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ABSTRACT:

Renewable energy has garnered more attention in recent years. It is crucial to boost power generation efficiency
by raising the solar energy collector's absorption rate while lowering radiation loss in order to boost the
efficiency of solar thermal power generation, one of the renewable energy sources. It is well known that adding a
microstructure to the surface allows for the modification of spectrum properties. The impact of surface periodic
microstructure on solar reflectance properties is assessed in this work. For the analysis of electromagnetic fields,
the FDTD approach is used. The visible and near-infrared portions of the solar radiation spectrum are used to
compute the reflectance of uneven surfaces, and this ranges from 0.3 mm to 2.5 mm in wavelength. Assessing is

INTRODUCTION
increase heat collecting efficiency, solar collectors'

Reducing carbon dioxide emissions, which make up solar absorptance must be increased, but heat loss
the majority of greenhouse gases responsible for from infrared emissions from the surface must also
global warming, is becoming a pressing concern for be decreased. Finding the absorption characteristics
climate change, and using renewable energy sources that work best for a range of solar radiation is

is becoming more and more important as a anticipated to increase the heat collector surface's
countermeasure. One renewable energy source for efficiency. Furthermore, because the heat collector's
solar thermal power generation is solar radiation. To surface temperature can reach a maximum of 1100°C

FUNDAMENTAL EQUATIONS AND NUMERICAL CONDITIONS

The behavior of electromagnetic fields in space is expressed by Maxwell’s equations as shown in the following
equations.

Vx E(r,1) = - 2200
ot
Vx H(r,t) = op(r.y) +J(r,

t)et(1)
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where E, electric field; B, magnetic flux density; H, magnetic field; D, electric flux density; J, electric current
density; r, position; t, time. This electromagnetic field is numerically evaluated with FDTD method. Discretizationof
fields and numerical procedure are based on Yee algorithm.

Incident wave is TM wave composed of three components of Ey, Ey and H,. As the spectrum of solar radiation is
351distributed from visible to near-infrared region, wavelength region for analysis is set from 0.3 to 2.5mm and
thespectral reflectance in the region of solid surface is evaluated. Computation domain is shown in Fig.1. As shown
inthe figure, computations are performed to the dielectric substance with a periodic microstructure where a plane TM
wave is incident. It assumed that the other domain is a vacuum for simplification. Surface structure of dielectric
consists of rectangular groove with the depth Ly, aperture width Lyand aperture pitch L, and is uniform in z direction, as
shown in Fig. 1. Periodic boundary condition is set for the surfaces of z= 0 and L, and PML boundary conditionis set
for the surfaces parallel to the yz plane. For the wave source for plane wave incidence, sine wave of an electricfield is
set as expressed in Eq. (3) and set at a cross section enough far from a solid surface for analysis.

Periodic boundary

vacuum An a]yte

Incident wave
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Figure 1. Computation domain and boundary condition.
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Figure 2. Spectral reflectance of micro-structured and flat surfaces.
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Figure 3. Effect of groove depth on spectral hemispherical reflectance.
Ey = Eamp SIn(ZTC ft) (3)

where Eamp is arbitrary constant, and is set 10V/m in common condition, and f is frequency.

Spectral reflectance is evaluated by the ratio energy flux of scattered wave to that of incident wave through the cross
section enough far from solid surface. Energy flux is evaluated by time average of Poynting vector integrated on the
Cross section.

NUMERICAL RESULTS OF NORMAL INCIDENCE

Evaluation of reflection characteristics for flat surface and micro-structured surface
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Figure 4. Distribution of scattering energy flux.
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Figure 5. Effect of apperture width on spectral reflectance.

In order to evaluate the effect of micro structure installed on flat surface on reflection characteristics, the spectral
reflectance of the micro-structured surface with depth Lx = 0.2mm, aperture width Ly = 0.2mm and aperture pitch L
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= 0.4 mm is analyzed, and the results is compared with that of flat surface. Relative permittivity of dielectric is
assumed to be constant in 4.0. In this case, the theoretical reflectance is estimated as 0.111 according to Fresnel’s
formula. Figure 2 shows the results. As shown in the figure, it is found that the spectral characteristics in reflection
of micro-structured surface differ from that of flat surface. This result is confirmed to agree with the result analyzed
by RCWA method [3-4]. It is found that the spectral reflectance becomes the local minimum near the wavelength
1.0mm, and becomes larger with increase of wavelength, which is caused by reduction of the effect of micro
structure with increase of wavelength and is approached to the principle of the reflection of flat surface.

Incident plane wave Incident plane wave
cos ot dependence sin wt dependence
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Figure 6. Concept of the sine-cosine method.
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Figure 7. Effect of incident angle on spectral reflectance for flat surface.

