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Abstract— Sunlight availability for plants plays an important 

role in determining whether a plant can produce its maximum 

productivity output. The study developed a Rhinoceros simulation 

model that can predict the sunlight availability received in the 

surface of interest on a vertical farming (VF) shelf design for a 

particular crop, given that the weather data of the location is 

known. The simulation model was developed and validated against 

the experiment. Moreover, the simulation model is compared 

against other research data from different countries. The 

dimensions of the experiments from Indonesia and Japan were 

replicated in the developed Rhinoceros simulation model, and the 

simulation results were compared against the experiment results. 

The analysis shows that the model can predict sunlight availability 

in a similar way to the research data of other studies. 
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I. INTRODUCTION 

Sunlight is crucial for plants as it provides the necessary 
energy for photosynthesis [1]. Solar radiation consists of 
Ultraviolet (UV) radiation (2 to 4% of the total), 
Photosynthetically Active Radiation (PAR) (45–50% of the 
total), and Infrared (IR) radiation (50% of the total) [2]. Only 
PAR is essential for plant growth and influences their production 
rate [3].  

To determine whether a place chosen for a plantation will 
receive enough sunshine, a few criteria must be considered. The 
seasonal variability brought on by the yearly solar cycle and 
diurnal and annual temporal variations affect PAR [4]. 
Throughout the day, there will be varying amounts of sunlight. 
Studies have shown that the instantaneous PAR distribution 
varies significantly with the number of sunshine hours [5]. Plant 
photo-inhibition may result from conditions of highly varying 
instantaneous PAR. Systems for farming should be created to 
lessen the effects of excessive PAR, high temperatures during 
the day, and seasonal variations in PAR brought on by the sun’s 
north-south oscillation [6]. The effectiveness of radiation is 

assessed based on agricultural factors that vary depending on the 
type of crop [7]. Shade has a serious effect on plant growth. 
Shade can increase specific leaf area and chlorophyll content but 
decrease photosynthetic capacity in certain plants [8]. PPFD 
(photosynthetic photon flux density) indicates the amount of 
light available for the plant. PPFD measures the amount of PAR 
that is hitting the plant at a specific location and time [9].  

 

Solar energy is also a prominent source of energy for 
electrification. Direct conversion of solar energy into electricity 
is achieved by photovoltaic (PV) modules. Several PV modules 
are arranged to improve electrical production to form PV arrays. 
However, the productivity of PV arrays is highly susceptible to 
weather conditions [10]. The amount of solar radiation received 
by the solar panels determines how much electricity they can 
produce [11]. Agrivoltaic systems are designed to provide the 
optimum outputs in terms of crop yields and electricity 
production. Plants should receive the optimum PPFD in a range 
that ensures the survival of the plant and maximizes crop 
productivity, while solar panels should produce economically 
feasible electricity [12]. 

The Rhinoceros simulation model can predict the sunlight 
availability received on the surface of interest. The input data are 
the dimensions of the structure and the weather data of the 
location. When the structure is drawn in the Rhinoceros, the 
model simulates the sunlight radiation from the weather data 
onto the drawn structure and produces shading effects. The 
result is the sunlight availability received on the surface of 
interest. For our study, the surface of interest is an area where 
the crops were grown on the VF shelves. The model replicates 
the shading effects produced by the shelves and gives the solar 
radiation received on each level of the shelf. 

In the author’s previous studies, a simulation model was 
developed to predict the required setup for a VF shelf design that 
can grow strawberries. It was a six-shelf set up with three levels 
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for each shelf. The simulation model can simulate the sunlight 
availability received by plants grown on the VF shelf. The model 
was constructed in Rhinoceros, and the physical shelves were 
built at a farm in Chiang Mai, Thailand where the measurements 
were made by the sensors. The two results were compared, and 
the simulation model was validated [13–15]. 

A study in Indonesia investigated different building shapes 
and ran simulations to determine the impacts of building shapes 
on solar radiation received by each surface of the building shape. 
The study was conducted to reduce the cost of air conditioning 
to cool down the building. Building shapes were explored to find 
a design with the least solar radiation received so that it would 
not be costly to cool down the building [16]. 

