) 

Here, i is one of the individuals in a society (the maximum of i is Np, which is 

the total population in the society), G is the generation number, n is the number of 

layers (n=9). (𝑥1,2)3 means the thickness of the layer #3 in the 2nd generation of the 1st 

individual. Social influence, which is shown in Fig. 7, is a reaction between three of 

the random individuals [26].  

 𝑣 = 𝑥 r1,G + 𝐹 × (𝑥 r2,G − 𝑥 r3,G) (32) 

where 𝑣  is the vector produced by social influence, r1, r2 and r3 are different integers 

randomly choosing from interval [1, Np] and F is a constant coefficient. 

 

Figure 7. Product of Social Influence [26] 

Mutation is a sudden change of one or several elements in the vector 𝑥 𝑖,G [26]. 

This case has a low probability, which is called crossover rate CR. Therefore, some 
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elements in vector 𝑥 𝑖,𝐺  will be replaced by the elements in vector 𝑣  at the possibility 

of CR and become a new vector �⃗� . The process is demonstrated in Fig. 8. 

 

Figure 8. Mutation of Individuals [26] 

The new vector �⃗�  should compete with vector 𝑥  in the society. If vector �⃗�  is 

superior to 𝑥 , then in the next generation G+1, the vector �⃗�  will take the place of 

vector 𝑥 . As the number of G grows, the individuals in this generation will 

approximate the “best” design. 

2.8  Objective Function 

The objective function returns the absorber’s property that should be 

optimized. This property could be absorptivity, emissivity, or any other property 

important in the absorber. However, only one property can be chosen to be 

optimized. Because the expected absorptivity in the visible range should be high, and 

emissivity in the infrared should be low, introducing a new property that reflects 

both is a good way to think. 
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For the high-temperature solar absorber, one significant target is to achieve a 

temperature over 700 ℃, which has a strong correlation to the ratio of absorptivity to 

emissivity. Therefore, one objective function f in the optimization is set to be: 

 𝑚𝑖𝑛 𝑓(𝑥 ) = −
𝛼(𝑥 )

𝜖(𝑥 )
 (33) 

Where 𝑥  is a vector that contains the thicknesses of all layers,  𝛼(𝑥 ) is the absorptivity 

when the thicknesses are 𝑥 , and 𝜖(𝑥 ) is the emissivity when the thicknesses are 𝑥 . 

The negative sign in the equation is intentionally added, because the evolution 

direction of DE algorithm starts from large to small. In other word, it is assumed to 

find the minimum value of a function. This function f is a selectivity-oriented 

function such that the lower the function returns, the higher the temperature an 

absorber can achieve.  

 Another consideration of the objective function is to establish an efficiency-

oriented function. Since the efficiency of a solar absorber is an essential engineering 

parameter and crucial for its economic analysis, the objective function adopts the 

efficiency calculated from equation (30) with a little modification: 

 min𝑔(𝑥 ) = − η(𝑥 ) =
𝜖(𝑥 )𝜎T𝑜𝑝𝑒𝑟𝑎

4

I
− α(𝑥 ) (34) 

The negative sign here again is to fit the DE algorithm to find the minimum value.  
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3.  Results and Discussion 

3.1  NREL#6 Optical Properties 

The optical properties of NREL#6 are calculated based on the equations (12) -

(18). Every given wavelength 𝜆 will obtain a result of reflectivity 𝜌𝜆. Considering the 

fact that the refractive index n as well as the extinction coefficient k are also changing 

with wavelength, the data of refractive index and extinction coefficient are obtained, 

as shown by Figs. 9 – 12. These data is from previous experimental work and 

contains the information of silicon dioxide, titanium dioxide, titanium silicide and 

steel. The extinction coefficient of silicon dioxide remains zero when the wavelength 

is lower than 7.5 μm. The optical properties of TiSi2 are used for the TiSi-a layer. 

 

Figure 9. Refractive Index of SiO2 [28] 
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Figure 10. Refractive Index of TiO2 [29] 

 

Figure 11. Refractive Index of TiSi2 [30] 
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Figure 12. Refractive Index of Stainless Steel [31] 

Using the materials data above, the reflectivity of NREL #6 is shown in Fig. 

