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Abstract: 

Solar-thermal energy conversion can be useful in many applications, including water desalination, 

and thermal energy storage. In this regard, using spectrally-selective solar absorbers is vital due to 

their high solar absorptance and low thermal emittance. While selective absorbers can be created 

using a wide range of nanomaterials, the underlying geometry may control the overall performance 

of solar-thermal energy conversion. With different geometries, it is possible to obtain a wide range 

of optical responses ranging from broadband to selective absorption of light. In this study, we 

focus on the role of nanostructure morphology of nickel-infused alumina (Ni/NPA) based 

spectrally-selective solar absorbers. This study demonstrates the use of the design of experiments 

(DOE) to analyze the effect of various geometric factors on the resulting optical response of 

Ni/NPA in the context of solar-thermal energy conversion. We show how this approach can 

provide a unique insight into the role of various geometric factors on the solar absorptance and 

thermal emittance of Ni/NPA-based absorbers, and demonstrate how it can guide the development 

of spectrally-selective materials. We believe a similar approach can be useful in the development 

of other optical materials for different applications.    

1 Introduction 

Solar-thermal energy conversion can be useful in many applications, including power generation1, 

water heating2, steam generation3, desalination3, and thermal energy storage4–7. Consequently, 

several techniques have been explored to maximize the absorption of sunlight, which includes the 

use of natural wood coated with carbon8–11, hydrogels with tailored surface topography12, graphene 
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oxide13–15, polymers16,17, metal-oxides18, three-dimensional graphene19, exfoliated graphite20, and 

plasmonic surfaces21–24. These techniques have a common objective of maximizing the absorption 

of light using a black surface.  

Though a black absorber allows high solar absorptance, it also corresponds to a high thermal 

emittance, which can result in significant energy loss, especially with the use of solar 

concentration. Unlike broadband absorbers, materials showing wavelength-selective absorption, 

with strong solar absorptance but low thermal emittance, can be more beneficial. Figure 1 

illustrates this point by superposing the terrestrial solar irradiance, blackbody emissive power at 

100 ℃, and absorptance of an ideal selective absorber. While we choose 100 ℃ as a reference due 

to its relevance to steam generation at atmospheric pressure, with the use of a solar concentrator, 

the absorber temperature can be significantly higher.  

 

Figure 1. Spectral power corresponding to solar radiation at sea level and a blackbody at 100 ℃ 

(right y-axis). Spectral absorptance of an ideal selective absorber (left y-axis).  

For a solar absorber, multiple modes of heat transfer can co-occur, and one of the ways to quantify 

performance is by determining the overall thermal efficiency, 𝜂 as 

  𝜂 = [𝛼𝐺 − 𝜀𝜎(𝑇𝑠
4 − 𝑇𝑎

4) − 𝐻(𝑇𝑠 − 𝑇𝑎)] 𝐺⁄  (1) 

where the average solar absorptance, 𝛼, and thermal emittance, 𝜀 of the absorber are given by 

  𝛼 = ∫ 𝛼𝜆(𝑇, 𝜆)𝐼𝑆
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Here 𝜆 is the wavelength, and 𝛼𝜆(𝑇, 𝜆) and 𝜀𝜆(𝑇, 𝜆) are the spectral absorptance and emittance, 

respectively. 𝐼𝑆 is the spectral solar irradiance and 𝐸𝑏𝜆(𝑇, 𝜆) is the blackbody emissive power at 

wavelength, 𝜆, and temperature, 𝑇.  

Equation (1) shows that only a portion of total solar radiation (𝛼𝐺 ) is absorbed, where 𝐺 =

∫ 𝐼𝑆
∞

0
𝑑𝜆  is the net solar flux. Energy loss can occur via thermal emission, conduction, and 



convective heat transfer, which depend on the surface and ambient temperatures, 𝑇𝑠  and  𝑇𝑎 , 

respectively. The rate of emissive loss per unit area of the solar absorber is 𝜀𝜎(𝑇𝑠
4 − 𝑇𝑎

4), where 𝜀 

is the average thermal emittance. The combined energy loss by conduction and convection, given 

by 𝐻(𝑇𝑎𝑏𝑠 − 𝑇𝑎𝑚𝑏), depends on 𝐻, the heat loss coefficient – a parameter that depends on various 

factors, including the materials and the design of the solar absorber.  