Effect of depth of groove structure
In order to evaluate the effect of depth of groove on reflection characteristics, numerical analyses in the condition

that depth of groove is changed and aperture width and pitch are constant are performed. Figure 3 shows the results
of spectral reflectance in changing depth condition. As shown in the figure, position of the local minimum of spectral
reflectance shifts with changing the depth, and it is confirmed that the effect of depth of groove to reflection
characteristics is significant. Figure 4 shows the profile of time averaged scattering energy at wavelength 1.0mm.
As shown in the figure, intensity of scattering energy in the case of Ly = 0.3mm is stronger than that in Ly = 0.2mm,
which is related to higher reflectance. The wavelength to interfere the groove structure varies with the depth of
groove. And the reflectance becomes larger with increase of wavelength, which is caused by the reduction of the

effect of micro structure as the results in section 3.1.

Effect of aperture width of groove structure
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To evaluate the effect of aperture width on reflection characteristics, analyses of reflectance in the condition that the
aperture width of groove Ly is changed and depth Ly and pitch L is set to be constant in 0.2mm and 0.4 mm are
performed. Figure 5 shows the results. As shown in the figure, the position of wavelength which the spectral
reflectance takes local minimum scarcely changes in the change of depth. It is found that the reflectance is larger
with increase of the aperture width, which is caused by reducing the effect of groove structure and approaching the

condition of flat surface.
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Figure 8. Effect of incident angle on spectral reflectance for surface microstructure.

NUMERICAL RESULTS OF OBLIQUE INCIDENCE

Periodic boundary condition for oblique incidence

In the case of oblique incidence, simply applying the
periodic boundary condition leads to phase difference
between upper and lower sides of boundaries. So,
it is necessary for performing accurate simulation
in oblique incidence condition to apply some
approximate analysis in periodic boundary
condition. In this study, sine-cosine method [5-6] is

Ex(A) = Re{[Ex(C) + JEx(D) Jexp(~jkyys )|
Ex(B) = Im{[ Ex(C) + JE(D) Jexp(~jkyYs )|
Hz(C) = Re{[Ha (A) + jHz(B) exp( ikyys |

Ha(D) = Im{[H: (A) + jH:(8) Jexp jkyy» )|

(4)

()

(6)

(")
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applied to the periodic boundary, and is one of
solutions in modelling periodic boundary for specific
frequency. Figure 6 shows the concept of sine-
cosine method. In the method, both of the fields of
incident wave depended oncoswt and sinwt are
simultaneously analyzed, and unknown magnetic
or electric field on periodic boundary is predicted
as following equations.
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where j is the imaginary unit, ky is wavenumber. Figure 7 shows the reflectance characteristics for each incident
angle of plane wave to the flat surface. In the same figure, reflection characteristics calculated with Fresnel’s formula
is also shown. Numerical result agrees with solution Fresnel’s formula, and the angle that reflectance becomes zero,
which corresponds to brewster’s angle, agrees with each other. From these results, applicability of the method is
confirmed.

The effect of oblique incidence for micro-structured surface

In order to evaluate the effect of the incident angle on reflection characteristics of micro-structured surface,
reflectance analysis is performed in the conditions that incident angle is changed under common rectangular groove
structure surface with Ly = 0.2mm, Ly = 0.2mm and L = 0.4mm. Figure 8 shows the results. As the incident angle
becomes larger, the maximum of spectral reflectance becomes larger, and spectral reflectance in longer wavelength
region tends to be lower as same as the result of flat surface. It is confirmed that the reflectance characteristics is
strongly affected by the micro structure of the dielectric surface in short wavelength region, and is influenced by the
characteristics of flat surface in long wavelength region.
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Figure 9. Effect of micro structure on solar reflectance of dielectric.
EVALUATION OF SOLAR REFLECTANCE

Solar reflectance is calculated according to JIS K5602: 2008, Spectral reflectance for each wavelength through
the object wavelength region is evaluated with FDTD method, and is multiplied by weighted factor corresponding
to the spectral radiation intensity of standard solar light, and solar reflectance is evaluated by weight mean value as
following equation.

E P E; AL ®)
D En

where re is solar reflectance, ry is spectral solar reflectance and E|DI is weight factor of standard solar light. Figure 9
shows the solar reflectances calculated by changing the structure parameter in the case of Ly =0.2mm, Ly =0.2mm
, L=0.4mm as the standard structure. Incident angle is normal. As shown in the figure, it can be seen that when
the ratio of the concave portion to the convex portion is 1:1, the solar reflectance becomes lower than in the other
proportions. Also, when the depth was 0.1 mm, the reflectance was the lowest, 0.0350, which was about 31.5% of
the solar reflectance of the flat plate.

pe =

SUMMARY
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The effect of surface periodic microstructure on
solar reflectance characteristics of solar energy
collector surface is numerically evaluated with
FDTD method. Results are as following.

¢ Inthe control of spectral reflection
characteristics, the depth of groove is most
influenced.

e The reflectance characteristics is strongly
affected by the micro structure of the
dielectric surface in shortwavelength region.

e When the ratio of the concave portion to the
convex portion is 1: 1, the solar reflectance
becomes lower than inthe other proportions.

e When the depth was 0.1 mm, the reflectance
was the lowest, 0.0350, which was about
31.5% of the solarreflectance of the flat plate.
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