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ABSTRACT 
 
The thermal emissivity of selective solar absorbers is a 
critical determinant of their operational efficiency. This 
paper details the computation of hemispherical 
emissivity for multi-layered coatings, specifically 
designed and optimized for solar thermal applications, 
particularly within high vacuum flat collectors at 
temperatures up to 200°C. We employed a MATLAB 
script, underpinned by the transfer matrix method, to 
calculate the hemispherical emissivity. The calculated 
emissivity values aligned well with experimental 
measurements derived from sputter-deposited samples. 
Our findings underscore the efficacy of the designed 
multi-layered coatings in relation to their thermal 
emissivity characteristics, thus highlighting their 
potential for solar thermal applications. 
 
Keywords: solar thermal, solar energy, solar absorbers, 
multilayer coatings characterization, evacuated solar 
thermal collectors 

NOMENCLATURE 
Abbreviations  

abs Absorber 
hem Hemispherical 

HVFPC High Vacuum Flat Plate Collector 
OTL Other Thermal Losses 

Low-e Low emissivity 
ms measured 

MTB Mini Test Box 
nl numerical 

sub Substrate 
SSA Selective Solar Absorber 

Symbols  
 Spectrally averaged absorptance 
 Spectrally averaged emissivity 
 Wavelength 

 Stefan-Boltzmann constant W/m2K4 

 Angle of emission 
 Transmittance 

1. INTRODUCTION 
Heat is a critical component in various industrial 

processes, and the need for heat production is essential 
for many industries. Currently, industrial heat production 
is largely satisfied through fossil fuel combustion, a 
significant contributor to greenhouse gas emissions and 
climate change [1]. As the world moves towards a more 
sustainable and low-carbon future, there is a growing 
need to transition towards cleaner and more efficient 
heat production methods. One possible solution lies in 
the utilization of renewable energy sources such as solar 
thermal energy [2]. Selective solar absorbers (SSAs) are a 
critical component of solar energy harvesting systems, as 
they enable the absorption of solar radiation and 
conversion into thermal energy with higher efficiency 
than traditional absorbers [3]. These materials are 
designed to selectively absorb solar radiation in the 
desired wavelength range while minimizing thermal 
radiation losses from their surface. This selective 
absorption is achieved by tailoring the optical and 
thermal properties of the material, typically through the 
use of multilayer coatings or nanostructured surfaces [4]. 
Low-emissivity (low-e) multilayer coatings are among the 
most promising methods to achieve selective absorption 
in solar absorbers. These coatings are designed to reduce 
thermal radiation losses from the surface while still 
maintaining high solar absorbance [5]. This is typically 
achieved by using a stack of thin film layers with 
alternating high and low refractive indices, which 
create interference effects that selectively enhance or 
suppress the reflection and transmission of light at 
specific wavelengths. The resulting multilayer coating 
can have a high solar absorptance and a 
low hemispherical emittance, leading to high thermal 
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efficiency [6]. SSAs have a wide range of applications, and 
one of the most promising is steam production with 
highly efficient solar thermal collectors such as 
evacuated collectors [7].In fact, since radiative heat 
losses are the only cause of efficiency reduction for this 
type of collector, optimizing the optical absorber 
parameters, particularly the thermal emittance, is crucial 
In reference [8], the development of optimized low-e 
multilayer coatings for unconcentrated thermal 
applications is discussed. The optimization of the 
thickness layers was performed using a genetic algorithm 
based on the transfer matrix method [9] that maximizes 
the absorbers' efficiency at the chosen optimization 
temperature. In the calculation of the absorber efficiency 
it was considered the directional thermal emittance at an 
angle of 0° but, in the context of solar absorbers, the 
directional emittance 𝜀(𝑇) is the critical parameter to 
consider when designing and optimizing the absorber for 
concentrated solar power systems [10]. These systems 
require the absorber to efficiently radiate thermal 
energy towards the receiver, typically positioned above 
the absorber [11]. For innovative high vacuum flat plate 
collectors, the parameter to consider for the 
optimization is the hemispherical emittance 𝜀 (𝑇) 
[12] because the absorber surface can emit thermal 
radiation in all directions from both surfaces. Accurate 
models of the collector performance require an 
understanding of the absorber's emittance in all 
directions 𝜀 (𝑇), as this affects the amount of energy 
that is emitted by the collector. The value of 𝜀 (𝑇),  
in fact, a direct impact on the computation of the heat 
losses, the thermal efficiency of the collector at a certain 
operating temperature and, ultimately, its annual 
producibility. 

