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a b s t r a c t

The Green Solar Collector (GSC), a photobioreactor designed for area efficient outdoor cultivation of
microalgae uses Fresnel lenses and light guides to focus, transport and distribute direct light into the
algae suspension. Calculating the path of rays of light, so-called ray tracing, is used to determine local light
intensities inside the photobioreactor based on the focused rays of sunlight. Reflection and refraction of
the propagating rays of sunlight from point of focus to refraction into the photobioreactor is calculated.
Refraction out of smooth and sandblasted distributor surfaces is simulated. For the sandblasted surface
ay tracing
ight guide
resnel lens
unlight
icroalgae

a specific structure is assumed and corresponding reflection and refraction patterns are described by a
2-dimensional modeling approach. Results of the simulations are validated by measurements on real light
guide surfaces. The validated model is used to determine the influence of the solar angle on the uniformity
and efficiency of light distribution over the light distributor surface.

The simulations show that efficient capturing of sunlight and redistribution inside the algal biomass
can be achieved in the Green Solar Collector at higher elevation angles of the sun, making the Green Solar
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Collector suitable for oper

. Introduction

The volumetric biomass productivity of a microalgae culture in
photobioreactor is determined by the light input in the photo-

ioreactor and the efficiency of light use for microalgal growth.
ight intensity is an important parameter for the photosynthetic
fficiency in photobioreactors. Exposure to full sunlight intensi-
ies limits the microalgae’s light use efficiency, while prolonged
xposure to darkness stops the microalgae’s autotrophic processes.
o efficiently cultivate microalgae, the exposure to light has to be
arefully regulated and therefore it is important to know local light
ntensities inside a photobioreactor [1,2].

The Green Solar Collector (GSC) [3] was developed to obtain high
rea biomass yields by efficiently capturing, transporting and re-
istributing available direct sunlight into the microalgae culture.

t was designed to supply captured sunlight to the microalgae at
educed intensities. This in combination with a short light path and

urbulent mixing is expected to result in high light use efficiency
nd high volumetric biomass productivity. To be able to run a light
fficient cultivation an investigation into distribution of captured
unlight into the reactor compartment is necessary. A uniform dis-

∗ Corresponding author. Tel.: +31 317 483770; fax: +31 317 482237.
E-mail address: jan-willem.zijffers@wur.nl (J.W.F. Zijffers).
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at low latitudes with a high level of direct irradiance.
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ribution on the light distributor surface is needed to have a reduced
nd uniform light intensity inside the microalgae culture such that
ight can be efficiently used by the microalgae.

Extracting light uniformly from the lateral surfaces of optical
bers and light guide or distributor like structures has been a prob-

em in previous research [4–6]. The problem was either caused by
etting the light into the illumination plate [4] or getting the light
ut of the distributor over its lateral surface [5,6]. Csögör et al. [7]
anaged to improve the lateral distribution to a large extend by

oughening the surface of the illuminating surface of the distribu-
or. The short distance between the light source and the end of the
istributor helped to achieve a more uniform illumination in the
ork performed by Csögör et al. [7].

Sunlight is captured into the GSC through polymethylmethacry-
ate (PMMA) Fresnel lenses that are able to rotate over two axes to
ollow the sun. The lenses can rotate over the light guide and the
istance between the lens and light guide is adjustable to maintain
he line of focus on top of the light guide as explained by Zijffers
t al. [3]. Light focused on top of the light guides refracts into the
ight guides and internal reflection in the guides directs light into
he bioreactor compartment. Internal reflection inside the guides

nd refraction out of the guides into the algal suspension is calcu-
ated based on the specific incident angles of sunlight rays on the
nterior surface of the light guide. Based on the relation between
he light capturing surface of the lens and the light emitting surface
f the light guide, the light intensity on the light distributor surface

http://www.sciencedirect.com/science/journal/13858947
mailto:jan-willem.zijffers@wur.nl
dx.doi.org/10.1016/j.cej.2008.08.011
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ill be about half of the sunlight intensity [3]. However, due to the
hanging position of the sun on the horizon and the position of the
ens with respect to the sun, reflection and refraction of light on
he lens and light guide vary. The results of a ray tracing study into
he effect of changing reflection and refraction of light on the cap-
uring efficiency and on the uniformity of light distribution will be
iscussed in this paper.

Ray tracing, “following a path of a photon (or ray of light) as
t bounces around the scene” [8], can be used to determine the
ath of light rays and the intensity at which sunlight enters the
icroalgae culture. The path of the focused sunlight inside a light

uide of the GSC is visualized for a guide with a smooth or a
ough, sandblasted distributor surface. A specific surface struc-
ure for the sandblasted light guide surface is assumed, leading
o specific reflection and refraction patterns for focused rays of
unlight.

The ray tracing routine is explained in a separate model descrip-
ion. The model is validated by comparing results of simulations
ith measurements of the refraction of focused light out of real

ight guides. Refraction and reflection of light is then simulated for
ifferent situations and the efficiency of light capturing and the
niformity of light distribution into the Green Solar Collector is
iscussed.

. Model description

.1. Ray tracing

The ray tracing approach used in this research regards sunlight
s a bundle of parallel rays. All reflections and refractions of light on
he internal and external surfaces of the lens and light guide are cal-
ulated by Snell’s law and Fresnel’s formula. Average values are used
or the refractive indices of the different materials involved in the
ay-tracing simulations, because only a minor change in refractive

ndex occurs within the wavelength range studied (400–700 nm).
hese are: PMMA (lens and light guide): 1.49; water (algal suspen-
ion): 1.33; air: 1.00.

