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ABSTRACT

A Monte Carlo model is developed to simulate the solar radiation transfer through a water-filled prismatic louver
for solar energy harvesting. Solar irradiation includes both collimated and diffuse components. The full solar
spectrum is divided into different discrete bands for better treatment of the spectral properties of solar irradiation
and glass and water absorption. In particular, we considered 1 full band, 3, 7, 10, 20 and 40 bands, respectively.
The influences of band division, photon number, and element number on solar energy absorption in the louver
are discussed. The energy absorption efficiency utilizing different ratios of collimated and diffuse components is
analyzed. For the trade-off of balance between the computational efficiency and accuracy, the 7-band model is
generally adopted in most calculations. The effect of mesh division was found to be less sensitive for analyzing
the overall solar energy absorption in the louver.
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1. INTRODUCTION

The amount of solar irradiation on earth’s surface is gigantic: 3x10%* joules per year, most of which
remains unutilized while we keep depleting traditional fossil fuels [1]. The yearly installation capacity of
solar photovoltaic facilities has seen a continuous significant increase worldwide in recent years [2]. The
integrated spectral irradiance of ASTM E-490 corresponds to the solar constant which is E = 1366.1W/m?
above earth’s atmosphere [3]. At present, the best reported solar cell is a multi-junction cell having a record
of 44.4% efficiency [4]. According to data from EIA (Energy Information Administration), commercial
buildings spend more than half total energy on lighting and heating each year [5]. Abundant solar energy can
provide natural lighting as well as heating, thus well-utilizing solar energy will lead to energy savings. At
present, the majority of green facilities utilizing solar energy only perform either for heating or photovoltaic
power generation, making use of only several certain bands of solar irradiation. Most often seen examples
are solar water heaters and solar photovoltaic cells. It is needed to develop new technologies to take full
advantage of the whole solar spectrum energy.

*Corresponding Author: guo@jove.rutgers.edu
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The concept of the proposed glass louver (see Fig. 1) in a glazing system is based on the ability of a prism to
deviate the incident light. The collimated solar irradiation will be redirected by the louver to a ceiling and
reflected diffusely to a room for illumination. This will minimize “glare effect” and increase natural lighting;
and enhanced daylight has the potential to reduce the energy consumption due to artificial lighting for both
residential and commercial buildings. On the other hand, the glass and water will absorb the solar energy.
The harvested solar energy will be transported and stored as thermal energy in the water, which could be
used to replace water heaters or be stored for other purposes. The present study focuses on investigating the
efficiency of the solar energy absorption by the proposed water-filled louver.

Monte Carlo (MC) model is a useful simulation method for investigating radiation heat transfer in complex
systems [6, 7]. It was applied to thermal radiation problems in the early 1960s [8, 9]. Advantages of using
MC include easy handling of complicated physical processes and conditions based on statistical distributions,
and easy coding in the construction of computer program without the use of any governing equations.
Simulation of radiative energy redistribution in a system is achieved by tracing a large number of energy
bundle (photons) from the point of emission till the point of extinction. There are a number of excellent
reviews [10 — 14] in the literature on MC methods for radiation transfer in participating media under various
conditions. In the present solar-louver system, the solar irradiation on earth surface is highly spectral, and the
glass and water absorption and refractive indices are spectrum-dependent. Hence, an MC modelling with
appropriate spectral properties incorporating multiple reflection, refraction, absorption, and scattering is
necessary.

Recently, the current authors have tackled the problem of solar collimated radiation transfer through the
water-filled louver using the MC simulation [15]. Therefore, the present study will be focused on the
treatment of solar diffuse irradiation using the MC model. The results combining both collimated and diffuse
components will be presented. The solar absorption efficiency and spectrum division for efficient and accurate
computation will be scrutinized.
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Fig. 1 Sketch of the louver cross-section with solar irradiation from the top

