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Abstract 

The optical properties of building materials belong to the features that are currently taken into account more frequently. There are 
various reasons for dealing with those parameters. Some of them aim to achieve specific parameters and performance while the 
others are trying to employ innovative materials applying recent nanotechnologies, whose the aspects are currently implemented 
to improve the energy efficiency of buildings. Current advanced materials research, development and manufacturing initiate a 
strategy on basis of the application of tools for optimizing and improving the efficiency of all existing elements and technologies. 
In the building science for the field of renewable resources, the issues of solar energy have also become of a crucial importance. 
Progressive involvement in this field is focused, among others, on the research, development and innovations of solar cells, 
collectors and various photovoltaic elements with interdisciplinary attributes of investigation. The paper is focused on a spectral 
laboratory analysis of colored solar cells in terms of their optical efficiency and represents an exploratory study. Both laboratory 
methods of spectrophotometry and infrared spectroscopy were used in order to analyze the solar reflectance and thermal 
emissivity parameters. Methodology for determining solar reflectance index was also applied to study its optical performance. 
The results present a spectral analysis for all specific regions, as well as its integrated values. The resulting comparison 
demonstrates the optical efficiency of the selected colored solar cells. Finally, the blue mono-crystalline solar cell indicates 
seemly applicable properties in the analyzed indicators related especially to the thermal aspects of building performance. 
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Nomenclature 

α, αλ alpha, absorbance, spectral absorbance [-]  k Boltzmann constant (1.3807 * 10-23) J/K  
ε, ελ epsilon, emissivity, spectral emissivity [-]  M0,λ spectral radiance intensity [W/(m2*μm)] 
ρ, ρλ rho, reflectance, spectral reflectance [-]  R percent reflectance %  
λ lambda, wavelength [μm]    SRI solar reflectance index [-] 
dλ wavelength interval of integration   TSR total solar reflectance [%] 
C1 Planck´s function 2πhc2 (3.74 * 10-16) [W/m2] UV ultraviolet radiation region 
C2 Planck´s function hc/k (1.43 * 10-2) [m*K]  VIS visible radiation region 
I solar irradiance [W/m2]    NIR near infrared radiation region 

1. Introduction 

Currently, numerous research activities deal with utilization of the recent technologies in the field of 
nanomaterials which, especially in the last few decades, have been undergoing steep progress. In the field of 
research and development we frequently confront the application of tools for optimizing and improving the 
efficiency of existing elements and technologies. In the building science for the field of renewable resources, the 
issues of solar energy have also become of a crucial importance. Attention in this area is focused, among others, on 
the research, development and innovations of solar cells, collectors and various photovoltaic elements with 
interdisciplinary attributes of investigation. Generally speaking, the basic aspects of their efficiency also include 
involvement of the optical properties of materials making up cells integrated, to major extent, into solar and 
photovoltaic panels. Apart from others, there are efforts to implement all those progressive elements in various 
active and passive forms also as a part of building envelopes [1, 2] (BIPV – Building Integrated Photovoltaics). It 
also offers the way of their applications, in which the field of solar energy has recently indicated a significant 
expansion [3, 4, 5]. In particular, the continuously developed technologies and advances [6] of creating these 
elements can be used also in applications of progressive building envelopes or additionally in the innovative 
concepts of solar walls [7] integrating the latest advanced material solutions. In these concepts they can actively 
contribute, to large extent, as part of the top envelope. On the other hand, their thermal properties may be used in 
secondary functions where, apart from the decisive indicators of their efficiency, observation must be also conducted 
to other thermal and optical parameters. Therefore, the aim of this paper is to study the optical properties of colored 
solar cells on spectral dependence base for the entire thermal radiation range. 

