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Abstract 
 
The distribution of solar cell modules is planned by referring to a plant shoot configuration. The object of this plan-

ning is to develop a solar power generation system with low directivity and a low installation space. In this study, the 
amount of insolation which reaches a plant shoot within an arbitrary period was investigated using the LAPS. The 
LAPS algorithm consists of the Genetic Algorithm and Monte-Carlo Method. In this analysis method, the optimal con-
figuration of the shoot at the time of maximizing the amount of light received was clarified. The position of the light 
source in the representation day of mid-term to summertime has a wide movable range of the plant shoot configuration. 
Since the amount of light received of "the leaves arranged to the level surface" and "the plant shoot configuration opti-
mized every month" is measured, light receiving characteristics of the Kenaf shoot model and coptophyllus shoot mod-
els were investigated.  
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1. Introduction  

Many plants are dependent on carbohydrates ob-
tained by photosynthesis for energy [1, 2]. Therefore, 
in a forest with many competitors, it is thought that 
the leaf shape, as well as the arrangement and orienta-
tion of many plants, are designed so as to maximize 
the photosynthetic rate. In this study, the relation be-
tween various plant configurations and the amount of 
light received is investigated, and a solar power gen-
eration system with a small installation space and 
modest influence of solar position is developed. We 
developed LAPS (“Light received analysis algorithm 
of a plant shoot”) in order to investigate the configu-
ration of a leaf and its relation to photosynthetic rate 
[3, 4]. The Monte Carlo method and genetic algo-

rithm (GA) are included in LAPS, and the character-
istics of the light received by a plant shoot (the group 
of one stalk and leaves, composed of a stalk, a leaf 
branch, and leaves) are investigated. The result of the 
numerical simulations using LAPS showed that the 
leaf form has a significant influence on the photosyn-
thetic rate.  

It is thought that, in a forest, a plant with many 
competitors has a configuration that allows consider-
able light to be received in a narrow space. Therefore, 
the distribution system of a solar module in the form 
of a plant shoot (DSMS) is examined. In this paper, 
the relation between the configuration of a plant shoot 
and the amount of light received is investigated using 
LAPS. 

 
2. The distribution system of a solar module 

with the form of a plant shoot (DSMS) 

2.1 Amount of light received by a plant shoot 
A leaf is constructed of the shoot apex meristematic 
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tissue of the stalk, and the leaf and stalk are joined by 
the leaf branch. In this paper, the unit of a plant shoot 
is considered to be composed of a stalk, a leaf branch, 
and leaves. Leaves are arranged on a stalk so as to 
maximize efficiency of photosynthesis. The space 
between a stalk and a leaf is also adjusted by the leaf 
branch.  

In this paper, as shown in Fig. 1, the sun is simu-
lated by defining the space coordinates of a virtual 
radiation surface. The positive direction of the x-
coordinates indicates south. Solar radiation is simu-
lated by emitting light perpendicular to the virtual 
radiation surface from a random position on the sur-
face determined using the Monte Carlo method. The 
angle of elevation sϕ  and the direction angle sθ  of 
this virtual radiation surface are changed for every 
sampling time. On the other hand, the plant shoot 
configuration is expressed with the direction angle 

tθ , the elevation angle tϕ , the length of a leaf branch 
tr , and the angle of rotation of the leaf β . 

 
2.2 Directivity of the solar power generation system 

If a weak-directive solar power generation system 
is realized, high power generation efficiency can be 
obtained, and is influenced by the solar radiation inci-
dence angle. In this paper, DSMS with weak directiv-
ity is developed by optimizing the configuration of a 
plant shoot.  

 
2.3 Installation space and production of electricity 

When introducing a solar power generation system 
in a city area or residential block, the installation site 
is generally restricted to rooftops. Since many solar 
modules installed in homes to date have been of the  

 

 
 
Fig. 1. Space coordinate of a virtual radiation surface. 

flat plate type, the production of electricity is depend-
ent on the installation area. If solar modules with a 
plant shoot configuration are distributed, the produc-
tion of electricity is proportional to the magnitude of 
the installation space. It is predicted that it would be 
easy to introduce the configuration of a plant shoot 
into a city area or residential block. 
 
3. Analysis method 

3.1 Model 
(1) The model of a plant shoot 
The shoot configuration (the form of a leaf, direc-

tion and length of a leaf branch, etc.) are optimized by 
maximizing the amount of light received by a leaf and 
minimizing the overlap with other leaves. Although 
there are various types of plant shoots, a dogwood 
shoot is used as an example. Fig. 2 shows the leaf 
model divided into 57 surface elements. Point ,r tP  is 
a corner point on the costa of a leaf. Subscript t  
expresses the number of leaves. Each apex coordinate 

, ,le x mP  of the surface element of a leaf is given by an 
angle , ,t x mη  and a length , ,lt x mr , as shown in Fig. 2. 
Subscript x  is the apex number of a surface element, 
and m  is the surface element number. The photo-
synthesis capability of the leaf of a plant depends on 
the environmental condition of the light [1].  