2. SIMULATION METHOD

2.1 Physical model
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Fig. 2 Flowchart for photon tracing

The physical model discussed in this study is a glazing system consisting of a series of transparent water-
filled glass louvers that can be installed on one side of a window to change the direction of collimated
sunlight providing natural lighting deeper in the room, as well as to absorb the infrared part in solar radiation
to heat the water inside. The cross-section of the prismatic louver is an equilateral triangle, which is
assemble of three pieces of uniform silica glass, each with thickness (t) of 0.125 inches, width (W) of 3
inches, and height (H) of 0.5v/3 W. A brief illustration of the cross-section is plotted in Fig. 1. The only
situation that the end effect cannot be neglected is that both 6 and @ approach to 90°, which consists of a
very small solid angle of incidence. In such a small solid angle, the solar incidence is almost negligible as
cos 6 approaches to zero. Thus, a two-dimensional (2D) geometry is considered in this study. The solar
irradiation consisted of both collimated and diffuse components. The collimated radiation is assumed of

normal incidence.

2.2 Formulations

Fig. 2 shows the flowchart for tracing one photon bundle in our MC modelling. A photon bundle is initiated
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from a position (Xo, Yo, Zo) at the solar incident surface of a uniform distribution:
Xo=W+QRi—-1)/M-W/2,Y,=0,Z,=0 i=1,2,.., M (1)
where M is the number of total elements on the incident surface.

For diffuse solar irradiation, the incident direction (8, @) is randomly generalized as follows:

6, = sin"*(vVR), @, = 2nR (2)
where R is the random number. The flight distance, Lg, of a photon bundle is
1 1

where B, is the spectral extinction coefficient of the medium from which the photon is initiated. B, is a sum
of the spectral absorption coefficient, o, and the spectral scattering coefficient, o;.

There are six interfaces in the louver as shown in Fig. 1, S1- S6. In order to decide which interface the
photon bundle will hit or be absorbed/scattered inside the medium, we find the seven possible hitting
distances, L;, and positions by solving
X; = L;sin0ycos g +Xy
Y; = L;sinf,sin @, +Y, i=1,2 ..,7 4)
Z;= LicosOy+ Z,
with each of the following functions:

For interaction at surface 1: Z;=0 (5a)
For interaction at surface 2: Z,=V3X, + H (5b)
For interaction at surface 3: Zy = —3(X; —W/2) (5¢)
For interaction at surface 4: Z4=T (5d)
For interaction at surface 5: Zs = \3(Xs + 0.428W) + T (5e)
For interaction at surface 6: Zg = —\3(Xs — 0.428W) + 7 (5f)
For scattering/absorption in a medium: L;=Lg (59)

The distance between the middle point ( X;',Y;’, Z;" ) of surfaces S4-S6 and the emission point obeys the rule
as follows:

Ui=yXo =X+ X~ Y2+ (2o~ Z)2 i=4,56 (6)
IfL', <L's, L'y <LUgandL's <L, we will check whether the photon will hit S4, S5, S2, S3 and S1 in
sequence.
IfL', <L's, L'y <LUgand L'y < L5, we will check whether the photon will hit S4, S6, S3, S2 and SI in
sequence.
IfLl's <Ly, L's <Lgand L'y <L'g, we will check whether the photon will hit S5, S4, S3, S1 and S2 in
sequence.
Ifl's <L, Ls<Lgand L'g <L',, we will check whether the photon will hit S5, S6, S3, S1 and S2 in
sequence.
Ifl'g <Ly, Lg¢ <Lsand L'y <L's, we will check whether the photon will hit S6, S4, S1, S2 and S3 in
sequence.
Ifl'g <Ly, L'g <Lsand L's < L'y, we will check whether the photon will hit S6, S5, S2, S1 and S3 in
sequence.

Further, if Lg = L, > 0 and Xp < X, < Xg, the photon will hit S4; if Lg = Ls > 0and Xp < X5 < X, it
will hit S5; if Lg = Lg > 0 and Xg < X < Xg, it will hit S6; if Lg = L, > 0and 0 < X, < X¢, it will hit
S2; if Lg = Lz > 0 and X¢ < X3 < Xg, it will hit S3; if Lg = L; > 0and 0 <X, <Xg, it will hit S1;
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otherwise, it will be absorbed or scattered in the glass medium.

If the photon starts inside the water medium due to scattering, justify the following: if Lg =L, > 0 and
Xp < X4 < Xg, it will hit S4; if Lg = Ls > 0 and Xp < X5 < X, it will hit S5; if Lg > Lg > 0 and Xg <
Xe < Xg, it will hit S6; otherwise, the photon will be absorbed or scattered in the water medium.