It is clear that for a given 𝐻, we can improve 𝜂 if the solar absorptance, 𝛼 can be maximized, and 

the thermal emittance, 𝜀 can be minimized. This strategy, although less common, has been pursued 

with the use of gold nanoparticles25, intrinsic absorbers26,27, cermet-based absorbers28–30, 

multilayer nanofilms31,32 and photonic crystals33–35. However, the use of noble metals, intricate 

fabrication, and expensive materials make scalability a big challenge. Hence, widely-applicable 

spectrally-selective materials are desirable. The cermet-based absorbers, with metal nanoparticles 

embedded in a dielectric matrix, are reflective in the infrared region, while strongly absorbing in 

the visible wavelength region because of the interband transitions in the metal and plasmon 

resonances due to the metal nanoparticles. The plasmonic metal nanoparticles are attractive due to 

effective scattering, trapping and absorption of solar radiation. Nickel is chosen as the metal 

inclusion in the nanoporous alumina matrix by considering the optical properties36, thermal 

stability37–39 and significantly lower costs relative to noble metals. Hence, for the aforementioned 

reasons, this study analyzes the use of nickel-infused nanoporous alumina (Ni/NPA) as a low-cost, 

structurally stable, and spectrally-selective absorber.  

Nanoporous alumina (NPA) has been used as a template to create nanostructures for many 

applications40–53. A few studies have also shown its use in creating wavelength-selective absorbers 

due to their excellent optical properties, scalability, and thermal stability29,30,54–57. However, since 

it is possible to create Ni/NPA with a wide range of nanostructure geometries, the resulting optical 

properties can vary significantly. Consequently, the most suitable geometry can be application-

specific and would require a prudent selection strategy. This study demonstrates, for the first time, 

the use of the design of experiments (DOE) to analyze the effect of nanostructure morphology on 

the resulting optical properties of Ni/NPA. We show how this approach can provide a unique 

insight into the role of various geometric factors on the resulting solar absorptance and thermal 

emittance of Ni/NPA-based absorbers, and guide the development of spectrally-selective materials 

for solar-thermal energy conversion. Although we focus on Ni/NPA-based absorbers, we believe 

that a similar approach can be extended to other optical materials for different applications.   

2 Fabrication of Ni/NPA Selective Absorbers 

The Ni/NPA absorbers consist of three constituent materials, which are the nanoporous alumina 

(NPA), nickel nanowires (Ni-NWs) at the base of the nanopores, and the aluminum substrate, as 

shown in Figure 2. The fabrication of Ni/NPA-based selective absorber utilizes a two-step 

anodization process followed by nickel deposition using the pulse electrodeposition (PED) 

process, as described below.  



 

Figure 2. Top and cross-sectional views illustrating the characteristic geometry of nickel-infused 

nanoporous alumina (Ni/NPA). 

The fabrication process uses aluminum foils (99.99 wt. % pure, Alfa Aesar Chemicals) of thickness 

250 μm. The foil is degreased in acetone by ultrasonication for 20 minutes, followed by rinsing 

with isopropyl alcohol and deionized water. An aluminum etchant (H3PO4: HNO3: CH3COOH: 

H2O = 80%:5%:5%:10%) at 40 ℃  for 2 minutes can deep clean the aluminum foil. Then 

electropolishing in perchloric acid-ethanol solution (HClO4: C2H5OH = 1: 4) at 5 ℃ and 20 V for 

90 s can provide a polished surface. Aluminum etching and electropolishing processes, although 

not essential, allows achieving a more ordered arrangement of nanopores. Subsequently, 

anodization in 0.3 M oxalic acid in a temperature-controlled (20 ℃) double-jacketed beaker for 30 

minutes at 40 V creates NPA. The initial layer of NPA is etched away by placing the sample in a 

solution of phosphoric acid (6 wt. %), and chromic acid (1 wt. %) at 60 ℃ for 20 minutes, which 

leaves behind a uniform array of dimples on the aluminum surface. The second anodization process 

for 10 minutes at a constant potential of 40 V creates well-ordered NPA, which is followed by an 

exponentially decaying anodization potential to thin the barrier layer between the NPA and the 

aluminum substrate. A pore widening process by immersing the sample in a 5 wt.% phosphoric 

acid solution at 35 ℃ for 7 minutes enlarges the pore to the desired diameter. Nickel is then 

deposited in the NPA by a modified pulsed electrodeposition process. The process takes place with 

a deposition time of 5 ms at 5 V, and a relaxation time of 90 ms (0 V) in a Watts bath (300 g/L 