 
(2) The model of the light source 
Fig. 3 shows the model of the virtual radiation sur-

face with the emission of solar radiation. Solar radia-
tion is emitted towards the leaves from a virtual radia-
tion surface ,1vP - ,2vP - ,3vP - ,4vP . Solar radiation is 
simulated with light quanta, and the photon flux den-
sity is calculated based on the number of light quanta 
arriving at each leaf using the Monte Carlo method. 
In this analysis, many light quanta are emitted to the 
leaves at right angles to the surface from the random 
point ,e qP  on the virtual radiation surface. The light  

 

 
 
Fig. 2. Dogwood leaf model. 
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quanta that directly reach Leaves 1 and 2 are ex-
pressed by ,t aP  and ,u bP , respectively. Subscripts a  
and b  represent the numbers of the light quanta that 
reach Leaves 1 and 2 directly. 

The number of light quanta ,g stnq  emitted during 
the sampling time st  of the representative month 
g  from the virtual radiation surface is calculated via 
the following equation, where, aN  is the total num-
ber of light quanta emitted in a day, ,g stR  is the rate 
of the number of light quanta emitted by st , and 

,g ste  expresses the amount of level surface global 
solar radiation during the period st  of the represen-
tative month g : 

 

, , , ,
0

Day

g st a g st a g st g st
st

nq N R N e e
=

⎛ ⎞= ⋅ = ⋅ ⎜ ⎟
⎝ ⎠

∑       (1) 

 
3.2 Shading check  

Fig. 4 shows the method of checking the intercep-
tion of solar radiation. The light quantum emitted 
from point ,e qP  on the virtual radiation surface 
passes the surface element m  on Leaf 1, and reaches 
the surface element n  on Leaf 2. The normal line 
vector of the arbitrary point ,e qP  on the virtual radia-
tion surface is expressed with ,e qV

uuur
. When the dis-

tance between ,e qP  and ,t mP  is expressed with etr , 
the intersection coordinate ,t mP  on Leaf 1 will be 
calculated by Eq. (2).  

, , ,t m e q et e qP P r V= + ⋅
uuur

                   (2) 

 
3.3 Amount of light received by a plant shoot 

When the light quantum flux emitted from the vir-
tual radiation surface reaches the surface element k  
on leaf w , the number of arrivals is calculated from 
Eq. (3). The number of arrivals to , ,d w kq&  is the 1st  
term within the right-hand side bracket of Eq. (3). 
After transmitting to other leaves, the number of arri-
vals to , ,h i kq′&  is the 2nd term within the right-hand 
side bracket of Eq. (3). The position of the virtual 
radiation surface changes for every sampling time. 
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3.4 Analysis method 

(1) Chromosome model 
The chromosome model introduced into the analy-

sis of GA is shown in Fig. 5. The chromosome model 
expresses iθ , iϕ , iβ , and ir  with a 10-bit gene 
model of 0 and 1. When the real number is expressed 
with a 10-bit binary number, the analytical error is 
1% or less. Here, subscript i  expresses the leaf 
number of a plant shoot, and lJ  is the total leaves in 
the shoot. 

 

 

      
 
Fig. 3. Light source model.                                  Fig. 4. Interrupt check of light quanta.  
 

 
 
Fig. 5. Chromosome code. 
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(2) Adaptive value 
The adaptive value of the chromosome model is es-

timated to be high, meaning there are many light 
quanta arriving to each leaf. The adaptive value is 
calculated using Eq. (3). In the last generation's 
chromosome model, an individual with the highest 
adaptive value is considered the optimal solution. By 
decoding the gene of this model, the configuration of 
a shoot ( iθ , iϕ , iβ , ir ) is obtained. 

 
4. Analysis results 

4.1 Optimal configuration of shoot 
Figs. 6 and 7 show the results of the optimal ar-

rangement of the leaves of the plant shoot in July and 
January. The direction of each axis is shown in these 
figures. The x-y plane is a horizon plane, and x-z 
plane and y-z plane are vertical planes to the x-y 
plane. During the summer season, the solar position 
significantly influences the elevation angle, and the 
surfaces of all leaves turn to a high position. However, 
in winter, the arrangement changes such that half the 
overall number of leaves (Leaves b and c in Fig. 7) 
may absorb solar radiation with a small angle of ele-

vation. 