Another study in Japan developed a calculation method for 
PPFD values under arrays of solar panels where crops were 
grown in an agrivoltaic system. Shading projected by solar 
panels was calculated in the study. The calculation was 
formulated by considering the movements of the sun and solar 
panels’ positions projecting shades to the area of interest. The 
calculated data were validated against the measurements made 
by PPFD sensors in an experiment [17]. 

This study aims to validate the developed Rhinoceros 
simulation model that can simulate the sunlight availability 
received on the surface of interest under the shading effects of 
different structures. The model is compared against the data of 
other studies in Japan and Indonesia. With this validated model, 
we could find the best potential VF shelf design using natural 
sunlight to grow strawberries for the allotted growing space at a 
farm in the province of Chiang Mai [13–15].  

II. MATERIALS AND METHODS 

Firstly, an experiment was conducted to measure the 
sunlight availability received by a VF shelf design in a lot of 
10m length, 10m width, and 2.5m height. The crops were grown 
on the VF shelves with dimensions of 8m in length, 0.3m in 
width, and 2.2m in height. The VF shelves were designed at a 
farm in Chiang Mai, Thailand, and sensors were placed on the 
shelves to record the sunlight availability on each shelf. After 
that, the Rhinoceros simulation model was developed using the 
experiment design. The dimensions were taken from the 
experiment and replicated in the simulation. The simulation 
gave out the sunlight availability on each shelf. The model 
consists of a workflow that can show the sunlight availability of 
the surface of interest when the object is drawn using 
Rhinoceros software. The model requires drawing design and 
weather data for the location of interest. When the object is 
drawn in the software, it simulates the shading effects projected 
onto the surface of interest and gives out the radiation received 
on the surface within a set time frame. Then, the results of the 
model were validated against the measured values from the 
experiment [13–15]. The time step of the Rhinoceros simulation 
is hourly. This study compares this model against other research 
in Japan and Indonesia using location-specific weather data. The 
objects’ dimensions in Japanese and Indonesian studies were 
replicated in the Rhinoceros simulation model, and then the 
results were compared against each other, as shown in the 
research methodology flow chart in (Figure 1). 

 

Figure 1. Research Methodology 

The Indonesia study ran the simulation using the Formit 
application to find the solar radiation value on each side of the 
office building. The simulation depends on the orientation and 
the sun’s position [16]. The radiation results of the Formit 
simulation are in W/m2. The Rhinoceros simulation replicated 
the building design of the Indonesian study and simulated the 
average radiation values (W/ m2) received on each side of the 
building. The radiations on each side between the Formit 
simulation and Rhinoceros simulation were compared by 
drawing a regression analysis plot and by calculating the R2 
(coefficient of determination), RMSE (Root Mean Squared 
Error) and accuracy. 

The Japanese study [17] used a PPFD sensor for the 
measurement of the PPFD (IKS-27 from Koito). The sampling 
period was 10 min. The solar irradiance measurement acquired 
every 10 s was averaged every 10 min. Data from a sunny 
weather day (May 29, 2017) was unaffected by the shadowing 
of the crops, and it was selected and compared against the 
Rhinoceros simulation. The Rhino simulation took into 
consideration all the dimensions of the Japanese experiment and 
acquired the hourly average PPFD values received on May 29. 
A line graph was plotted for each research with time (hr) Vs 
PPFD (µmol m2/s). The two line graphs are compared side by 
side to see the similarities. The two sets of values are also 
compared using a regression analysis plot and by calculating the 
R2, RMSE, and accuracy. 

The quality of the simulation model was evaluated using R2, 
RMSE, and accuracy. Including R2 and MSE in many data-
model comparison studies makes for a good combination for 
demonstrating how the model behaves relative to the 
observations [18]. 

The coefficient of determination is defined as the proportion 
of the variance in the dependent variable that is predictable from 

the independent variables. The worst value is −∞, and the best 

value is +1 [19]. R2 is an estimation of the distribution of the 
spread between the measurable real-valued dataset and the 
predicted dataset [20]. R2 has negative values if the regression 
performed poorly and has values between 0 and 1 if the 
regression was good. A positive value of R-squared can be 
considered similar to the percentage of correctness obtained by 
the regression [21]. R2 is defined as equation (1). 