NiSO4, 45 g/L NiCl2, and 45 g/L H3BO3) at 40 ℃. After nickel disposition, a final etching process 

using 6 wt.% phosphoric acid and 1 wt.% chromic acid at 35 ℃ for 90 s removes some of the 

surface irregularities and shortens the NPA pores to obtain the desired pore height.  

 

Figure 3. Top and cross-sectional views of fabricated Ni/NPA samples. 



 

Figure 4. Image analysis of fabricated Ni/NPA sample to determine the distribution of (a) pore 

diameters, and (b) height of electro-deposited nickel.  

The morphology of the Ni/NPA absorbers made using the process described above was 

characterized using high-resolution scanning electron microscopy (Zeiss 1540ESB Crossbeam 

FIB/SEM), as shown in Figure 3 (left). The morphology of Ni inside the nanopores was examined 

by the cross-sectional SEM image, as shown in Figure 3 (right). Image analysis of fabricated 

Ni/NPA samples then determine the distribution of pore diameters (𝐷𝑝), and the height of electro-

deposited nickel (𝐻𝑁𝑖), as shown in Figure 4(a) and (b), respectively. In this case, 𝐷𝑝 = 83 ± 4.5 

nm, 𝐻𝑁𝑖 = 90 ± 15 nm, 𝐻𝑝 = 1.4 μm and 𝐷𝑖𝑛𝑡 = 110 nm.  

Several fabrication parameters, including the anodization temperature, voltage, duration, and pulse 

characteristics for nickel deposition, can alter the Ni/NPA’s geometry. Prior studies on NPA 

fabrication show that the pore diameter and interpore distance are directly proportional to the 

anodization voltage46,58. For example, the increase in pore diameter with voltage for anodization 

in phosphoric acid is given by 𝜁𝑝 = 1.29 nm V−1. The interpore distance can be varied using mild 

(MA) and hard anodization (HA) in sulfuric, oxalic, selenic and phosphoric acid with a voltage 

dependence of 𝜁𝑀𝐴 = 2.5 nm V−1  and 𝜁𝐻𝐴 = 1.8 − 2.0 nm V−1 , respectively59,60. A wet-

chemical etching process using phosphoric acid widens the pore diameter at a rate of 1.04 nm min-

1 at 29 ℃ 61. Finally, the amount of nickel in the alumina nanopores can be controlled by the 

deposition current based on the Faraday’s Law62.  

As such, a wide variety of Ni/NPA absorbers can be created with significantly different geometry, 

leading to different optical properties. Hence, in order to develop application-specific solar 

absorbers, a detailed computational analysis is necessary to understand the effect of the underlying 

geometry. This understanding can then guide the fabrication process to achieve the desired 

absorption characteristics. 

3 Computational Prediction of Optical Response  

The geometric parameters relevant to the Ni/NPA-based absorbers are the interpore distance 

(𝐷𝑖𝑛𝑡), pore diameter (𝐷𝑝), the height of AAO (𝐻𝑝), and the height of nickel (𝐻𝑁𝑖), as indicated in 

Figure 2. In this study, the computational prediction of optical response uses a finite element 

method to analyze the propagation of light through Ni/NPA by solving Maxwell’s equations. This 

analysis conducted using Comsol Multiphysics predicts the transmission, reflection, and 

absorption of the incident light by obtaining the electric and magnetic field distribution across the 



material63. Specifically, the computational model utilizes wavelength-dependent scattering 

parameters to determine the transmission and reflection of electromagnetic waves at different 

ports, where electromagnetic energy enters or exits the model. The reflection (𝑅) and transmission 

(𝑇), representing the rate of reflected and transmitted power, are obtained from the scattering 

parameters, which allows the calculation of spectral absorptance (𝐴) based on 𝐴 = 1 − 𝑇 − 𝑅. In 

order to conduct this analysis, the computational model utilizes wavelength-dependent complex-

valued refractive indices of the constituent materials for a given Ni/NPA geometry. For example, 

Figure 5 shows the spectral absorptance of Ni/NPA with 𝐷𝑝 = 80 nm, 𝐷𝑖𝑛𝑡 = 110 nm, 𝐻𝑝 = 2 µm 

and 𝐻𝑁𝑖 = 120 nm. As expected, the profile indicates wavelength-selective behavior, with larger 

absorptance in the visible and near infrared (IR) wavelengths and a lower absorptance for higher 

wavelengths.   

