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A diffusive solar cell window comprises a diffusion plate with TiO
2
nanoparticles sandwiched between two glass layers. It is a simple,

inexpensive, easy-to-made, and highly reliable transparent solar energy module. To improve its power generation efficiency as well
as maintain indoor natural lighting, we examined the scattering mechanism in the diffusion plate with TiO

2
nanoparticles within

a diffusive solar cell window by Mie scattering simulations. In this work, a multiwavelength ASAP ray tracing model for a diffusive
solar cell window with acceptable accuracy was developed to investigate the influence of the diffusion plate design parameter,
mainly concentration of a diffusion plate with determined particle size distribution, on power generation efficiency and color shift
of transmitted sun light. A concept of “effective average radius” was proposed to account for the equivalent scattering effect of
a size distribution of quasispherical particles. Simulation results demonstrated that both the transmitted light and its correlated
color temperature decreased as the concentration increased for a large-size diffusive solar cell window. However, there existed a
maximum power generation efficiency at around 160 ppm concentration. The optimal design for a large-size diffusion plate inside
a diffusive solar cell window by taking indoor lighting into account was suggested based on the simulation results.

1. Introduction

Building integrated photovoltaic (BIPV) is an important
application of future solar energy development. The inte-
gration of solar cells into windows must not only generate
electrical power but also maintain indoor natural lighting.
Various types of power generation on windows have been
developed by the application of BIPV technology. In most
cases, solar cells are directly placed on/in windows [1–7]. But
such approach often fails to fulfill one of the basic functions of
windows—lighting. Alternatively, solar cells can be placed on
the edges of a window.Through depositing a thin film layer of
fluorescent molecules on glass, due to internal total reflection
of light in glass, a highly efficient solar cell was developed
[8]. To further enhance the light guide effect and increase the
power generation efficiency as well, a diffusive solar cell win-
dow is designed and fabricated with uniformly distributed
diffusive nanoparticles in a polycarbonate diffusion plate
that is sandwiched between two glass layers [9]. A typical
prototype diffusive solar cell window is shown in Figure 1.
Its basic structure and main light-transport mechanisms

responsible for the enhancement of solar power generation,
including multiple scattering inside diffusion plate and total
internal reflection at the front and back interfaces between
the glass and the air, such as light rays D, E, and G,
are illustrated in Figure 2. As a whole, it does exhibit a
certain degree of “light-guide” effect. Although, with all its
merits, the commercial applications of diffusive solar cell
windows are still limited, part of the reason is due to that
the contemporary large-size diffusive solar cell windows still
do not meet the performance requirement for high power
generation efficiency. Since the diffusion plate is the most
significant factor influencing power generation efficiency, it
is crucial to optimize its design in order to resolve the issue.

Based on Mie theory of light scattering, optical simu-
lations have been widely used to study light transport in
diffusion plate, in tissues, in atmosphere, and in environ-
ment, and so forth, and have gained some ground in these
research areas [10]. To efficiently and effectively improve
the power generation performance of a large-size diffusive
solar cell window in terms of development time and cost,
Mie scattering optical simulation is the best choice for
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Figure 1: A 1 × 1 feet diffusive solar cell window prototype at work.

1 2 3 4 5 6 7 8

SCSC

LGL

LGL

DP

DP: diffusion plate
LGL: light-guide layer (glass)
SC: silicon solar cells

Light rays

Figure 2: Schematic illustration of the basic structure of a diffusive
solar cell window as well as various mechanisms of light transport
inside.

implementation compared to the more common practice—
experimental approach. In this work, a multiwavelength ray
tracing model using Advanced Systems Analysis Program
(ASAP) was constructed to examine the optical mechanisms
which influence the power generation efficiency of a diffusive
solar cell window, especially the optimal design parameters
for the diffusion plate with nanoparticles of a large-size diffu-
sive solar cell window by taking both high power generation
performance and indoor lighting into account.