The calculation of the path of sunlight into the Green Solar Col-
ector is split up in three parts, which are illustrated in Fig. 1:

ig. 1. Focusing and capturing, transporting, and distributing sunlight into the algal
uspension. The lens has a width of 52 mm and a focal point at 51 mm. The total
eight of the light guide is 110 m, which can be split up in a rectangular part of
0 mm and a triangular part of 40 mm. Width of the light guide was chosen to be 8
r 16 mm.
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Fig. 2. Focusing of light by a Fresnel lens and capturing into the light guide.

1. Focusing of direct sunlight through a lens and capturing of
focused light into the light guide.

. Transport of captured light downwards through the rectangular
top part of the light guide.

. Re-distribution (refraction) of captured light out of the triangular
bottom part of the light guide, i.e. the light distributor, into the
algal suspension surrounding the triangular light distributor.

.2. Focusing and capturing of sunlight

Sunlight is focused on top of the light guide by refraction of
unlight through the prisms of the Fresnel lens. The lens is posi-
ioned perpendicular to the sun such that sunlight is focused in a
ine on top of the light guide [3]. The width of this line is approxi-

ately 2 mm when focused perpendicularly on the light guide, at
ower elevation angles of the sun the line widens to about 6 mm.
unlight always strikes the lens perpendicular with respect to the
idth of the lens but not necessarily perpendicular with respect to

he length of the lens.
The specific lens used on the GSC focuses sunlight in a window of

5◦ (Fig. 2). Since the ray tracing simulation requires a finite number
f rays, each degree within the window of focus is considered to be
separate ray. A resolution per degree is chosen such that sufficient
etail on the propagation of sunlight is obtained while maintaining
easonable computation times on a desktop computer. If desired,
he model can be modified to use different windows of focus if other
ens geometries are used on the GSC.

The intensity of each ray is calculated by correcting the radiant
ux (˚) of the direct sunlight for the incident angle (ϕ) of the sun-

ight with respect to the length of the lens and dividing it equally
ver 55 rays

� × cos(ϕ)

ray = direct normal

55
(W) (1)

In passing the lens light is reflected twice. Once on the
ir–PMMA interface entering the lens and once on the PMMA–air
nterface leaving the lens. The amount of reflection on the interfaces
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over several different incident angles on the 2-dimensional hemi-
sphere. Again, a finite number of reflection and refraction events are
required for the ray tracing simulation. Therefore these events are
traced per whole degree on the hemisphere. The energy associated
18 J.W.F. Zijffers et al. / Chemical En

s calculated using the incident sunlight angle on the lens surface
ϕ). The amount of reflection on top of the light guide depends on
he position of the lens with respect to the sun.

The sunlight rays are focused in a line on top of the light guide.
he ray tracing results for a single 2-dimensional plane of light
ropagation, as shown in Fig. 1, can thus be extrapolated for the
ntire length of the lens. However, the length of the light guide
as to be much larger than the height to be allowed to neglect the
ifferent geometry at beginning and end of the light guide.

.3. Transporting captured light

All captured light propagates by total internal reflection inside
he rectangular top part of the guide as long as it is surrounded by
ir and the surface of the guide is perfectly smooth [3]. The path of
he refracted rays inside the light guide depends on the dimensions
f the guide. All internal reflections on the light guide surface are
erfect, i.e. no decrease in light intensity, and attenuation due to
ropagation in PMMA is assumed to be negligible. In fact, the light
nergy content of the ray will decrease somewhat, but it will be less
han 1% while propagating inside the short, transparent PMMA light
uide before reaching the triangular light distributor surface. This
umber is based on the average attenuation of PMMA for visible

ight.

.4. Re-distributing captured light

Captured light must refract out of the light distributor sur-
ounded by the algal suspension. Narrowing of the distributor
owards the bottom causes rays to strike the distributor surface

ore perpendicularly and results in increased refraction of light
ut of the guide [9]. The distributor can have a smooth surface, but
ince internal reflection is no longer desired the surface can also be
oughened to further facilitate refraction of light out of the guide.

.4.1. Refraction of light out of a smooth distributor
Snell’s law and Fresnel’s formula are used to calculate the frac-

ion of the radiant flux that reflects on the smooth distributor
urface surrounded by the algal suspension. The reflected radiant
ux of a ray (Eq. (2a)) is traced until all light is refracted out of the
uide. Obviously, light that does not reflect on the surface will be
efracted out of the guide (Eq. (2b)) and penetrates into the algal
ulture. The location where light refracts out of the distributor is
alculated and determined for all 55 rays. A distribution profile
f refracted radiant flux over the distributor surface can thus be
reated depending on the specific position of the sun

reflected ray = R × �ray (W) (2a)

refracted ray = (1 − R) × �ray (W) (2b)

.4.2. Refraction of light out of a sandblasted distributor
To trace the rays during reflection or refraction on a rough sur-

ace, the structure of the surface needs to be known. According to
sögör et al. [7] an ideal rough surface can be considered to be
sphere emitter. The sandblasted distributor surface in the GSC

s therefore assumed to be uniformly covered with infinitely small
emispherical dents. These hemispheres do not have any area; they
re merely a tool to model the probable incident angles of a light
ay on a sandblasted surface. The incident angles on the projection
f the hemisphere on the 2-dimensional plane of light propagation

see Fig. 1) are determined based on the incident angle of the ray
n the distributor surface.