Besides modeling, we also measure the diffuse reflectance, 𝜌𝜆 of the fabricated samples using a 

spectrometer (USB2000 interfaced with an Integrating Sphere, Ocean Optics) to quantify the 

performance of the absorbers, over a wavelength range of 400-1000 nm. To measure the 

reflectance in the IR wavelength range from 1 to 15 μm, we used a Fourier-transform infrared 

spectrometer (FTIR, Thermo Fisher Scientific) interfaced with a microscope (Nicolet Continuum, 

Thermo Fisher Scientific). In this case, a gold standard mirror normalizes the measured IR 

reflectance. Since the absorbers are made from relatively thick aluminum foils, they are all opaque, 

and the absorptance is inferred from the measurement of the reflectance as 𝛼𝜆 = 1 − 𝜌𝜆.  

 

Figure 5. A comparison of calculated and experimentally characterized spectral absorptance of 

Ni/NPA sample with  𝐷𝑝 = 80 nm, 𝐷𝑖𝑛𝑡 = 110 nm, 𝐻𝑝 = 2 µm and 𝐻𝑁𝑖 = 120 nm. 

Figure 5 compares the calculated and experimentally characterized spectral absorptance of the 

Ni/NPA sample with  𝐷𝑝 = 80 nm, 𝐷𝑖𝑛𝑡 = 110 nm, 𝐻𝑝 = 2 µm and 𝐻𝑁𝑖 = 120 nm. While there is 

a general agreement between the predictions and the measurements, there are some differences as 

well. Both indicate similar trends. In the visible spectrum, experiments and simulation results show 

an oscillatory behavior of the spectral absorptance. The strong absorptance is mainly due to the 

enhanced local surface plasmon resonance and interband transitions of nickel and aluminum64. The 

interband transition occurs around 1.4 and 1.5 eV in the dielectric function of nickel and aluminum, 

respectively, which correspond to the peak around 900 nm shown in Figure 565–67. However, the 



measured absorptance is higher. This difference is mainly due to the roughness and non-ideal 

geometry of the fabricated samples, which reduces the measured peak-to-peak amplitudes as 

well68,69.   

To compare the effects of each constituent material, Figure 6 shows the spectral absorptance of 

NPA, Ni nanowires, and Ni/NPA with 𝐻𝑁𝑖 = 100 nm, 𝐷𝑝 = 80 nm, 𝐷𝑖𝑛𝑡 = 100 nm, and 𝐻𝑝 = 

1000 nm. The Ni nanowires show higher absorptance at lower wavelengths with a peak near 800 

nm. The absorptance reduces significantly at higher wavelengths. The NPA geometry is generally 

reflective, and the absorptance spectrum shows an oscillatory behavior in the visible and near-IR 

wavelengths. In the IR wavelengths, the NPA shows a singular peak. The absorptance spectrum 

of Ni/NPA shows some similarities with NPA and Ni nanowires. It exhibits higher absorptance at 

lower wavelengths along with the presence of oscillations, and a lower absorptance at higher 

wavelengths. The higher absorption is attributed to the enhanced light-matter interaction among 

the cavities70. Like NPA, Ni/NPA also shows a peak value in absorptance in the IR region since 

the wavelength is much greater than the characteristic size of Ni nanostructures.  

The use of detailed computational analysis is typical for quantifying the role of geometry and 

materials, which leads to the design of solar absorbers and reflectors. However, this approach helps 

in studying only one factor at a time. Consequently, it may require a significantly large number of 

computational runs to understand the role of geometric factors. Besides, it may still not identify 

how the selection of one geometric parameter could depend on the selection of another parameter. 

In order to address these issues, we carry out a design of experiments study, as described below, 

to guide the design of Ni/NPA solar absorbers. 