If a photon hits a surface, we need to consider whether the photon will reflect or transmit. For reflection,
specular reflection condition is adopted as the surfaces are smooth. For refraction, Snell’s law is employed:

n;sin@; = n, sin 6, (7
where n; and n, are refractive indices of a medium in the incoming and refractive sides, 6; and 0, represent
the incident angle and angle of refraction, respectively.

If n; > n,, there exists a critical angle, 6., defined by

0, = sin™t (%) (8)
When 6; > 6, and the incident radiation is totally reflected with specular reflection condition.
The reflectivity of incident radiation on an interface is given by Fresnel equation:

_l[tanzwi—er) sin?(0;-6,) ©)
2 ltan2(6;+6,)  sin2(6;+6,)

2
where p is the reflectivity; 6; and 6, represent the angle of incidence and angle of refraction, respectively. If
R < p, the photon will reflect; otherwise, it will transmit.

The ray vector VT after reflection is
V, =V, +2(|V|cos6)) -7 (10)
where n is the normal direction outward the hitting surface, Vl is the incoming ray vector. The ray vector

after refraction, Vi, is
tan 6,

¢ = Tane, [V, + n(V, - )] = a(V; - n) (11)
Once we obtained the ray vector after refraction/reflection, we can get 6 and @, respectively.

To trace the reflected/refracted photon, a reduced flight distance is used and calculated as the difference
between the originally-calculated flight distance and the flight distance between photon initiating and the
hitting surface. If refraction occurs, the transformation between two different media is calculated by

leﬁu = L,zﬁﬂz/l (12)
where Lig is reduced flight distance in the same medium, L is the reduced flight distance in another
medium after refraction. For scattering, a new flight distance will be calculated based on Eq. (3).

If the photon is absorbed or scattered, we use the scattering albedo to determine whether the photon is
absorbed or scattered. If R < w, in which w is the scattering albedo, the photon would scatter; otherwise, it
would be absorbed. The new scattering direction is determined by isotropic scattering condition in this study,
as water scattering is very weak and glass scattering is negligible, given by:

6, = cos™1(1 —2R), @, =2mR (13)
where 6 is the new azimuthal angle and @ is the new circumferential angle.

The spectral divergence of heat flux, Q,;, due to solar diffuse irradiation for an element i is calculated by
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Ny; WXE
Q/u = Zj:/ll(l - PM) SL-XNRjW (14)
where N,; is the absorbed spectral photon number in the element; S; is the cross-sectional area of the element;
NRAY is the total photon bundles number refracted from the inward surface of solar incidence; E, is the
diffuse spectral solar heat flux on the louver’s out surface; and pjp is the spectral surface reflectivity of light
from air to silica glass on j photon penetrating. The total divergence of diffuse irradiation, Q;, is an integral
of the spectral value, i.e., the sum of contributions from all the solar bands:

0,; = WXE 4000 yNai d-p;2)
= 5 ~4=2804j=1 Npay

(15)
2
where E is the diffuse solar heat flux on the louver’s out surface and w;_is the energy weighting factor of a
spectral band.

Since the solar heat flux varies depending on location, season, day and time, it would be more convenient to
show the energy absorption in terms of normalized energy harvest Q,;" defined as:

! Q1i
Qi = E_ll (16)
The energy absorption efficiency for diffuse irradiation is defined as:
Ny A=)

4000
We compare absorption efficiency in the glass and water respectively. The total efficiency is a sum of these
two contributions.

Similarly, we considered solar energy absorption for collimated solar irradiation in our previous study [15].
The whole solar energy consists of diffuse and collimated components. Suppose the diffuse component ratio
is a4, and Q,; is the contribution due to collimated irradiation, then the local divergence of whole heat flux,
Q;, for a single element would be

Q3i = Qi + Qi (18)
The total normalized energy harvest Qs;" would be
Qsi' =y X Qyi' + (1 —ay) X Q' (19)
And the total efficiency would be:
€rotal = X161+ (1 — ay)€; (20)

where €, is the absorption efficiency for collimated irradiation.