Fig. 3 shows this 2-dimensional projection of a hemisphere with
ome possible incident angles. There is a certain part of the hemi-
phere where the sunlight cannot strike, i.e. the shadow side of

F
d

Fig. 3. Incident angles on a hemisphere.

he hemisphere, represented by E. The direction in which light
an possibly reflect can be split up in two parts; the first one
eing reflections away from the surface, reflections B and C, the
econd being reflections towards the surface, reflections A and D.
t is unclear which surface structure the light encounters that is
eflected towards the surface on which the hemisphere is located,
ecause, as explained before, the hemispheres are a tool to simulate
he reflection on the sandblasted surface and have no actual area.
n this study light that is reflected towards the surface is assumed
o refract out of the sandblasted distributor surface.

To calculate the path of a ray after reflection, the angle of inci-
ence on the sandblasted surface needs to be known. Fig. 4 shows
n enlarged hemisphere on the light distributor and an enlarged
ay represented by arrows R. The incident angle on the distributor
urface is represented by angle ı. The number of possible incident
ngles on the imaginary hemisphere is thus angle ı plus 90◦.

Each ray strikes a large part of the surface of the hemisphere
nd therefore the energy content of the ray has to be divided
ig. 4. Incident angles on an enlarged hemisphere on the sandblasted surface of the
istributor.
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cover a fraction of the light guide. However, no light refracts out of
the rectangular light guide and all measured light at positions AL
and AR is attributed to the surface fraction of the triangular distrib-
utor. The intensity was measured at 3 positions over the length of
J.W.F. Zijffers et al. / Chemical En

ith a certain angle and the corresponding reflection–refraction
vent depends on the cosine of that specific incident angle on the
emisphere with regard to the sum of the cosines of all possible

ncident angles on the hemisphere

�angle = cos(angle)

× �ray

cos(−ı) + cos(−ı + 1◦) + · · ·+ cos(90◦−1◦) + cos(90◦)
(W)

�angle = cos(angle)
�ray∑90

−ı cos(angle)
(W)

Hence :
90∑

−ı

�angle = �ray (W)

(3)

After each reflection–refraction event the amount of refracted
ight is determined and used to calculate the light intensity on the
istributor at that position. The reflected remaining radiant flux

s considered to be a new ray and is traced to the next encounter
ith an imaginary hemisphere on the opposite surface of the dis-

ributor. Based on the location of the initial incident ray and the
irection of reflected rays, the locations where the reflected rays
trike the opposite surface are precisely calculated. As a result, the
ight intensity distribution over the distributor surface can be deter-

ined using the amount of refracted light energy at all locations
n the light distributor.

The reflections away from the surface can be split up in two
arts. Light can reflect downwards or upwards into the distributor.
part of the upwards reflection will not come in contact with the

andblasted surface on the opposite side of the distributor, because
t reflects upwards out of the distributor. These rays will reflect
nternally within the light guide and will be lost and are therefore
ot traced any further.

. Materials and methods

.1. Model validation

Perpendicular propagation of light focused by the lens and cap-
ured in the light guide was simulated using the Matlab software
rogram and compared with the measured refraction of light out
f real guides. Light was simulated to refract into an 8 mm wide
ight guide with a rectangular top part of 70 mm height and a light
istributor part of 40 mm height surrounded by air. The simulated
esults are compared to the light intensity measured on the distrib-
tor surface. A smooth as well as a sandblasted distributor surface
as simulated.

.2. Light measurements at the distributor surface

Light was focused on top of the light guide by a halogen lamp
nd ellipse shaped reflector (Fig. 5). The validation was performed
n air, because small underwater light sensors were not available.
alidation in air also validated the under water situation, because

he simulation was adjusted for the refractive index of air or water.
ight entered the light guide perpendicularly relative to the guide
ength so that it reflected within a vertical 2-dimensional plane

ithin the guide.
Based on the fact that an ellipse has two points of focus, an ellip-

oid reflector was designed to focus light into a window of 55◦, as
hown in Fig. 6. A halogen lamp is placed in one point of focus and
he top of the light guide in the other. The reflector is shaped such

hat the distance between the two points of focus is equal to the
ocal distance of the lens. Direct light from the lamp to the light
uide is blocked, to assure only light from the reflector enters the
ight guide. The simulation results are corrected for the angles of
ocus that are blocked by the lamp cover. The lamp and reflector
ig. 5. Halogen lamp and reflector that can rotate over the light guide to resemble
ocusing of sunlight by the Fresnel lens, also see Fig. 9.

ssembly could rotate over the light guide to mimic the rotation of
he lens.

The light intensity was measured using three small 2 − � photo-
iode (∅ = 1.4 cm) facing the distributor surface in a dark room and
overing the photodiode from residual stray light of the lamp. Fig. 7
hows the measuring positions on the distributor surface. Due to
he size of the photodiode, measuring positions AL and AR (Fig. 7)
Fig. 6. An ellipsoid reflector, focusing light in a window of 55◦ .
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Fig. 7. Light measuring positions on the light distributor.

he distributor at 3 different heights on both the left and right side
f the distributor (Fig. 7). It sums up to 18 measurements for one
istributor to correct for deviations in the shapes of both light guide
nd distributor. In addition, five light guides—distributor combina-
ions were used to validate the model to further reduce the effect of
ifferences in shape in these hand made guides. The small photo-
iodes were calibrated against a LI-190SA quantum sensor (LI-COR
iosciences, Lincoln, USA). A smooth as well as a sandblasted dis-
ributor surface was measured and evaluated.