  

Figure 6. Spectral absorptance of nanostructures with comparable geometry. Here 𝐻𝑁𝑖 = 100 

nm, 𝐷𝑝 = 80 nm, 𝐷𝑖𝑛𝑡 = 100 nm, and 𝐻𝑝 = 1000 nm.  

4 Full Factorial Design of Ni/NPA Absorber 

We conducted a full factorial design study to quantify the role of different geometric factors on 

the average solar absorptance (𝛼) and thermal emittance (𝜀) of Ni/NPA. This study was carried 

out using a statistical software called Minitab71. The full factorial design considers two distinct 



values or levels for each factor, 𝐻𝑁𝑖, 𝐷𝑝, 𝐷𝑖𝑛𝑡 and 𝐻𝑝, and the resulting 24 combinations of these 

factors are listed as cases 1 to 16 in Table 1.  

Table 1. Parametric combinations (cases 1 to 16) to study the effect of geometry on the optical 

response of Ni/NPA absorber. All geometric values are listed in nanometers (nm).  

Factor/Case# 1 2 3 4 5 6 7 8 

𝑯𝑵𝒊 100 500 100 500 100 500 100 500 

𝑫𝒑 40 40 80 80 40 40 80 80 

𝑫𝒊𝒏𝒕 100 100 100 100 200 200 200 200 

𝑯𝒑 1000 1000 1000 1000 1000 1000 1000 1000 

Factor/Case# 9 10 11 12 13 14 15 16 

𝑯𝑵𝒊 100 500 100 500 100 500 100 500 

𝑫𝒑 40 40 80 80 40 40 80 80 

𝑫𝒊𝒏𝒕 100 100 100 100 200 200 200 200 

𝑯𝒑 2000 2000 2000 2000 2000 2000 2000 2000 

 

 



 

Figure 7. Spectral absorptance of Ni/NPA with geometries corresponding to cases 1 to 8 (see 

Table 1).  

 



 

Figure 8. Spectral absorptance of Ni/NPA with geometries corresponding to cases 9 to 16 (see 

Table 1). 

 



Figure 7 and Figure 8 show the spectral absorptance of Ni/NPA absorber for cases 1 to 8 and 9 to 

16, respectively. In general, common characteristics and comparable trends can be identified. For 

example, cases 9 to 16 show the presence of a larger peak in the 10 to 20 𝜇m wavelength range 

compared to cases 1 to 8. Matching trends can also be observed between any two cases, 𝑖 and 𝑖 +
8 due to the similar 𝐻𝑁𝑖, 𝐷𝑝 and 𝐷𝑖𝑛𝑡, especially in the lower wavelengths (0.3 to 1 𝜇m). However, 

each Ni/NPA geometry corresponds to a different optical response, resulting in a distinct average 

solar absorptance and thermal emittance.  

Figure 9 shows the average solar absorptance and thermal emittance for different geometries, 

indicating that no two geometries result in similar performances. Cases 1 to 8 correspond to a 

lower 𝜀 compared to cases 9 to 16, due to a difference in 𝐻𝑝. Case 16 shows the highest 𝛼 of 

0.7364, and case 5 shows the lowest 𝛼 of 0.2235. Similarly, case 14 shows the highest 𝜀 of 0.4751 

and case 3 shows the lowest 𝜀 of 0.0816.  

As the overall objective is to maximize the net energy absorbed from sunlight, it is worthwhile 

determining the net power, 𝑄̇𝑛𝑒𝑡  for different geometries. In this case, 𝑄̇𝑛𝑒𝑡  is calculated as 

𝑄̇𝑛𝑒𝑡/𝐴 = 𝛼𝐺 − 𝜀𝜎(𝑇𝑠
4 − 𝑇𝑎

4). Note that this equation does not take into account the energy loss 

via convection and conduction modes of heat transfer since they depend on the system design, 

which can vary significantly with the application. We do this to focus mainly on the radiative heat 

transfer mechanism and avoid the complexities associated with the proper selection of 𝐻, the heat 

loss coefficient, which depends on the system design – as aspect outside the scope of this study. 

Here, the area 𝐴 is 1 m2, and the temperature of the surface, 𝑇𝑠, and the ambient temperature 𝑇𝑎 is 

assumed as 100 ℃ and 20 ℃, respectively.  