Solar irradiation is highly spectral, and so are the properties of water and glass. The details of different
spectral optical properties on different bands can be found in our recent paper[15].

2.3 Elements and bands division

The louver was divided into 462, 1,086, 4,032, 7,140 and 11,130 elements respectively. A brief illustration
of a representative mesh with 462 elements is shown in Fig. 3.

Solar irradiation is highly spectral, and so are the properties of water and glass in the whole solar spectrum
ranging from 280 — 4,000nm. Both glass and water are highly absorbing medium against solar spectrum.
Scattering in the glass is negligible and extremely weak in water. However, spectral variation in refractive
index is not negligible for both glass and water. Further, there exists mismatch of refractive indices in the
interfaces between glass/air and glass/water. We tried to divide the solar spectrum into discrete bands, and
band-averaged properties are used in our calculations. We divided the spectrum in a way such that property
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profiles are relatively smooth within each band. Another factor considered was that each band contains a
similar amount of solar energy to keep close weight. So the bandwidth varies along the full solar spectrum:
in a region with condensed energy, such as the visible and near-infrared regions, the bandwidth is relatively
narrower. A single air mass value of 1.5 from ASTM Standard G173-03 [16] was adopted in calculating the
solar irradiation on earth’s surface. The details about the bands’ division were listed in a table in our recent
article [15], in which we considered 1 full band, 3, 7, 10, 20, and 40 bands, respectively.

centerline

.

\

\
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Fig. 3 A representative nodes division

3. Results and Discussion

First, we validate the MC calculations for solar diffuse irradiation under different photon numbers. Four sets
of photon numbers were considered, i.e., 106,107,108 and 10° photons. Fig. 4 compares the normalized
energy harvest for different photon numbers. It is seen that a large amount of solar energy will be absorbed
in the incident glass layer. The absorbed energy decreases significantly as the photon going deep in the water
region. Fig. 5 plots the contours for the four calculation cases considered in Fig. 4. We used Inter® Core™ i-
7-4720HQ CPU@ 2.60GHz for calculations. 2819.0s was spent for 108 photons and 28679.2s for 10°
photons simulations, respectively. Hence, 108 photons seem to be suitable for computational accuracy and
efficiency.

Next, we examine the effect of element division. We considered meshes of 462, 1,086, 4,032, 7,140 and
11,130 elements for comparison. In the calculations, 108 photons and 7 bands were employed. Fig. 6 shows
the solar energy absorption efficiencies in glass region, water region, and the whole louver region,
respectively. It is seen that element division does not affect these three efficiencies. Absorption by the glass
is much stronger than by the water inside the louver. Figs. 7 and 8 examine the local solar absorption. It is
seen that the element division affects local distribution of solar energy absorption. It took 2804.6s for 462
elements, 2877.7s for 1,086 elements, 2804.6s for 4,032 elements, 2819.0s for 7,410 elements and 2878.33s
for 11,130 elements. Combining the computation efficiency and accuracy, this model with 7,140 elements
will be adopted in later calculations.

Band division is a very important issue for accurate and efficient modeling of solar irradiation. We considered
the solar spectrum as a full band, 3, 7, 10, 20 and 40 bands, respectively. Fig. 9 shows the total/glass/water
solar energy absorption efficiencies for different band divisions. It is seen that the absorption efficiency
generally decreases as increasing band numbers, except for the case from 1 band to 7 bands for glass.
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However, the variation after 7 bands is very small. Fig. 10 shows the normalized energy harvest distributions
along the centreline. Again the results from the 1-band and 3-band divisions deviate largely from other cases.
The division of 7 bands is acceptable. Fig. 11 shows the contours of normalized energy harvest in the whole
louver. It shows that 1-band and 3-band situations have a larger absorption in the glass, i.e., the solar
irradiation is heavily attenuated by the incident glass layer. The 7-band would be a good choice as its result
is similar to the 10-, 20-, and 40-band models. Since the CPU time is linearly proportional to band number.
The 7-band model is used in the present study.
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Fig. 4 Normalized energy harvest (/m) along the centerline for different photon numbers

Now we utilized 7-band and 108 photons model to analyse the influence of combined diffuse and collimated
solar irradiation. It is well known that the ratio of a diffuse component over the total irradiation (diffuse +
collimated) varies with location, season, day, time, and weather conditions. In the present study, we just
considered one situation for the collimated irradiation, i.e., the incidence is normal to the louver surface. The
paper adopted 0.2,0.4,0.6 and 0.8 as the ratios of the diffuse irradiation to total irradiation to see the
total/glass/water energy absorption efficiencies and the normalized energy distribution contours for the
louver.