.3. Simulation of the distribution of refracted light out of the
istributor

Two light guides, one with a width of 8 mm and one with a width
f 16 mm, but having the same height of 70 mm for the rectangular
op part and 40 mm for the distributor, were simulated. The reflec-
ion and refraction pattern inside the guide and distributor were
alculated and the light intensity at the distributor surface was
etermined. These simulations were done for distributors with a
mooth and a sandblasted surface and assuming light enters the
uide perpendicular with respect to the length of the light guide.
owever, during most of the day sunlight does not enter perpen-
icular to the length of the guide. The influence of the solar angle
as simulated using the same model.

. Results and discussion

.1. Simulated amount of light loss in capturing of light into the
ight guide

In focusing of light by the Fresnel lens, a fraction of light will
eflect away on the lens surface and is lost. To calculate the total
mount of reflection on the lens, the incident angle of sunlight on
he lens (ϕ) and the specific angle on the prisms, as shown in Fig. 2,
ave to be combined. The influence of the prisms on the amount
f reflection is small. The maximum amount of reflection of light
erpendicular to the length and width of the lens surface was 8% in

assing the prism, compared to 7.6% on the flat surface in the middle
f the lens. Therefore the lens was assumed to be flat and only the
ngle of the rays on the lens in the length direction was taken into
ccount in calculating the percentage of reflection in passing the
ens. The amount of reflection of light passing the lens, based on

b
a
g
a
r

ig. 8. Percentage of light that reflects in passing the lens (closed symbols) and in
efracting through the top of the light guide (open symbols) at different incoming
ngles.

, is shown in Fig. 8. The percentage of reflection has its minimum
alue of 7.6% over a broad range of incident angles. But, reflection
ncreases steeply at increasing incident angles from the normal on
he lens.

In refraction of focused light into the guide, the rays encounter
ne air to PMMA interface, resulting in additional reflection losses
s shown in Fig. 8. Since only one interface is passed, a lower per-
entage of reflection is obtained.

.2. Simulated reflection and refraction inside the light guide and
istributor

The propagation of captured light is traced within the light guide
nd re-distribution out of the distributor is determined. Fig. 9 shows
n example of a result of the ray-tracing simulation in a 16 mm wide
ight guide and distributor. In the simulation, light is focused by a
ens at an angle of rotation of 60◦. Light strikes the top of the guide
erpendicularly with respect to the length of the light guide. The
ocused sunlight enters through the top of the light guide exactly
n the middle. The angle of each specific ray inside the light guide
s calculated using Eq. (3) and Snell’s law. A fraction of the radiant
ux reflects from the light guide (see Fig. 8), which is shown by
he black mark on the point of entry. The 55 rays of sunlight, repre-
ented by the gray lines, propagate downward by internal reflection
n the light guide–air interface. No light leaves the guide at this
tage, hence the absence of the black marks on the outside of the
ectangular part of the light guide. As soon as the light hits the
urface of the triangular light distributor surrounded by the algal
uspension, light leaves the light guide. Radiant flux refracts out of
he distributor, shown by the black marks on the distributor sur-
ace. The gray lines propagate further downward until all radiant
ux has refracted out of the distributor. The black marks are only
hown when more than 1% of the radiant flux of the original ray
efracts out of the distributor.

.3. Model validation

The measured and simulated values for the light intensity distri-

ution are compared in Figs. 10 and 11. Fig. 10 shows the measured
nd simulated results for the light intensity leaving the smooth light
uide at the positions indicated in Fig. 7. The focused light enters
t different rotation angles of the lens or lamp; a small angle cor-
esponds to a more perpendicular entry of focused light into the
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ig. 9. Simulated reflection into and refraction out of a 16 mm and 8 mm wide ligh
espect to the length of the light guide. The light is focused by the lens at an angle o

uide. The general pattern of the light intensity over the surface
f the light guide fits the measured results well. However, devia-
ions exist due to non-perfect focusing of light by the ellipse shaped
eflector and reflection of light from the small metal plate shielding
he light guide from light directly from the lamp (Fig. 5). Instead of
he modeled perfect line of focus, the reflector produces a wider
ine of focus covering a large part of the upper surface of the light
uide. A 12 mm diameter linear tungsten halogen lamp was used
hat showed a bright light radiating wire throughout the measure-

ents. The diameter of this wire was approximately 1 mm. In case
f perfect focus of this light, the line of focus on the light guide
ould also be approximately 1 mm.

This wide line is the cause that a fraction of the light is not
ocused on top of the light guide at large incoming angles. This
xplains the deviation between modeled and measured light inten-
ities at the rotation angles of 60◦ and 75◦ where the modeled
esults are consistently higher than the measured light intensity
BR and BL in Fig. 10). The line on top of the guide of sunlight
ocused by the lens on the actual GSC also has a width of 2–6 mm
nd will therefore show results in-between the results of the lamp
nd model. Stray light causes the measured results to deviate from
he modeled results in case the light intensity calculated by the
odel is zero. Taking into account the fact that the model simu-
ates a perfect situation, it gives a good approximation of local light
ntensities leaving the light guide.