Figure 10 compares 𝑄̇𝑛𝑒𝑡 for different geometries. It is clear that the highest 𝑄̇𝑛𝑒𝑡 is neither case 

16 (highest 𝛼) or case 3 (lowest 𝜀). 𝑄̇𝑛𝑒𝑡 is maximum at 616 W for case 8, and minimum at -93 W 

for case 13, signifying a net energy loss to the environment from an absorber maintained at 100 

℃. The wide range of 𝛼, 𝜀 and 𝑄̇𝑛𝑒𝑡 obtained from various geometries is apparent in Figure 9 and 

Figure 10. Hence, quantifying the role of all geometric factors is essential, which is possible by 

comparing the main effects and interaction effects, as described below.  

The full factorial analysis allows quantifying the effect of various factors in terms of main effects 

and interaction effects. In this regard, the main effects indicate the role of individual geometric 

parameters, and the interaction effects quantify the combined role of two or more geometric 

parameters. Figure 11 shows the main effects, which quantifies the individual roles of 𝐻𝑁𝑖, 𝐷𝑝, 

𝐷𝑖𝑛𝑡  and 𝐻𝑝  on 𝛼  and 𝜀 . Here, a main effect 𝛼(𝐴)  due to factor 𝐴  among 𝐴 , 𝐵 , 𝐶  and 𝐷 , is 

calculated as 

 α(A) = α̅(A+, B, C, D) − α̅(A−, B, C, D) (4) 

where 𝐴 + and 𝐴 − denote the high and low levels of the factor 𝐴. 𝛼̅(𝐴+, 𝐵, 𝐶, 𝐷) is the average 

value of 𝛼  computed for all level combinations of factors 𝐴 + , 𝐵 , 𝐶 , and 𝐷 . Similarly, 

𝛼̅(𝐴−, 𝐵, 𝐶, 𝐷) is the average value of 𝛼 computed for all level combinations of factors 𝐴 −, 𝐵, 𝐶, 

and 𝐷 . Note that all factors 𝐴, 𝐵, 𝐶 , and 𝐷  have high and low levels, as defined in Table 1. 

Likewise, the main effect, 𝜀(𝐴) due to factor 𝐴 among factors 𝐴, 𝐵, 𝐶, and 𝐷, is calculated as:  

 𝜀(A) = 𝜀(̅A+, B, C, D) − 𝜀(̅A−, B, C, D) (5) 



In the range of geometries considered, Figure 11 shows that 𝐻𝑝  plays a negligible role in 

controlling 𝛼. Among 𝐷𝑝, 𝐷𝑖𝑛𝑡 and 𝐻𝑁𝑖, the largest effect on 𝛼 is due to 𝐷𝑝, followed by 𝐻𝑁𝑖 and 

𝐷𝑖𝑛𝑡. On the other hand, 𝐻𝑝 singlehandedly controls 𝜀, followed by negligible contributions from 

𝐻𝑁𝑖, 𝐷𝑝, and 𝐷𝑖𝑛𝑡. Apart from the main effects, 𝛼 and 𝜀 may also dependent on the interaction 

effects, which measure the joint effects of two or more factors, as discussed below.  

 

Figure 9. The average solar absorptance and thermal emittance of Ni/NPA surfaces at 100 ℃ 

with geometries corresponding to cases 1-16 (see Table 1).  

 

Figure 10. The net rate of energy absorbed by the Ni/NPA surface at 100 ℃ with geometries 

corresponding to cases 1-16 (see Table 1).  

An interaction effect 𝛼(𝐴𝐵) indicates the joint effect of factors 𝐴 and 𝐵 on 𝛼. It is calculated as: 



 𝛼(𝐴𝐵) =
1

2
[𝛼̅(𝐴+, 𝐵+, 𝐶, 𝐷) + 𝛼̅(𝐴−, 𝐵−, 𝐶, 𝐷)]

−
1

2
[𝛼̅(𝐴+, 𝐵−, 𝐶, 𝐷) + 𝛼̅(𝐴−, 𝐵+, 𝐶, 𝐷)] 

(6) 

Similarly, the interaction effect 𝜀(𝐴𝐵), which indicates the joint effect of factors 𝐴 and 𝐵 on 𝜀, is 

calculated as: 