𝑅2 = 1 − 
𝑆𝑢𝑚 𝑠𝑞𝑢𝑎𝑟𝑒𝑑 𝑟𝑒𝑔𝑟𝑒𝑠𝑠𝑖𝑜𝑛 (𝑆𝑆𝑅)

𝑇𝑜𝑡𝑎𝑙 𝑠𝑢𝑚 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 (𝑆𝑆𝑇)
  ..............................(1) 

The root mean square error (RMSE) measures the average 
difference between a statistical model’s predicted and actual 
values [22]. RMSE values are always greater than zero. If the 
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value is near zero, the model can be estimated as the actual 
measured value [20]. RMSE is defined in equation (2). 

𝑅𝑀𝑆𝐸 =  √
∑ (𝑆𝑒𝑥𝑝−𝑆𝑠𝑖𝑚)𝑛

𝑖=1

𝑛
  ..............................................(2) 

where,  𝑆𝑒𝑥𝑝 = sunlight availability from the experiment 

𝑆𝑠𝑖𝑚 = sunlight availability from the simulation 

  n = the number of measurements. 

Accuracy is the degree of approximation to a particular 
expected value [23]. It is a measure of correctness. Accuracy 
assesses whether a series of measurements is correct on average. 
It is the correct value of a measured standard [24]. Accuracy is 
defined as equation (4). 

% 𝐸𝑟𝑟𝑜𝑟 =  
|𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑−𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑖𝑜𝑛|

𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑
 𝑋 100  .......................(3) 

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 = 100 − 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑒𝑟𝑟𝑜𝑟  ........(4) 

III. RESULTS AND DISCUSSION 

The dimensions of the experiments conducted in Indonesia 

and Japan are used as inputs for the Rhinoceros simulation 

model. The structures are replicated in the simulation models, 

and then the EnergyPlus Weather File (epw) weather files of 

the location’s (TMY) typical methodological year’s weather for 

each location are applied to the model. The results show the 

sunlight availability of the interested surface area for each 

experiment. The simulation results are then compared with the 

experimental results. 

A. Comparison against Indonesian Research 

The validation for the simulation was carried out by 

comparing the Rhinoceros model with other researchers’ data. 

Research in Indonesia [16] simulated different office building 

shapes in a business district in South Jakarta for solar radiation 

on each facade of the building. The location of the study was at 

Jalan Perintis RT.3/RW.5, Kuningan, East Kuningan, 

Setiabudi, South Jakarta, Daerah Khusus Ibukota Jakarta. A 

square-shaped building with a footing area of 55 m2 and a 

height of 12.5 m was constructed in their simulation. The solar 

insolation was simulated for the north, east, south, and west 

sides of the building. The study used Formit simulations to get 

the results. The result from the study shows that the north side 

of the building would receive 724.6 W/m2, the east side of the 

building would receive 908.4 W/ m2, the south side would 

receive 522.7 W/m2 and the west side would receive a solar 

radiation of 883.3 W/ m2. Total average radiation received by 

the building amounts to 759.7 W/m2 [16].  

The simulation carried out by Formit was recreated using 

Rhinoceros with Grasshopper plug-in, as shown in (Figure 2). 

Jakarta’s TMY weather file was used for the simulation [25]. 

The results from the two simulations were similar, with an R2 

value of 0.947, as shown in (Figure 3). The result is the best fit. 

The RMSE is 99.19. The error between the results of the two 

models is at an acceptable rate compared to the scale of the data. 

The accuracy of the simulation compared to the experimental 

values is approximately 87.19%. These values show that the 

two models can predict the sunlight availability at a similar 

range. 

 
Figure 2 Indonesia office solar radiation simulated by Rhinoceros  

 
Figure 3 R2 of solar radiation simulation results by Formit vs Rhinoceros 

B. Comparison against the Experiment in Japan  

Another study from Japan experimented at the University of 

Miyazaki. An agrivoltaic system was constructed with 

dimension as shown in (Table 1) and (Figure 4). The solar 

panels were placed at an angle of 0-degree tilt, and the sensor 

was placed below the solar panels in the plantation area. Then, 

solar insolation on surfaces above and below the PV panels was 

experimentally accessed. The PPFD at the point without the 

shading of solar panels was measured, as shown in (Figure 5a). 

They also performed measurements for the shaded areas under 

the solar panels which were recorded, as shown in (Figure 6a) 

[17]. 