The simulated results for the sandblasted light guide surface
Fig. 11) show a similar trend to the measured results, taking into

i
t
d

e

e with a smooth distributor surface. Light strikes the guide perpendicularly with
tion of 60◦ .

ccount the non-perfect focusing by the ellipse reflector. The dif-
erences in the results, especially for positions CL and CR can be
ttributed to the underestimation of the reflection downwards due
o the 2-dimensional representation of a 3-dimensional hemispher-
cal dent, as explained in Appendix A.

The result of the 2-dimensional simulation underestimates the
mount of light that reflects downward inside the distributor, espe-
ially at incident angles more perpendicular to the width of the light
uide. The underestimation will be more apparent when the light
uide is surrounded by air as can be seen in the results of the valida-
ion experiments (Fig. 11). Apart from this weakness, the measured
esults for the smooth as well as the sandblasted distributor sur-
ace surrounded by air (Figs. 10 and 11) show the same trend as the

odeled results. Therefore local light intensities on the distributor
urface surrounded by the algal suspension can be estimated by the
elatively simple 2-dimensional approach.

.4. Simulated distribution of light refracted out of the guide
ubmerged in the algal suspension: the effect of guide dimensions
nd surface structure

The validated model is used to do a more detailed investigation

nto the influence of changes in the dimensions of the guide and
he influence of sandblasting the distributor surface on the light
istribution out of the distributor.

If the surface of the distributor is smooth, most of the light will
ither completely refract out of the guide or completely reflect
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ig. 10. Light intensity leaving the smooth light guide at different rotation angles of

urther into the guide on the first encounter of the rays with the

nterface of the distributor and algal suspension. At angles of 63◦

r larger from the normal on the smooth distributor–suspension
nterface the total ray will reflect on the interface. At smaller angles
ight will almost completely refract out of the guide. At an angle
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ig. 11. Light intensity leaving the sandblasted light guide at different rotation angles o
ymbols).
ns (simulated; square symbols) or rotation of the lamp (measured; round symbols).

f 53◦ for example, 97.5% of the light energy will refract out of the

uide and only the remainder reflects internally. Gradual leakage
f light from the guide into the algal suspension during the day
s thus not possible due to the varying position of the sun in the
ky.

f the lens (simulated; square symbols) or rotation of the lamp (measured; round



gineering Journal 145 (2008) 316–327 323

f
h
r

a
t
p
o
d

i
t
f
t
l
s
r
t
s
w
a
u
w
l
r
a
t
r
u

t
t
t
c

g
a
o
l
i
B
d
m
l
t

c
t
t
d
t

d
t
t
b

4
p

w
t
p

Fig. 12. Simulated reflection in and refraction out of a 16 mm wide light guide with a
s
t
o

2
c
s
r
s
t
6
p
U
t
T

o
c

J.W.F. Zijffers et al. / Chemical En

Total internal reflection does not occur on the sandblasted sur-
ace, because the original ray on the distributor surface strikes the
emisphere at a multitude of angles, causing a large fraction of the
adiant flux to refract into the algal suspension.

The dimensions of the light distributor part of the light guide
re of influence on the amount of light leaving the guide and on
he uniformity of light distribution. The reflection and refraction
attern in the light guide changes with the ratio of width to height
f the distributor, because the angles of incidence of the rays on the
istributor surface change.

A wider light guide causes a decrease in the incident angle of the
ncoming ray relative to the normal of the interface, causing light
o refract out of the guide. It also causes the triangular bundle of
ocused rays to be more spread out over the distributor surface in
he wider light guide, especially at larger angles of rotation of the
ens. This can be seen by comparing the propagation in the guides
hown in Fig. 9. This is also shown in Appendix B, which shows the
adiant flux distribution on the distributor surface for two distribu-
ors with different width and surface structure. Since light is more
pread out over the surface of the wide distributor it causes a some-
hat more uniform distribution of the radiant flux over its surface

t rotation angles of the lens of 30◦ and larger. In a narrow distrib-
tor, at rotation angles of 15◦ and 30◦, a large fraction of the rays
ill strike the smooth distributor–suspension interface at an angle

arger than 63◦ from the normal and will therefore cause internal
eflection. A larger fraction of the radiant flux will reflect internally
nd will therefore lead to a more uniform distribution over the dis-
ributor surface. However, at a rotation angle of 0◦ too much internal
eflection occurs on the smooth surface causing again a decrease in
niformity of light distribution.

Sandblasting the surface does not result in a more uniform dis-
ribution of refracted light at larger rotation angles of the lens. In
his case most of the rays will have a small angle of incidence rela-
ive to the normal on the hemispheres on the sandblasted surface,
ausing light to refract out of the guide.

At rotation angles of the lens of 15◦ and 30◦ on the narrow light
uide, sandblasting causes less uniform distribution, because the
mount of internal reflection is diminished due to the hemispheres
n the distributor surface. Reflection on the hemispheres causes
ess light to propagate downwards compared to internal reflection
n the smooth distributor. However, the results shown in Appendix

underestimate the reflection downwards into the sandblasted
istributor as explained in Appendix A. But, no drastic improve-
ent in the distribution can be expected, since the majority of the

ight will refract out of the distributor upon the first encounter with
he hemisphere.

In the wider light guide the sandblasting of the distributor also
auses less internal reflection at rotation angles of 15◦ and 30◦ and
hus more reflection out of the top of the distributor. But, because
he triangular bundle of focused rays is more spread out over the
istributor surface, the distribution is more uniform compared to
he narrower light guide.