2. Optical Model for a Diffusive Solar
Cell Window

Generally, our devised diffusive solar cell window is made
up of a diffusion plate—polycarbonate (PC) plate embedded
with titanium dioxide (TiO

2
) nanoparticles which was sand-

wiched between two glass plates. In practice, ethylene vinyl
acetate (EVA) was used to laminate glass and PC. Accord-
ingly, an ASAP ray tracing model was developed to simulate
the measurement of a five-layer diffusive solar cell window in
a solar simulator with acceptable accuracy. A typical cross-
sectional dimension of a diffusive solar cell window structure
for general purpose building applications implemented in
simulations is shown in Figure 3. A rectangular tubular
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Figure 3: The implemented cross-sectional dimension (in propor-
tion) for a typical diffusive solar cell window.

absorption surface was surroundingly positioned in close
proximity to the edge of the diffusive solar cell window to act
as solar cells in simulations. Another absorption surface was
placed proximately behind the back interface of the diffusive
solar cell window, which was between the glass and the air, to
track down all of the transmitted light.

3. Optical Simulations

The optical simulations were divided into two main steps:
(i) the construction of an accurate wavelength-dependent
diffusion plate optical model and (ii) optimal design for a
diffusive solar cell window.

In order to corroborate the five-layer diffusive solar cell
window model, a prior work—the construction of an accu-
rate wavelength-dependent optical model for the diffusion
plate—was performed since the diffusion plate is the key
component in a diffusive solar cell window. By simulating
the transmittance spectra measurement of the diffusion plate
using a spectrophotometer, a simplified ASAP model of
transmittance spectra measurement for the diffusion plates
with different concentrations of TiO

2
nanoparticle was con-

structed. It consisted of a diffusion plate, a variable single-
wavelength slit light source, and a detection surface that
served as the entrance port opening of an integrating sphere.
The densities of TiO

2
and PC were assumed to be 4.0 g/cm3

and 1.2 g/cm3, respectively. Given a radius of a nanoparticle,
different concentrations of nanoparticle in a diffusion plate
can be determined in simulations.

By Mie scattering theory, the aggregate of TiO
2
nanopar-

ticles in a diffusion plate was assumed to be spherical,
isotropic, and uniform in size. In fact, there was a size distri-
bution of around 200∼300 nm for TiO

2
nanoparticles imple-

mented in this work, as shown in Figure 4.Therefore, we pro-
posed a concept of “effective average radius” to approximate
the average radius of an aggregate of nanoparticles which
took the equivalent scattering effect of a size distribution
of quasispherical particles into account. Different “effective
average radii” within the range of TiO

2
nanoparticle size

distribution were tested in the simulations of diffusion plate
transmittance spectra measurement. The simulation results
then were compared to the experimental measurements not
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Figure 4: TEM image of the TiO
2
nanoparticle aggregates.
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Figure 5: Comparison of transmittance spectra of a diffusion plate
with TiO

2
nanoparticles between simulation and experiment. Solid

line (—): simulation. Dash line (- - - -): experiment.

only to validate the accuracy of the wavelength-dependent
diffusion plate model but also to determine the operating
“effective average radius” implemented in the diffusive solar
cell window model. With resort to dynamic light scattering
(DLS) measurements for the aggregate of TiO

2
nanoparticles

[11], the validity of operating “effective average radius” was
examined.

As for the refractive indices (n) and extinction coefficients
(𝜅) of glass, EVA, TiO

2
, and PC, they do vary with wavelength

in the solar spectrum for silicon solar cell which is approx-
imately from 400 to 1150 nm [12], whereas the extinction
coefficients of glass, EVA, and PC are so insignificant that
they were assumed to be zero for most optics applications.
Since there existsmultiple scattering inside the diffusion plate
and “light-guide” effect along the glass plates, the propagation
loss of light transport in a diffusive solar cell window cannot
be ignored any more; that is, their extinction coefficients
cannot be assumed to be zero. In this work, the extinction
coefficients of glass, EVA, and PC were determined based on
the measured transmittance spectra of blank glass, EVA, and
PC by a spectrophotometer which were then converted to
extinction coefficients through corresponding transmittance
spectra simulations. More particularly, the measured trans-
mittance spectra of a 2mm thick blank PC plate were served
as a baseline in the transmittance spectra simulations for a
diffusion plate.