13. As expected, the reflectivity is low in the region where the solar irradiance is 

high. In other words, most of the solar energy is not reflected away by the coating 

but absorbed inside it. The absorptivity, therefore, is high in this wavelength regime. 

The overall absorptivity is calculated based on equations (19) and (20), which yield a 

high value of 0.9173, relatively close to the maximum of 1 for a black body. 

The emissivity is derived based on Kirchhoff’s law (23). As the Fig. 14 shows, 

although the emissivity is high for wavelengths below 2000 nm, the emissivity drops 

to a low level for higher wavelengths, where the most radiation is emitted for a 500 

℃ hot absorber. 



 

33 

 

 

Figure 13. The Reflectivity of NREL#6  

 

Figure 14. The Emissivity of NREL #6 And Spectral Radiance @500 ℃ 
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The comparison of optical properties resulting from this work and reported 

by NREL is shown in Table 2. The overall emissivity increases as the temperature 

increases both for this work and for NREL. There are differences in absorptivity and 

emissivity between both sets of work, but they seem to be acceptable, because the 

material data is not expected to be accurate, especially for the absorbing layers, TiSi2. 

According to the NREL design, TiSi-a should grow to be amorphous, the optical data 

of which should be different to the crystal one used in this work. Although a 

difference exists, the results of this work are sufficient for further analysis, because 

trends are quite similar.  

Table 2. Simulation Results Comparison NREL and This Work  

 Absorptivity 
Thermal Emissivity @ 

25℃ 100℃ 200℃ 300℃ 350℃ 400℃ 450℃ 500℃ 

NREL 0.959  0.027  0.033 0.040 0.048 0.053 0.061 0.070 0.073 

This 

work 
0.917 0.044 0.045 0.047 0.052 0.057 0.063 0.071 0.081 

 

3.2  Sensitivity Analysis 

The deviation values from equation (27) are used for the sensitive analysis of 

titanium silicide layers. The sensitive analysis for the TiSi2 layers is shown in the next 

figures. From the Fig. 15, it can be seen that as the thickness of the fifth layer 

increases, the emissivity varies insignificantly, while absorptivity becomes slightly 

larger. This result shows that the absorptivity is slightly sensitive to the fifth layer’s 

thickness and emissivity is insensitive to it. But this slight sensitivity is insignificant, 
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because 1 nm thinner thickness of this layer only contributes to a 0.01 decrease in 

absorptivity. 

In layer #7, as the thickness of the seventh layer is changing, the emissivity as 

well as absorptivity vary (Fig. 16). The absorptivity decreases to 0.89 when dt7 is at 

extreme thickness within the tested range and the emissivity drops as the dt7 

increases, indicating that the layer #7 has a moderate sensitivity to the overall 

properties. But positive deviation in fabrication is preferred, because both emissivity 

and absorptivity decreases.  

Fig. 17 shows that the deviation of layer #9 has almost no effects on optical 

properties.  

 

Figure 15. Sensitivity Analysis of Layer #5  
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Figure 16. Sensitivity Analysis of Layer #7 

 

Figure 17. Sensitivity Analysis of Layer #9 
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3.3  Selectivity-Oriented Optimization 

DE algorithm is adopted to determine the thickness of every layer. The 

population of the society is set at Np=100. The coefficient F is set as 0.8. The range of 

thicknesses 𝑥  is [0, 400] nm. The crossover rate is set at CR=0.9. The reference 

temperature is set at 700 ℃. 

The results of the evolution are shown in Fig. 18, where the objective function 

value keeps dropping down to -13.4. The selectivity of the original NREL #6 is -6.7, 

which is much higher than the optimized version. This figure indicates that this 

optimization algorithm works well. The ratio of absorptivity to emissivity increases 

from 6.7 to 13.4, which will allow the absorber to reach a higher temperature when 

irradiated by sunlight.  

 

Figure 18. Selective-Oriented Value Trace of The Evolution 
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The latest generation of thickness in each layer, which is called Revision #1 in 

this work, is shown in Table 3. The thicknesses in layer #2, #3, #5, #7 and #8 are 

enlarged to hundreds of nanometers. The effects of this thickness modification are 

shown in Table 4. Although the absorptivity decreases from 0.917 to 0.666, the 

emissivity drops even more. The emissivity of Revision #1 at 700 ℃ is only 0.05, 

which is less than half of that of the NREL #6. This result also indicates that for a 

high-temperature solar absorber, reducing the emissivity can more than compensate 

a decrease in absorptivity. 