The distribution at a rotation angle of 30◦ is better on the smooth
istributor surfaces, compared to the sandblasted surfaces and also
he light intensity on the complete distributor surface is less than
he solar intensity. However in all other situations, a wider sand-
lasted distributor is preferred.

.5. Simulated reflection and refraction pattern based on the
osition of the sun
The previous discussion was based on results of simulations
here light entered the guide perpendicular to the length of

he guide with the lens rotating over the light guide. When the
osition of the sun is taken into account, the dimensions of the

f
p
d
g
s

mooth surface. Light strikes the guide at an angle of 60◦ with respect to the length of
he light guide (also see Fig. 1) the light is focused by the lens at an angle of rotation
f 60◦ .

-dimensional plane of light propagation (illustrated in Fig. 1) will
hange as can be deduced from Fig. 12 when compared to Fig. 9. The
ame simulation procedure is used to calculate the reflection and
efraction pattern in the guide, taking into account its new dimen-
ions. Fig. 12 shows the pattern for light focused by the Fresnel lens
hat strikes the top of a smooth light guide at a rotation angle of
0◦ relative to the width and a 60◦ angle relative to the length. The
lane in which the rays are traced is similar to the situation in Fig. 9.
sing Snell’s law, the angle of refraction of the plane is calculated

o be 35.5◦ relative to the length of the light guide (also see Fig. 1).
herefore the plane increased in length by a factor of cos−1 (35.5◦).

The refraction pattern inside the light guide changes when the
rientation of the plane of light propagation within the light guide
hanges. This has no effect on the angle of incidence on the sur-
ace in the rectangular top part of the guide, where light still

ropagates through internal reflection. However, when the light
istribution on the distributor surface for the 16 mm wide light
uides in Figs. 9 and 12 are compared, the gap on the upper left
urface of the distributor in Fig. 9 where light does not refract out
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hemisphere at other locations as illustrated by the dotted arches in
Fig. 13.

The difference in incident angles on the hemisphere surface
in this more realistic 3-dimensional situation compared to the
2-dimensional approach results in a change in reflection and refrac-
24 J.W.F. Zijffers et al. / Chemical En

f the guide is gone in Fig. 12. If light does not enter perpendicu-
arly, the plane in which light rays are traced increases in length.
he increase causes light to reflect at a different location in the
uide changing the reflection and refraction pattern. The increase in
ength also has an influence on the imaginary dimensions of the dis-
ributor part in the 2-dimensional plane of light propagation. This
art also becomes longer, creating a relatively narrower distributor
nd consequently changing the reflection and refraction pattern.
narrower distributor leads to a less uniform distribution of light

ver its surface when light enters less perpendicular with respect
o the width of the guide. To have the best light capturing efficiency
nd most uniform distribution of light, a more perpendicular entry
f light is desired.

Predicting the distribution of light out of the distributor at fore-
and based on the dimensions of the light guide and distributor

s difficult because dimensions of the plane of light propagation
hange with changing position of the sun. It results in a continu-
usly changing reflection pattern not only in the distributor, but
lso in the rectangular top part. Therefore, optimal dimensions of
uide and distributor cannot be predicted based on the results of a
ew situations. Extensive ray tracing of sunlight is needed to know
he light distribution on the distributor surface throughout the day.
ased on the results for all angles of elevation and azimuth of the
un a balanced choice for the dimensions of the light guide and dis-
ributor can be made to have the best distribution on light on the
istributor surface.

. Conclusions

Local light intensities at the surface of the distributor in the
reen Solar Collector can be calculated trough ray-tracing of

ocused direct sunlight. Results of simulations of refraction of light
ut of the distributor surface show the same trend as the mea-
ured results. The light capturing efficiency into the light guide is
igh and almost all captured light can be distributed into the algal
uspension. However, from the results it also becomes clear that
uniform distribution of light over the entire surface of the dis-

ributor cannot be achieved during the entire day due to the large
ariation in incident angles of sunlight. At light entering at small
ngles from the normal, the uniformity of light distribution is much
etter. Scattering of light by the microalgae will further distribute
he light throughout the algal suspension, especially at low biomass
oncentrations. The GSC, however, is designed for cultivating the
lgae at high biomass concentrations and in this situation light will
e completely absorbed at several millimeters from the distribu-
or surface. A uniform distribution is required to supply the correct
ight regime in this case.

A specific surface structure, other than the triangular shape
nd the sandblasted surface, might help to overcome the prob-
ems of non-uniform irradiation as mentioned by Gordon [10]. But,
hese tailor made structures will only work with constant incoming
ngles of light, such that light always strikes the distributor surface
t the same position. However, the focused sunlight strikes the dis-
ributor surface at varying positions during the day and the tailored
tructures can therefore not be used in the Green Solar Collector.

During the day however, the position of the sun in the sky
hanges, changing the incident angles on the lens and light
uide. These angles determine the light capturing efficiency, which
epends on location of the GSC, orientation with respect to the sun,
nd date and time. As can be seen in Fig. 8, the reflection on the lens

nd light guide is at its minimum at an angle of 40◦ and less. The
ame applies for the loss on the light guide, which is also lowest
t rotation angles of 45◦ and smaller. If Fig. 8 and Appendix B are
ombined, it is clear that capturing of light at low elevation angles
f the sun is poor. At elevation angles of 45◦, the total capturing

F
d

ing Journal 145 (2008) 316–327

fficiency of direct sunlight into the light guides already is 80% and
t increases up to 89% for a perpendicular focusing of sunlight. The
SC is therefore best suited for operation at locations at low lati-

udes, where the sun quickly rises to high elevation angles and the
ntensity of direct light is highest.