 In this work, the hemispherical emittance of an SSA 
composed of a copper substrate coated with a Cr-Cr2O3-
SiO2 multilayer (fig.1), optimized to work at temperature 
of 200 °C in high vacuum flat plate collectors, is 
computed using a MATLAB script based on the transfer 

matrix method. The computed emittance was compared 
with experimental measurements performed with a 
dedicated experimental set-up [13]. 

 
2. METHODS 

2.1 Optimized SSA hemispherical emittance calculation 

The most general definition of emissivity is the ratio of 
the energy radiated from a material's surface to that 
radiated from a blackbody, at identical temperature and 
wavelength and under the same viewing 
conditions.  The spectral directional emissivity 𝜀 (𝑇), 
describes emissivity at specific wavelengths and 
directions and it depends by factors such as material 
composition, surface oxidation, and surface temperature. 
By integrating 𝜀  , in all directions and wavelengths, 
the total hemispherical emittance 𝜀 (𝑇)  can be 
obtained. The numerical model used in a MATLAB script 
to compute hemispherical emissivity of multilayer 
utilizes Kirchoff’s law which relates the spectral and 
directional emissivity to reflectance [14]. This is 
computed with the transfer matrix method [9] and 
optical constants of the material [15]. The model 
requires as first step to define the layers of the multilayer 
stack and their respective thicknesses, refractive indices, 
and extinction coefficients, then using the properties of 
each layer, a transfer matrix for each layer that describes 
the reflection and transmission of electromagnetic 
waves at the interfaces between the layers can be 
constructed. Multiplying the transfer matrices for each 
layer to obtain the overall transfer matrix for the 
multilayer stack, which describes the reflection and 
transmission of electromagnetic waves through the 
entire stack. From the overall transfer matrix, it is 
possible to compute the reflectance and transmittance 
of the multilayer stack for a given wavelength and 
direction. Once obtained 𝜀 (𝑇)  applicating the 
Kirkoff’s law, 𝜀(𝑇)  is obtainable integrating in all 
angles as showed in eq. (1): 
 
𝜀(𝑇) = 2 ∫ 𝜀 (𝑇)

/
𝑠𝑖𝑛(𝜗)𝑐𝑜𝑠(𝜗)𝛿𝜗  

      (1) 
 
For the integrations was used the rectangular rule 
described in [15]. The total hemispherical emissivity is 
obtained from a further integration over the Planck 
distribution via (2): 
 

𝜀(𝑇) =
∫ ( ) (, ) 


    (2) 

 
Where 𝐵(, 𝑇)  is the blackbody emissive power at 
temperature T. 

Fig. 1 . Architecture of the analyzed 
multilayer coating. 
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In this first stage of computation, the effect of surface 
roughness on the total hemispherical emittance was 
neglected. 

2.2 Optimized SSA hemispherical emittance 
experimental measurements 

To validate the numerical model, the calculated total 
hemispherical emittance values were compared with 
that obtained with experimental measurements 
performed on sputter- deposited SSA small samples 
(Area= 100 cm2). The multilayer coating of the solar 
absorber was developed and optimized for a specific 
application that is middle temperature steam generation 
using high vacuum flat plate collectors (HVFPCs), for this 
reason, an experimental set- up that reproduces 
faithfully an HVFPC, named Mini Test Box (MTB), was 
developed in order to measure radiative properties of 
the SSA samples. The MTB system, shown in Fig.2 and 
described in detail in [13].  