2. Colored solar cells 

In general, the overall efficiency of solar cells is quantified by the ratio of the electrical output of a solar cell to 
the incident energy in the form of sunlight. Several factors enter this indicator and affect the final limiting efficiency 
value [8, 9] including its reflectance efficiency, thermodynamic efficiency, charge carrier separation efficiency, and 
conduction efficiency values. The material that is used most frequently to produce solar cells is silicon (Si). It is the 
fourth most frequently used raw material, but only 1% is used to produce them. Mainly the darks colored cells (dark 
blue, violet to black, or their mutual combination at refraction of light) are currently among the most frequently used 
solar cells. While dark colors approach the highest solar absorption values, from the view of optical efficiency they 
are still the most typical colors in all kinds of the industry. At present, there are also frequent requirements for the 
colorfulness, particularly in building envelopes, and they can contribute, to large extent, to a better variety and 
additional architectural measure in the final formation of buildings. The consequence of this is that solar cells with 
various color variations appear with the researchers and research units of many manufacturers. For the purpose of 
this paper, we used the most typical colors in mono- and multi-crystalline forms (Table 1) being developed in 
Central Europe [10]. The largest proportion is represented by the group of golden colors (A, B. E, G, J a N) followed 
by dark blue (C), blue (D) violet appearance (H and K), light blue (I), green (F and O), and also the basic mono- and 
multi-crystalline material (L and M) was included in the analysis. 
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One of the key aspects in the production of solar cells is to minimize losses with the aim to achieve the highest 
possible efficiency [11, 12]. In general, we distinguish the losses as optical and electrical. Optical losses are caused 
by the fact that a large part of solar radiation reflects back to space after falling on the surface of semi-conductors. 
From the solar radiation point of view, the color and glossiness of the surface are the decisive factors for the visible 
region, whilst the material composition and the texture of the surface are the leading ones for the near infrared. An 
important aspect is that their surface will adapt in such a way that its reflectance is reduced as much as possible. 
Various antireflective layers can be applied on the surface or a textured surface can be made by etching, which will 
erode the smooth and glossy surface to reduce its solar reflectance. These methods are able to reduce the rate of 
reflectance down to below 10%. Titanium oxide TiO2 [13] and silicon oxide SiO2 are used most frequently in 
antireflective layers, although others are used as well. Their effect on the final efficiency can be found in literature 
[14, 15]. In addition, the current technologies of antireflective layers cause properties which may thermally 
contribute to selective effects. 

Table 1 Summary of studied samples and material properties 
sign color  basic material surface sign color  basic 

material 
surface 

A Gold  Mono Matt I Blue light  Multi Glossy 
B Gold  Multi Glossy J Gold  Multi Glossy 
C Blue dark  Mono Matt K Violet blue  Mono Matt 
D Blue  Multi Glossy L Back grey  Mono Matt 
E Gold  Multi Glossy M Back grey  Multi Glossy 
F Green  Multi Glossy N Gold  Multi Glossy 
G Gold  Multi Glossy O Green  Multi Glossy 
H Violet Blue  Mono Matt      

3. Methods and methodology 

As one of the aims of this study is to utilize progressive technologies for building performance at which materials 
with selective properties can be made, the paper deals, basically, with the reflectance efficiency of colored solar 
cells. In addition, from the view of thermal aspects of building performance, it introduces other evaluation indicators 
such as emissivity and Solar Reflectance Index (SRI), which are generally not analyzed in the field of solar cells. 
Since the production of solar cells uses technologies which can be applied in the progressive envelope constructions 
of buildings in both their active and passive forms, the objective of the paper is to analyze reflectance parameters in 
the entire range of thermal radiation applying spectral methods. Laboratory methods of determining solar reflectance 
and thermal emissivity in accordance to methodology in [16] were used for this study. Although the monitoring of 
emissivity is less important, in the cases of their utilization in components with air layers their emissivity may have 
a crucial importance, particularly, in thermal phenomena.  

For the purposes of quantifying the solar reflectance, an UV/VIS/NIR spectrophotometer Perkin Elmer Lambda 
1050 with 150 mm Spectralon integrating sphere (Fig. 1a) was used. This apparatus can register the spectral 
reflectance properties from 200 nm to 3 300 nm. Spectral curves and finally integrated values over 280 to 2 500 
nanometers of Total Solar Reflectance (TSR) (Eq. 1) and of each specific region are presented. The solar reflectance 
is calculated by means of ASTM Standard G173 [17] for the hemispherical global tilt irradiance. 
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The Solar Reflectance Index (SRI) is calculated due to demonstrate material proper with respect to energy efficiency 
especially in building practice. The calculation of the SRI is performed according to ASTM E1980-11 [18]. 
For the purposes of quantifying the thermal emissivity, an infrared spectrometer Nicolet 380 from the Thermo 
Electron Corporation equipped with an integrating sphere Mid-IR ™ IntegratIR (Fig. 1b) from PIKE Technologies 
was used. The results were obtained by the DRIFT method and authenticated by repetitive measurements of each 
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sample. Spectral curves of the reflectance as a function of the wavelength are presented for spectral range from 2.5 
to 20.0 μm. As a consequence, Plank´s formula (Eq. 2) of spectral radiance intensity of 273 K black body M0,λ is 
used as the weighted function for determination of emissivity values. 
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Fig. 1.   (a) UV/VIS/NIR Spectrophotometer Perkin Elmer Lambda 1050 with 150 mm Spectralon integrating spheres; (b) FT-IR infrared 