Our work clearly shows that the Green Solar Collector is most
uited for operation at locations at low latitudes. At low latitudes,
he sun rises and settles quickly and has a high elevation angle
uring most of the day. In this situation it is especially beneficial
o reduce the (over-) saturating intensity of direct sunlight before
lluminating the microalgae, since it results in an increased pro-
uctivity compared to exposure to full sunlight as shown by Qiang
t al. [11,12]. If the GSC is located such that the lens stretches from
ast to west the light distribution will be most uniform, because
uring the larger part of the day light enters at an angle of less than
0◦ from the normal. It results in an efficient capturing (Fig. 8) and
n increased uniformity of sunlight distribution out of the 16 mm
ide sandblasted light guide at intensities which are about equal

r less then the intensity of sunlight.
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ppendix A

.1. Reflection and refraction on a 3-dimensional hemispherical
ent

The ray of sunlight can strike at a number of locations on the
emisphere as previously explained in Fig. 4. It was assumed that
ray of sunlight will always strike the hemisphere on the circular
and formed by the projection of the hemisphere on the plane of

ight propagation (also see Fig. 1). But, the ray can also strike the
ig. 13. 3-Dimensional representation of a hemispherical dent on the sandblasted
istributor surface.
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ig. 14. Circular bands on a hemisphere corresponding to equal incident angles
hen struck by a vertical ray (bands at a 5◦ incident angle interval).

ion pattern. However, the difference is small enough to allow the
se of the more simple 2-dimensional approach as explained below.

Fig. 14 shows circular bands that correspond with equal incident
ngles (�) when a vertical ray strikes the surface of the hemisphere.
he vertical ray can be seen as an incident ray of light perpendicular
n the distributor surface (ı = 90◦, Fig. 13). The amount of radiant
ux associated with a certain incident angle on the hemisphere
urface is calculated using Eq. (4). It depends on the cosine of ε and
he length of the circular band around the hemisphere at that angle,
hich changes with the sine of � (Fig. 14)

�ε = cos(ε) sin(ε)
�ray∑90

0 cos(ε) × sin(ε)
(W)

Hence :
90∑

�ε = �ray (W)
(4)
0

Fig. 15 shows the percentage of the radiant flux that reflects away
rom the hypothetical 2- or the real 3-dimensional hemisphere,
onsidering a ray which strikes the complete hemisphere surface.

ig. 15. Percentage of reflection on a surface of a 2-dimensional hemisphere (gray)
nd on a 3-dimensional hemisphere (black) depending on the angle from the normal
90◦−ε) on the surface.
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he percentage of reflection is calculated for the situation when the
emisphere is on the distributor–algal suspension interface. The
nergy associated with each incident angle on the 2-dimensional
emisphere is calculated using Eq. (3) (ı = 0). The energy associ-
ted with each incident angle on the 3-dimensional hemisphere is
alculated using Eq. (4). The reflection at each incident angle is cal-
ulated using Snell’s law and Fresnel’s formula (Appendix A). The
maller incident angles that incorporate most of the light energy
ill almost completely refract out of the distributor as can be seen

rom Fig. 15. From an incident angle of around 55◦ on the hemi-
phere, reflection of light energy increases. Upon further increase in
ngle the amount of reflection decreases again due to the decrease
n energy content associated with that angle.

If angle ı on the distributor surface (Fig. 13) is 90◦, 12% of the
adiant flux reflects in the 2-dimensional case and 22% in the 3-
imensional case. The 10% difference is due the fact that in the
-dimensional case there is a larger hemisphere surface fraction
here light strikes at a large angle. If sunlight enters the light guide
ore perpendicularly with respect to the width of the guide, angle
will be smaller and the ray can only strike on a fraction of the
emisphere surface. This fraction covers less surface area where

ight strikes at a large angle, decreasing the total amount of reflec-
ion on the 2- as well as the 3-dimensional hemisphere surface
Fig. 15).

If angle ı is more perpendicular however, the 2-dimensional
epresentation coincides most with the real 3-dimensional situ-
tion, because the direction of the reflected light needs to be taken
nto account. In the 3-dimensional situation the reflected light at ı
pproaching 90◦ is more directed towards the surface of the distrib-
tor, because radiant flux reflects at angles larger than 45◦ (Fig. 15)
esulting in reflected light directed towards the distributor surface
hich refracts out of the distributor (also see Figs. 3 and 13). In

his case, in both the 2- and 3-dimensional representations all radi-
nt flux will refract out of the guide, either by refraction at small
ncident angles or reflection towards the distributor surface.

When angle ı becomes smaller, the difference between the 2-
imensional representation and the real 3-dimensional situation

s larger. Although less light will reflect on the hemisphere sur-
ace compared to the perpendicular case, the reflected light on the
emisphere is not directed towards the distributor surface, but is
irected downwards into the distributor. Consequently, in the real
-dimensional situation more light will reflect downwards into the
istributor as compared to the 2-dimensional representation. The
orst-case scenario for difference between the 2-dimensional rep-

esentation and the real 3-dimensional situation occurs when angle
is 0◦. In this situation the amount of reflection is the same as in

ase ı is 90◦, but none of the reflected light is directed towards
he distributor surface; it all reflects further downward into the
istributor.