 𝜀(𝐴𝐵) =
1

2
[𝜀(̅𝐴+, 𝐵+, 𝐶, 𝐷) + 𝜀(̅𝐴−, 𝐵−, 𝐶, 𝐷)]

−
1

2
[𝜀(̅𝐴+, 𝐵−, 𝐶, 𝐷) + 𝜀(̅𝐴−, 𝐵+, 𝐶, 𝐷)] 

(7) 

In general, a significant interaction effect, say 𝛼(𝐴𝐵), indicates that the effect of one factor on 𝛼, 

say 𝐴, depends on the value of the other factor, 𝐵, and vice versa. Figure 12 compares all the main 

and interaction effects affecting 𝛼 and 𝜀 considering all factors 𝐴, 𝐵, 𝐶, and 𝐷, which denote 𝐻𝑝, 

𝐷𝑖𝑛𝑡, 𝐷𝑝 and 𝐻𝑁𝑖, respectively.  

 

Figure 11. The average effect of individual geometric parameters (main effects) to solar 

absorptance (top) and thermal emittance (bottom) assuming Ni/NPA at 100 ℃. 

With regards to their effects on 𝛼, Figure 12 shows that the four most important factors, in the 

decreasing order of importance, are 𝐷𝑝, 𝐻𝑁𝑖, 𝐷𝑖𝑛𝑡, and the interaction of 𝐷𝑝 and 𝐷𝑖𝑛𝑡. With the 

interaction effect being significant, 𝐷𝑝 and 𝐷𝑖𝑛𝑡 cannot be chosen independently. As seen from the 

main effects plot (Figure 11), 𝐻𝑝 is not an important parameter affecting 𝛼. Hence, if the overall 

objective is to control 𝛼, we need to carefully choose 𝐷𝑝 , 𝐻𝑁𝑖 , and 𝐷𝑖𝑛𝑡 . Similarly, Figure 12 

shows that the most important factor affecting 𝜀 is 𝐻𝑝. The next three important factors are 𝐻𝑁𝑖, 

followed by the interactions of factors 𝐷𝑝 and 𝐻𝑁𝑖, and 𝐷𝑖𝑛𝑡 and 𝐻𝑁𝑖. However, these effects are 

much smaller compared to 𝐻𝑝.   



It is essential to understand the role of interaction effects, especially the effect of 𝐷𝑝 and 𝐷𝑖𝑛𝑡 

interaction on 𝛼. Looking at the main effects alone, it would appear that 𝛼 is higher for a larger 

𝐷𝑝 and a smaller 𝐷𝑖𝑛𝑡. However, this can be misleading since the largest and the second-largest 

values of 𝛼 (cases 16 and 8) correspond to the higher value of 𝐷𝑖𝑛𝑡 (200 nm). Note that cases 16 

and 8 correspond to the higher value of 𝐷𝑝 (80 nm) as well, and a combination of 𝐷𝑖𝑛𝑡 = 200 nm 

and 𝐷𝑝 = 40 nm (cases 5, 6, 13, and 14) typically results in the lowest possible values of 𝛼. We 

observe this response since the interaction effect of 𝐷𝑝  and 𝐷𝑖𝑛𝑡  is synergistic, which requires 

choosing higher values of 𝐷𝑖𝑛𝑡 if 𝐷𝑝 is also chosen at a higher level to maximize 𝛼. The role of the 

various interactions are shown in the two-dimensional plots in Figure 13 and Figure 14.  

 

Figure 12. A quantitative comparison of the main effects and interaction effects of various 

factors on the average solar absorptance and thermal emittance of Ni/NPA surfaces at 100 ℃.  

 

Figure 13. The effect of two-factor interactions on the average solar absorptance of the Ni/NPA 

surface. All geometric factors are shown in nanometers.   