Fig. 12 shows that absorption efficiency against the variation of diffuse component. It is seen that as the
diffuse irradiation ratio increases, the total/glass/water energy absorption efficiencies decrease. Fig. 13 plots
the contours of normalized energy harvest for four different ratios of diffuse irradiation. It is seen that the
value in the region of the bottom tip reduces as the diffuse component increases. It implies that the diffuse
irradiation cannot penetrate as deeper as the collimated irradiation.

4. CONCLUSIONS

The absorption of solar irradiation with both the collimated and diffuse components within a water-filled
prismatic louver is investigated using the MC method. In particular, the spectral features of solar irradiation and
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material properties are considered. The method is validated via intensive comparisons among the use of different
photon numbers, element numbers, and band division numbers. Some conclusions can be drafted as follows:
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Fig. 5 Contours of normalized energy harvest (/m) for different photon numbers
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1. The overall solar energy harvested in the water and glass regions is a weak function of element division.
However, the precise local distribution of energy deposition does depend on the element division. A finer
mesh will get a better symmetric profile in the louver. As the water inside the louver is moving, the division
of meshes will be critical in the combined modeling of heat and fluid flow in the future.
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2. Adopting the solar spectrum as a full band or 3-band is not good enough for accurately simulating the solar
radiation transfer through glass and water. The 7-band model works well as compared with the 10-, 20-, and
40-band models. It is also computational efficient as compared with the large band number cases.

3. The louver energy absorption to the diffuse solar irradiation is weaker than to the normally incident
collimated irradiation. Thus, the louver would be better to face directly the solar irradiation.

Future work should investigate the influence of different latitudes, seasons, and climatic conditions on both the

collimated and diffuse solar radiation.
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NOMENCLATURE
E diffuse solar heat flux (w/m?)
Ex diffuse spectral solar heat flux(w/m?)
N; absorbed photons in a single element
NRAY total emission photons
N,;  absorbed spectral photon number
in the element
W width of the louver (m)
Wy, spectral weighting factor
Lg total photon flight distance in
the glass medium (m)
L’B new flight distance after scattering
[reflection/refraction (m)
Ljg  reduced flight distance in the
same medium (m)
Lyg  reduced flight distance in the
another medium (m)
Q,  spectral divergence of heat flux
for element i (m™1)
Qq; diffuse component divergence of

20% diffuse

4

40% diffuse

60% diffuse

80% diffuse

Fig. 13 Contours of normalized energy harvest (/m) for different ratios of diffuse irradiation
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the incoming ray vector

ray vector after reflection

ray vector after refraction

diffuse component ratio

absorption coefficient (m™1)
absorption efficiency for diffuse irradiation
absorption efficiency for collimated
irradiation

total absorption efficiency

scattering albedo

circumferential angle after

reflection or refraction (degrees)
circumferential angle for MC (degrees)
scattering circumferential angle

(degrees)
reflectivity
spectral surface reflectivity of
j photon penetrating
scattering coefficient (m™1)
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Qai
2i

Qsi

3i

(1]
(2]

(3]
(4]
B
0
(9]
[10]
[11]
[12]
[13]
[14]
[15]

[16]
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energy harvest (w/m3) 0 azimuthal angle after reflection
diffuse component normalized or refraction (degrees)
energy harvest (m™1) 0o azimuthal angle for MC simulation
collimated component divergence (degrees)
of heat flux (w/m?3) 0, scattering azimuthal angle (degrees)
collimated component normalized 0; incident angle (degrees)
energy harvest (m™1) 0, refractive angle (degrees)
local divergence of whole heat flux 0. critical angle (degrees)
(w/m3) S; cross-sectional area of the element  (m?)
whole normalized energy harvest S area that the sunlight can direct
(m~1) irradiate with (m?)
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