Reflection appears to be low anyhow since a minimum of 78%
f the radiant flux will refract out of the distributor on the first
ncounter with the sandblasted surface in the 3-dimensional rep-
esentation. In the 2-dimensional representation a minimum of
8% of the radiant flux refracts out of the distributor. Taking all the
bove into consideration, the more simple 2-dimensional approach
rovides a useful simulation of the real 3-dimensional sandblasted
urface surrounded by the algal suspension.

ppendix B
The lens focuses sunlight with an intensity of
500 �mol photons m−2 s−1. Values shown in Table 1 repre-
ent the average light intensity in �mol photons m−2 s−1 over the
ifferent surface fractions of the distributor surface. It is divided

nto 5 equal fractions on the left and right surface. Fraction 1 is
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Table 1 Simulated light distribution over the left and right vertical surface of the distributor in the algal suspension in two different light guides at various rotation angles of
the lens

Angle of rotation
of the lens

Fraction of the light distributor surface Smooth surface Sandblasted surface

8 mm wide 16 mm wide 8 mm wide 16 mm wide

Left Right Left Right Left Right Left Right

0◦ 1 0 0 568 568 1841 1841 1595 1595
2 472 472 125 125 1715 1715 1620 1620
3 1701 1701 919 919 1776 1776 1245 1245
4 2482 2482 3071 3071 1079 1079 1302 1302
5 2299 2299 2123 2123 431 431 991 991
Refracted into the algal suspension 88.00 88.80 88.24 88.28
Loss on top of the guide 3.60 3.60 3.60 3.60
Reflection backwards – – 0.56 0.52

15◦ 1 127 1139 781 240 1852 2561 1827 1136
2 580 1396 125 1466 1707 2177 1619 1827
3 1397 1286 429 1851 1117 1523 1217 1497
4 2075 1626 1693 3734 856 1027 1276 1319
5 2011 2155 2123 1132 431 431 991 566
Refracted into the algal suspension 88.72 88.72 88.17 88.22
Loss on top of the guide 3.68 3.68 3.68 3.68
Reflection backwards – – 0.55 0.50

30◦ 1 1565 1854 781 1444 2818 3255 931 2310
2 1550 1926 1573 1466 2419 2159 2349 2082
3 1398 1322 1255 1626 855 860 1712 1427
4 1587 896 1673 2171 347 574 850 1032
5 910 711 527 1001 294 63 600 162
Refracted into the algal suspension 88.24 88.24 87.75 87.84
Loss on top of the guide 4.16 4.16 4.16 4.16
Reflection backwards – – 0.49 0.40

45◦ 1 3319 3031 3055 1444 4070 3955 3170 1414
2 2023 1946 1808 2325 2379 1904 2556 2248
3 1152 1322 1016 1492 390 363 1640 981
4 242 342 105 1906 80 97 92 813
5 0 0 29 0 35 41 108 114
Refracted into the algal suspension 86.04 86.04 85.64 85.75
Loss on top of the guide 6.36 6.36 6.36 6.36
Reflection backwards – – 0.40 0.29

60◦ 1 3916 4506 2274 1510 3954 4476 2243 1479
2 1563 1644 1689 4453 1415 1612 1634 4390
3 217 39 1020 721 99 71 953 708
4 0 1 37 6 74 68 89 27
5 0 0 0 0 38 31 77 78
Refracted into the algal suspension 76.45 76.45 76.14 76.24
Loss on top of the guide 15.95 15.95 15.95 15.95
Reflection backwards – – 0.31 0.21

75◦ 1 3550 3439 2274 137 3482 3368 2242 138
2 508 720 1689 3021 458 664 1631 2982
3 0 0 970 19 37 42 942 7
4 0 0 0 0 44 45 6 27
5 0 0 0 0 26 22 23 78
Refracted into the algal suspension 52.85 52.85 52.65 52.73
Loss on top of the guide 39.55 39.55 39.55 39.55
Reflection backwards – – 0.20 0.12

90◦ 1 2348 1548 1345 137 2304 1519 1327 137
2 473 208 6 3012 453 190 1 2980
3 0 0 9 0 5 15 3 2
4 0 0 0 0 16 33 6 5
5 0 0 0 0 11 17 23 15

t
t
o
i
l
b
e
t

c
o
g

Refracted into the algal suspension 29.44
Loss on top of the guide 62.96
Reflection backwards –

he top of the distributor surface and Fraction 5 is the bottom of
he distributor surface. The lens is positioned towards the left side
f the light guide. Percentage of the total sunlight that refracts

nto the algal suspension is presented as well as percentage of
ight loss on top of the light guide and percentage of reflection
ackwards due to sandblasting of the distributor surface. Light
nters perpendicularly on the lens; reflection in passing the lens is
hus constant at 7.6% (Fig. 8). Reflection on top of the light guide

o
a
1
f

29.44 29.35 29.38
62.96 62.96 68.96
– 0.09 0.06

auses light loss at all rotation angles. However at rotation angles
f 63◦ and larger not all light can be focused on top op the light
uide, resulting in an increased light loss on top of the guide.
Loss of light on top of the guide increases steeply at larger angles
f rotation, similar to Fig. 8. However, since the light is focused in
window of 55◦, loss of light at rotation angles of 90◦ is less than

00%, even though a fraction of the focused sunlight is not being
ocused on top of the guide.
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