spectrometer Nicolet 380 and integrated sphere Mid-IR ™ IntegratIR 

4. Results and discussion 

Table 2 presents all values for individual regions and then it compares them numerically in bar graphs. When 
looking at the results in the table, the samples of dark blue solar cells (C, H and K) show the lowest values of total 
solar reflectance, approximately below 10%. In other words, they reach the lowest level of optical losses compared 
to the other colors. The values of sample D approach this group most of all, below 16%. The other monitored 
samples only reach approximately the same 23% level, while their basic material up to about 42%. Conversely, the 
group of dark colored cells indicates the highest values of thermal emissivity, which is caused by their mono-
crystalline surface and also the roughness and production technology of the final layers. When comparing the newly 
introduced SRI evaluation parameter, the values range from 0 to 11, however the surface temperature indicator 
shows a comparable level under the given calculation conditions. 

Table 2 Reflectance ρλ, emissivity ελ and solar reflectance index SRI in particular spectrums 

 A 
[%] 

B 
[%] 

C 
[%] 

D 
[%] 

E 
[%] 

F 
[%] 

G 
[%] 

H 
[%] 

I 
[%] 

J 
[%] 

K 
[%] 

L 
[%] 

M 
[%] 

N 
[%] 

O 
[%] 

Colors                

 
ελ: IR reg. 83.3 62.8 76.2 61.0 63.0 67.0 62.8 83.6 61.1 64.2 84.7 61.2 63.5 62.4 66.7 
SRI 6 7 0 0 7 11 10 3 4 9 2 34 36 9 11 
Surf. Temp 80.0 79.8 77.0 83.5 79.8 78.3 78.7 81.3 80.8 79.0 81.6 69.6 68.7 79.1 78.3 

 
The results of the series of measurements are spectrally presented in a range from 200 nm to 20 μm (Fig. 2, 3, 4). 

The graphs represent all thermal regions of spectrum. The spectral irradiance curve of solar radiation spectrum is 
shown in the UV/VIS/NIR results, while the curve for spectral radiance intensity of 273 K black body represents the 
weighted function for determination of emissivity in the results of the long-wave infrared radiation range.  
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Fig. 2 shows the results of measurements for the series of samples A to H, Fig. 3 shows samples I to O, Fig. 4 
specifically presents curves in the visible region. The measured curves correspond to the respective group of 
samples in color scale. Not surprisingly, however from the view of reflectance efficiency the best values are shown 
by dark blue mono-crystalline cells which also represent rich homogenous coloring with their appearance. From the 
view of spectral curves, the results in the near infrared region are comparable in most cells; the greatest differences 
are shown by the light blue and green multi-crystalline cells. Conversely, the reflectance properties in the infrared 
long-wave region are affected by the type of solar cell, thus multi-crystalline cells show almost identical curves. The 
results demonstrate that the emissivity properties of the basic material are basically maintained in multi-crystalline 
cells and, technologically, it is possible to make a selective material according to specific requirements. 

 
Fig. 2.   (a) Spectral reflectance for solar region UV/VIS/NIR; (b) spectral reflectance for infrared region 

 
Fig. 3.   (a) Spectral reflectance for solar region UV/VIS/NIR; (b) spectral reflectance for infrared region 

 
Fig. 4.   (a) Spectral reflectance for solar region UV/VIS/NIR; (b) spectral reflectance for infrared region 
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5. Conclusion 

The paper presents the optical efficiency of selected colored solar cells, the technology of which may be applied 
to improve the secondary energy efficient properties of building envelopes. As the subject of the paper was an 
analysis of the optical efficiency of solar cells, this study did not consider indicators which play the key role 
particularly in determining the total efficiency of the photovoltaic effect of solar cells. The results are a comparison 
of spectral curves and reflectance radiative parameters which are of crucial importance for a detailed examination of 
heat transfer phenomena at the boundary with the surrounding built environment. In addition, solar reflectance index 
was calculated to indicate a correlation between both optical parameters as is applied especially in the field of solar 
energy and urban climate perspectives. It can be observed from the results that the recent technologies and 
progressive advances which are currently used to produce colored solar cells may be used in applications where it is 
useful to activate the selective functions of surface layers when contributing various thermal aspects of building 
envelopes in the heat transfer phenomena and at the same time, through their primary effects, to ensure the 
transformation of light to electricity. The analysis demonstrates that the blue mono-crystalline solar cell indicates the 
most suitable properties in the analyzed indicators related to the attributes of building thermal performance. 
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