Table 3. The Thickness Comparison of Revision #1 And NREL#6 

Layer Material 

Thickness  

(nm) 

Revision #1 

Thickness  

(nm) 

 NREL #6 

Medium Air - - 

1 SiO2 78.73 58.61 

2 TiO2 380.32 3.91 

3 SiO2 300.24 34.75 

4 TiO2 24.52 31.92 

5 TiSi-a 240.31 2.75 

6 TiO2 44.97 32.68 

7 TiSi-a 226.84 19.36 

8 SiO2 323.27 73.01 

9 TiSi-a 277.97 383.41 

Substrate 
Stainless 

Steel 
- - 
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Table 4. The Optical Property Comparison of Revision #1 And NREL #6 

 absorptivity 
Thermal Emissivity@ 

25℃ 100℃ 200℃ 300℃ 350℃ 400℃ 450℃ 700℃ 

Revision  

#1 
0.666  0.019 0.019 0.019 0.020 0.022 0.023 0.026 0.050 

          

NREL  

#6 
0.917 0.044 0.045 0.047 0.052 0.057 0.063 0.071 0.136 

 

The reflectivity and emissivity of Revision #1 varying with wavelength are 

shown in Fig. 19 and 20. As expected, the absorber reflects away more energy of the 

sunlight, causing a degradation in the absorptivity. But due to a low reflectivity at 

the 500 nm, where the peak solar irradiance is located, the decrease in absorptivity is 

not too severe. For the emissivity, it reduces rapidly above 1000 nm, showing a low 

emissivity in the thermal irradiance region. Therefore, the overall emissivity is 

reduced to a very low level.   
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Figure 19. Reflectivity of Revision #1 

 
Figure 20. Emissivity of Revision #1 @700 ℃ 
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3.4  Efficiency-Oriented Optimization 

 The objective function is set as 𝑔(x⃗ ) in the DE algorithm. The population of 

the society is set at Np=100. The coefficient F is set as 0.65. The crossover rate is set at 

CR=0.9. The concentration factor is assumed to be 50, which means the solar intensity 

is 50 times magnified. The reference temperature is set at 700 ℃. The ranges of 

thickness are different for each layer: 

𝑥min = 0, for all layers 

𝑥 𝑚𝑎𝑥 = {120, 40, 120, 90, 40, 120, 100, 200, 400}𝑛𝑚 

for the sake of calculation time. A fair range for the variables will largely reduce the 

time for DE algorithm to find the best solution. 

The results of the evolution are shown in Fig. 21, where the objective function 

value keeps going down to -0.826. But the objective function value of original NREL 

#6 is -0.816, which is just a little higher than the optimized version. This figure 

indicates that this optimization algorithm works well. The efficiency increases from 

0.816 to 0.826, which will allow the absorber to work more efficiently.  
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Figure 21. Efficiency-Oriented Value Trace of The Evolution 

The latest generation of thickness in each layer, which is called Revision #2 in 

this work, is shown in Table 5. The obvious modifications are in the last three layers, 

where the 7th layer become thicker while the 8th and 9th layer become much thinner. 

The effects of this thickness modification are shown in Table 6. Although the 

absorptivity decreases from 0.917 to 0.901, the efficiency is enhanced. The emissivity 

of Revision #2 at 700 Celsius is 0.1, which is less than that of the NREL #6. This result 

shows that the NREL #6 design is fairly good for a solar selective coating, because 

only limited improvements can be made. 
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Table 5. The Thickness Comparison of Revision #2 And NREL#6 

Layer Material 

Thickness  

(nm) 

Revision #2 

Thickness  

(nm) 

 NREL #6 

Medium Air - - 

1 SiO2 57.21 58.61 

2 TiO2 6.1164 3.91 

3 SiO2 20.38 34.75 

4 TiO2 24.94 31.92 

5 TiSi-a 10.24 2.75 

6 TiO2 40.30 32.68 

7 TiSi-a 69.66 19.36 

8 SiO2 41.08 73.01 

9 TiSi-a 78.69 383.41 

Substrate Stainless Steel - - 

 