4.2 Directivity 

The optimal configuration of the monthly plant 
shoot and the result of having arranged the leaf in 
parallel with the x-y plane are shown in Fig. 8. The 
difference of the leaves arranged parallel with the x-y 
plane between March and September and the leaves 
of the optimal arrangement is small. However, sig-
nificant greater volumes of light are received with the 
optimal arrangement of leaves for five months; 
namely January, February, and October to December. 
During the summer period, the leaves are optimized 
in the solar position at 12:00 when there is a signifi-
cant angle of elevation. Therefore, the difference in 
the amount of light received for the leaves arranged 
parallel with the x-y plane and the optimal arrange-
ment is small. On the other hand, the optimal ar-
rangement of the leaves in January, February, and 
October to December involves a considerable volume 
of light being received within a wide time period. 
Therefore, the arrangement of the leaves in this case 
has small directivity.  

 

 

       (a) x-z plane                 (b) x-y plane                   (c) y-z plane                (d) Conformal map 
 
Fig. 6. Result of the optimal arrangement of the leaf in July.   

 
 

       (a) x-z plane                (b) x-y plane                 (c) y-z plane                (d) Conformal map 
 
Fig. 7. Result of the optimal arrangement of the leaf in January. 
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Fig. 8. Light quanta receiving number in every month. 

 

4.3 Analysis results of coptophyllus shoot models 
Figs. 9 and 10 are the arrangement results of the 

leaves in January in Sapporo and Naha. In this paper, 
installation of the system in Sapporo and Naha is 
assumed. The difference in latitude of both cities is 
about 17 degrees. The solar positions (angle of direc-
tion and elevation angle) at each time in Sapporo and 
Naha differ. Furthermore, since the weather differs, 
the amount of solar radiation differs in each city. Fig. 
9 is a result of a ginkgo tree, and Fig. 10 shows an 
acer palmatum var. matsumurae. These projected 
areas are calculated using 3-dimensional CAD. How-
ever, many approximate solutions of the optimal solu-
tion appear in the search for the optimal shape of the 
plant shoot using LAPS. Although the shapes of a 
shoot differ greatly, solutions very near the optimal 
solution appear. Detail of the relations between the 
difference in a leaf configuration and the amount of 
light received was given to reference [5]. 

 
4.4 Analysis results of a kenaf shoot model 

A kenaf has division leaves of two or more types, 
and the early growth is a characteristic. Thus, the 
relationship between the shoot configuration of a 
kenaf and the amount of light received was examined 
using numerical analysis, and the development of a 
compact light reception system was discussed. Fig. 11 
shows the results of the analysis of the optimal con-
figuration of the individual model of a kenaf (Hibis-
cus cannabinus). The figures of the top are a figure 
which looked at the lower part from the top. More-
over, the figure of the bottom in Fig. 11 is the optimal 
shoot configuration of a kenaf model. The following 
conclusions have been obtained by this numerical 
simulation [6]. 

 
(a) Sapporo 

 

 
(b) Naha 

 
Fig. 9. Arrangement result in January of the plant shoot model 
of a ginkgo biloba. 

 

 
(a) Sapporo 

 

 
(b) Naha 

 
Fig. 10. Arrangement result in January of the plant shoot model 
of an acer palmatum var. matsumurae.  

 
- In the shoot model of a kenaf, the amount of light 

received in the summer season is concentrated at the 
time zone of strong solar radiation. A light source 
position and the strength of solar radiation in each 
time affect the configuration of a shoot. 

- Because the range of movement of the light  



1806  S. Obara / Journal of Mechanical Science and Technology 23 (2009) 1801~1807 
 

 

 

 
         January                      July  
 
Fig. 11. Optimal configuration results of the individual model of 
a kenaf. (Space of a branch of a leaf position 35 mm)  

 
source in the summer season is wide compared with 
winter, the light reception systems especially needs a 
design with low directivity in the summer season. It is 
necessary to improve the individual model of a kenaf 
examined in this paper, and to increase the amount of 
intercepted radiation in the summer season. 

- One reason for the development to a divided leaf 
from a simple leaf is the increase in the overall 
amount of light received by the individual due to light 
access to lower leaves. 

The shoot configuration design has a strong influ-
ence over light reception efficiency, and there is a 
suitable configuration in the shoot configuration. 
 

5. Conclusions 

The relation between the configuration a plant 
shoot and the amount of light received is investigated, 
and the distribution of solar modules using this con-
figuration is planned. This study will facilitate a 
power generation system with a small installation 
space and weak directivity. With this in mind, the 
relation between the shoot configuration of some 
shoot models and the amount of light received was 
investigated using the light received analysis algo-
rithm of a plant shoot (LAPS), via the Monte Carlo 
method and Genetic Algorithm.  
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