In the second step, there were two feasible approaches to
perform the simulations for optimizing a diffusive solar cell
window design by assigning the light source of the diffusive
solar cell window model either to be one single operat-
ing wavelength or to be multiwavelength. Though single-
wavelength approach could provide valuable information to
improve the design of a diffusive solar cell window, but a
more accurate model was needed in order to optimize its
performance. Therefore, the multiwavelength approach was
adopted in this work. An ASAP multiwavelength five-layer
diffusive solar cell window measurement model was then
developed. Simulations were performed to determine the
power generation, transmittance, and transmitted light color
of different-size diffusive solar cell window with given con-
centrations of TiO

2
nanoparticle. The accuracy of this model

was verified through the comparison between the simulation
results and experimental data. Further simulations were
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Figure 6: Comparison of power generation ratio of diffusive solar cell windows with different sizes between simulation and experiment in
terms of (a) window area and (b) window perimeter.
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Figure 7: Simulation results of power generation ratio and trans-
mittance for a 64 × 64 cm diffusive solar cell window with different
concentrations of nanoparticle.

performed to attain the optimal design for a large-size 640
× 640mm diffusive solar cell window.

4. Simulation Results and Discussion

In the simulations of transmittance spectra measurements
of the diffusion plate with TiO

2
nanoparticles, the “effective

average radius” of a TiO
2
nanoparticle was determined to be

140 nm by the examination of all of the simulation results
and comparison with experimental data. For this case, the
transmittance spectra comparison between the simulation
and the experiment demonstrated that the constructed dif-
fusion plate model can exhibit acceptable accuracy across

the whole silicon solar cell spectrum, as shown in Figure 5.
Appreciably and deliberately, higher transmittances occurred
in low-wavelength region and lower ones in high-wavelength
region. Higher errors appeared at the lower end of the
spectrum by our model, since the spectra transmittance of
PC varied significantly in the region of 400 nm.

To validate the accuracy of the developed multiwave-
length five-layer diffusive solar cell windowmeasurement, we
compared simulation results to the experimental measure-
ments, as shown in Figure 6. By means of an 8 × 8 cm/70%-T
diffusive solar cell window with a 0.189W power generation
as a standard of reference, the power generation ratio is
defined as the power generation of a test window over the
reference value. 70%-T stands for an 80 ppm diffusion plate
with TiO

2
nanoparticles used, and 62%-T is for a 140 ppm

one.
In Figure 6(a), it shows that the power generation ratio

does not increase linearly with window size (amount of
incident simulated sun light); it gradually saturates as the
window area increases. In Figure 6(b), the power generation
ratio variation versus window perimeter also exhibits the
same trend; it saturates as window size becomes greater.
Besides, the generation power ratio is greater if the window
parameter is larger based on the same window size.

For future commercial applications, a 64 × 64 cm dif-
fusive solar cell window, which was near a 2 × 2 ft size
window, was simulated. The simulation results are shown in
Figure 7. It demonstrated that the transmitted light decreased
as expected as the particle concentration increased from
40 ppm to 200 ppm. However, the power generation ratio
did not increase with increasing particle concentration.
There existed a maximum power generation ratio at around
160 ppm concentration. It suggested that the optimal design
parameter for particle concentration was around 100 ppm,
based on the tradeoff between power generation ratio and



International Journal of Photoenergy 5

Sun light

Transmitted light

0.80.70.60.50.40.30.20.10.0−0.1

500

510

520
530

540

550

560

570

580

590
600

610
630

680490

480

470

420

Illuminant E (5400 K)

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

−0.1

Figure 8: Simulation results of correlated color temperature variation of transmitted light for a 64 × 64 cm diffusive solar cell window with
the increment of nanoparticle concentration.

light transmittance. The correlated color temperature of the
transmitted light decreased as the particle concentration
increased as expected, as shown in Figure 8. Since the light
was absorbed and scattered in a PC diffusion plate with
nanoparticles in a diffusive solar cell window at around
400 nm.

5. Conclusions

We have developed an ASAP optical multiwavelength model
for a diffusive solar cell window with acceptable accuracy
which can be used to optimize the design for a large-size
diffusive solar cell window. We also proposed a concept
of “effective average radius” to account for the equivalent
scattering effect of a size distribution of quasispherical
particles. For a 64 × 64 cm diffusive solar cell window,
there existed a maximum power generation ratio at around
160 ppm concentration in simulations. It did not increase
with increasing particle concentration. The simulation also
suggested that particle concentration of about 100 ppm was
the optimal design parameter, given determined “effective
average radius” of 140 nm, by taking indoor natural lighting
into account. Its light transmittance can still maintain above
50%.
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