Table 6. The Optical Property Comparison of Revision #2 And NREL #6 

 Absorptivity 
Thermal Emissivity@ 

25℃ 100℃ 200℃ 300℃ 350℃ 400℃ 450℃ 700℃ 

Revision 

#2 
0.901  0.034 0.034 0.035 0.039 0.042 0.046 0.052 0.100 

          

NREL  

#6 
0.917 0.044 0.045 0.047 0.052 0.057 0.063 0.071 0.136 

 

The reflectivity and emissivity varying with wavelength are shown in Fig. 22 

and 23. As expected, the reflectivity of the solar absorber does not change obviously, 

because the absorptivity only changed slightly. A higher reflectivity appears at 400 

nm, reflecting more sunlight in the visible region. The decrease in absorptivity, 

nevertheless, is not severe. For the emissivity, it stays at a relative low level at the far 

infrared region.  
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Figure 22. Reflectivity of Revision #2 

 
Figure 23. Emissivity of Revision #2 @ 700 ℃ 



 

45 

 

3.5  Comparison of All Three Coatings 

The thickness comparison of three coatings can be seen from Fig. 24. Revision 

#1 has relative thick layers compared to other coatings. Revision #2 has almost the 

same thickness in the first 6 layers, but the last layer’s thickness is reduced 

significantly.   

 

Figure 24. Thickness Comparison of the Coatings 

The optical property comparison of three coatings is shown in Fig. 25 and 26. 

For absorptivity, NREL #6 is the highest, but Revision #2 is only slightly lower than 

it. Both of them are higher than 0.9, indicating a good absorption ability. Revision #1, 

however, falls behind them, with only 0.66 of absorptivity. 

For emissivity, Revision #1 is the winner. Its emissivity at 700 ℃ is 0.05, an 

excellent ability to prevent heat from emitting. Revision #2 is lower than NREL #6. 
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Figure 25. Absorptivity Comparison of the Coatings 

 

Figure 26. Emissivity Comparison of the Coatings 

Fig. 27 shows the selectivity of three coatings, the top of which is Revision #2 

with a selectivity of 13. Revision #2 wins the second prize with a selectivity of 

roughly 9. The selectivity for NREL #6 is around 7.  
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The efficiency comparison is shown in Fig. 28. NREL #6 and Revision #2 have 

almost the same efficiency, which are 0.816 and 0.826 respectively. The efficiency of 

Revision #1 is much lower than the other coatings. 

 

Figure 27. Selectivity Comparison of the Coatings 

 

 

Figure 28. Efficiency Comparison of the Coatings 
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4. Conclusion  

Nine-layer solar selective coatings made by titanium silicide, titanium 

dioxide and silicon dioxide are suitable for high temperature solar selective 

applications. The optical properties of the coatings were calculated by a matrix-

transfer method, based on which the optimization was conducted. DE algorithm is a 

strong optimizer to determine the thickness in every layer of the coatings. Two 

objective functions, one of which oriented to selectivity and the other oriented to 

efficiency, were adopted in the DE algorithm. These two objective functions led to 

two revisions (Revision #1 and Revision #2) of the original NREL #6 design. Revision 

#1 has a high selectivity, but the poor absorptivity results in an unfavorable 

efficiency. The layers of Revision #1 are obviously thicker than other coatings, 

indicating a higher fabrication cost for the material. Revision #2 has a high solar 

efficiency although the absorptivity is a little lower than NREL #6. And the thickness 

of Revision #2 is thinner than NREL #6, indicating a cheaper material costs. 

4.1  Future Work 

Although the results show improvements on the optical properties of 

coatings, a few further steps are being considered for future work. 

The first opportunity for future work is the optical data for the materials in 

the layers such as amorphous titanium dioxide, which is hard to find in literature. 

Experiments are needed to obtain the refractive index and extinction coefficient of 

them, so that the transfer-matrix method would be more accurate.  
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The next future study could investigate if the number of layers or materials in 

the coating can be modified. Fewer-layer coatings would be more realistic to 

fabricate. The other materials might be beneficial if they function well at high 

temperature. 

The last future work could involve longer running times of the DE algorithm. 

Finding an even better solution to the thickness is possible if the simulation could 

run faster and running time could be longer. If the algorithm could run in a 

supercomputer for weeks, the results would approach the global best design. 
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