For the geometry analyzed in this study, Figure 13 and Figure 14 show how 𝛼 and 𝜀 vary as a 

function of various geometric pairs among 𝐻𝑝, 𝐷𝑖𝑛𝑡, 𝐷𝑝 and 𝐻𝑁𝑖. The two-dimensional contour 

plots are obtained by a regression analysis, which fits 𝛼 and 𝜀 as a function of all the main and 

interaction effects. The plots also determine the values of 𝐻𝑝 , 𝐷𝑖𝑛𝑡 , 𝐷𝑝  and 𝐻𝑁𝑖  that could 



potentially maximize 𝛼 and minimize 𝜀. Some aspects already discussed above are also apparent 

in these plots. For example, it is clear from Figure 13 (top row) that 𝐻𝑝  does not affect 𝛼 

significantly. Similarly, it is clear from Figure 14 (top row) that 𝐻𝑝 plays a very important role in 

controlling 𝜀. Moreover, in order to obtain larger 𝛼, we should choose larger 𝐷𝑝 and 𝐻𝑁𝑖. And 

since the interaction of 𝐷𝑝  and 𝐷𝑖𝑛𝑡  is statistically significant and synergistic, it is essential to 

select a larger 𝐷𝑖𝑛𝑡 if a larger 𝐷𝑝 is selected. Although 𝐻𝑁𝑖, 𝐷𝑖𝑛𝑡, and 𝐷𝑝 also affect 𝜀, their effect 

is significantly smaller compared to 𝐻𝑝. In general, Figure 13 and Figure 14 show that the selection 

of 𝐻𝑁𝑖, 𝐷𝑖𝑛𝑡, and 𝐷𝑝 should be guided by the requirements for 𝛼, and the selection of 𝐻𝑝 should 

be guided by the requirements for 𝜀 . Finally, although this approach guides the selection of 

Ni/NPA geometry to maximize energy absorption, it can also be extended to other geometries and 

materials. Since it allows quantifying the relative importance of different factors affecting the 

optical characteristics, it can be valuable in the design of efficient solar absorbers and reflectors.   

 

Figure 14. The effect of two-factor interactions on the average thermal emittance of the Ni/NPA 

surface maintained at 100 ℃. All geometric factors are shown in nanometers.  

5 Conclusion 

This study involves the development of nickel-nanoporous alumina (Ni/NPA) absorbers for 

efficient absorption of sunlight, which can be useful in various applications, including solar steam 

generation, thermal energy storage, and solar-thermal desalination. We note that for any given 

system incorporating solar absorbers, several modes of energy transfer mechanisms exist. The two 

prominent mechanisms analyzed in this study are the absorption of solar radiation and thermal 

emission. Efficient solar absorbers should exhibit a high solar absorptance, 𝛼, and a low thermal 

emittance, 𝜀, in order to absorb and retain the maximum amount of energy. However, several 

factors can affect solar absorptance and thermal emittance, and in the context of Ni/NPA absorbers, 

geometry plays a crucial role. For Ni/NPA absorbers, which have an ordered array of 

nanostructures, four geometric parameters control its optical properties, which include the pore 

height 𝐻𝑝, the height on nickel inclusion in the nanopore, 𝐻𝑁𝑖, the interpore distance 𝐷𝑖𝑛𝑡 and the 

pore diameter, 𝐷𝑝. We solve Maxwell’s equations to predict the spectral absorptance of Ni/NPA 

for a given geometry, which allows the calculation of the average solar absorptance and thermal 

emittance, assuming an absorber temperature of 100 ℃. Since several geometric combinations are 



possible, this study uses the design of experiments to compare the effects of various geometric 

parameters. We note that in the case of Ni/NPA absorbers the factors that affect 𝛼 , in the 

decreasing order of importance are 𝐷𝑝 , 𝐻𝑁𝑖 , and 𝐷𝑖𝑛𝑡 . The factor that affects 𝜀  is mainly 𝐻𝑝 . 

Besides, we also note that geometric parameters cannot be picked independently since the choice 

of one parameter may depend on another. In this case, the choice of 𝐷𝑝  and 𝐷𝑖𝑛𝑡  are 

interdependent. In order to improve the net energy absorbed by Ni/NPA absorbers, it is necessary 

to minimize 𝐻𝑝 , maximize 𝐷𝑝 , 𝐷𝑖𝑛𝑡  and 𝐻𝑁𝑖 . Finally, we found that the use of the design of 

experiments as a tool to analyze the performance of solar absorbers adds significant value because 

it quantifies the role of various factors with manageable experiments and computational runs. Such 

an approach can be readily extended to develop solar materials for different applications.   
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