 

The hemispherical emittance of the SSA can be 
determined through a calorimetric approach. Eq. (3) 
represents a power balance equation that takes into 
account the radiative exchanges between absorber 
(frontside) and glass and absorber (substrate, back side) 
and vessel and the other thermal losses (OTL) imputable 
on the conduction of small components of the 
experimental set up in contact with the absorber 
(support springs, thermocouple bolt, etc…): 

𝑚 𝑐 (𝑇 )  =  𝛼 𝐴 𝜏 𝑃  −

 𝜀 (𝑇 )𝜎 𝐴 ( 𝑇   −  𝑇   )  −  𝜀 (𝑇 )𝜎 𝐴 (   𝑇 −

𝑇  ) −  𝑂𝑇𝐿(𝑇 )  (3)  

where the parameters mabs, cp, Tabs, α and A represent the 
selective solar absorber mass, specific heat capacity, 
temperature, absorptance, and area; 𝜀 (Tabs) is the 
absorber equivalent thermal emittance, between glass 

and absorber 𝜀 (Tabs) = ; τ describes the 

glass transmittance, Pin the incident radiation per unit of 
area; Tg is the glass temperature; Tv is the vessel 
temperature and 𝜀  (Tsub) is the substrate equivalent 
thermal emittance between stainless steel envelope and 

substrate 𝜀 (𝑇 ) = .  

The term OTL has been experimentally evaluated as 
function of the temperature and they will be reported in 
a separate paper. 
During the measurements, the negligible recorded 
variation (within a few degrees) between the two sets of 
data on Tg and Tv allows to simplify Eq. (3) as follows:  

 𝑚 𝑐 (𝑇 )  =  𝛼 𝐴 𝜏 𝑃  −

 𝜀 (𝑇 )𝜎 𝐴 ( 𝑇   −  𝑇   ) − 𝑂𝑇𝐿(𝑇 )    (4)  

where εtot (Tamb) is the sum of 𝜀 (Tabs) and 𝜀 (Tsub) and 
Tm is the average between Tg and Tv. The parameter 𝜀  
in Eq. (4), is the hemispherical emittance objective of the 
measurements. The temperature Tabs of the sample 
under analysis is increased until the achievement of 
stagnation temperature by LED array illumination and 
subsequently cooled turning off the illumination. During 
the cooling down phase (when Pin = 0), εtot (Tabs) can be 
evaluated as it remains the only unknown quantity 
because all the other variables present in eq. (4) are 
known or measured by sensors installed on the MTB.  

 

3. RESULTS AND DISCUSSION 

 
Figure 3 presents experimental results of the 
hemispherical emittance as a function of absorber 
temperature for the optimized multilayer structure 
depicted in Figure 1. Additionally, the figure displays 
both the hemispherical and directional ( =0) emittances 
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Fig.3 measured hemispherical (dashed green line), numerical 
hemispherical (solid green line) and numerical directional (solid 

red line) emittance curves of the optimized SSA 

Fig. 2 (a) The mini-test box system apparatus; (b) LED array system 
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computed using a MATLAB script based on the model 
described in Section 2.1.  
The refractive indices of the constituent materials of the 
multilayer stack, which are essential inputs to the 
numerical model, were determined in the 300-1600 nm 
range using a Jobin Yvon Horiba phase-modulated 
spectrophotometer.  
As expected the computed directional emittance at an 
angle of ( =0 ) is not a suitable to calculate the thermal 
losses, as it yields a value of 𝜀 (200 °C) = 0.035 , 
which deviates by approximately 29% from the 
measured value of the hemispherical emittance, 
𝜀  (200 °C) = 0.049 . In contrast, the computed 
hemispherical emittance at the optimization 
temperature is, exhibiting a deviation of only 2% from 
the experimental value. The trend of the computed 
hemispherical emittance 𝜀 _ (200 °C) = 0.048     
is generally consistent with the experimental 
measurements, suggesting that the approximation made 
in the numerical model is accurate. 
 
4. CONCLUSIONS 

 
The study conducted measurements and computations 
of the hemispherical emittance of low-e Selective Solar 
Absorbers designed for use in middle-temperature 
industrial applications (200 °C). These calculations were 
performed using a MATLAB numerical code based on the 
transfer matrix method, and were found to be consistent 
with experimental measurements, thereby validating the 
numerical model. 
Furthermore, the study compared the numerical results 
with the computed directional emittance at ( =0), which 
was used as a parameter in the optimization algorithm 
for determining the thickness of each layer of the low-e 
SSA. However, the comparison revealed that the correct 
optimization parameter for designing and optimizing 
SSAs is the hemispherical emittance. Therefore, the 
optimization algorithm should include the calculation of 
hemispherical emittance for future optimizations. This 
result is essential to correctly compute the thermal 
radiative losses in HVFPC and their daily and yearly 
energy production. 
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