Table 1 Dimensions of the experiment [17] 
Items Length/ Height/ Width (cm) 

Length between centers of the solar 

panels 

73 

Width of solar panel 55 

Length of solar panel 240 

The diameter of the supporting tube 5 
Height from PPFD sensor to center 

of solar panel 

230 

Width of spaces between each array 34 

The experiment was remodeled in Rhinoceros with weather 

data from Miyazaki, as shown in (Figure 4). Miyazaki’s TMY 

weather file was utilized for the simulation [25]. The results of 

the radiation at the location without shading were simulated, as 
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shown in (Figure 5b). After that, the structure of the Miyazaki 

test was constructed in the Rhinoceros model, and PPFD values 

under the shading were simulated, as shown in (Figure 6b) 

 
Figure 4 Japanese experiment remodeled in Rhinoceros (Dimensions are in 

cm). 

 
Figure 5 a) Measured PPFDs at the point without the shading of solar panels in 

sunny weather on May 29, 2017 [17] b) Rhinoceros simulated PPFD at the point 
without the shading of solar panels in typical weather on May 29 

 
Figure 6 a) Measured PPFDs at the point under the shading of solar panels in 

sunny weather on May 29, 2017 [17] b) Rhinoceros simulated PPFD at the 
point under the shading of solar panels in typical weather on May 29 

 
Figure 7 R2 of the experimental results Vs. simulation results 

(Figures 5a) and 5b)) compare the PPFD in the open area, 

and (Figures 6a) and 6b)) compare the PPFD in the shaded area 

between the measured and simulated values. It has been 

observed that the Rhinoceros simulated values of PPFD without 

the shading of the solar panels have a similar trend to the 

measured value of the PPFD without the shading of solar panels 

of the Japanese study. Both measurement and simulation show 

a study increase in PPFD starting at around 5 am with a peak 

around noon, which declined steadily until about 8 pm. 

However, the simulated values are found to be much higher 

than the measured values. 

PPFD of the shaded areas between the measurement and 

simulation also showed a similar trend with similar patterns of 

fluctuations. As seen in (figures 6a) and 6b)), peaks in PPFD 

values occurred around noon for both the measurement and 

simulation, after which the values fell due to shading effects 

before climbing again. Both measurement and simulation 

revealed that there were sharp rises and decreases around noon. 

As shown in (Figure 7), the R2 between the measured and 

simulated PPFD of a combination of both shaded and unshaded 

areas is found to be 0.5209, which is not very good. The RMSE 

is 953.57. This is quite a large error, indicating the model isn’t 

performing well. The accuracy of the simulation compared to 

the measured PPFD values is -40%. This negative value 

indicates a significant deviation from the measured values. The 

negative accuracy shows that, on average, the simulation results 

differ quite substantially from the measured values. This may 

be due to the weather encountered each hour of the specific 

date. The experiment was conducted on May 29, 2017, whereas 

for simulation, the weather data was taken from TMY weather 

file of Miyazaki city [25]. TMY weather file represents typical 

weather encountered over several years, while the experiment 

conducted at the University of Miyazaki measured the PPFD on 

one specific day. The values could depend on clouds and 

weather conditions of that specific day. However, the simulated 

PPFD value at the sensor location under the solar panels shows 

a similar trend to that of the measured PPFD values of the 

experiment. The simulation can give out values for every hour, 

whereas the measurement was made every 10 minutes for the 

experiment. This affects the pattern of the graph as the time 

steps are different. Overall, the Rhinoceros simulated values 

and the Japanese research data show a similar trend with the 

shades of the solar panels reducing the amount of PPFD 

received at the point under the panels. 

IV. CONCLUSIONS 

The developed Rhinoceros simulation model is tested for 
different locations, and the shading patterns in each case are 
simulated. The simulation is compared with other research. The 
model comparison between the Indonesian Formit simulation 
study and the Rhinoceros simulation was found to have an R2 
value of 0.947 and deemed as an accurate model. The RMSE is 
99.19, and the accuracy is 87.19%. The Rhinoceros model also 
showed a similar hourly PPFD trend to that of the measurements 
made by the Japanese model. However, the R2 is found to be 
0.5209, and the RMSE is 953.57. The accuracy is -40%. The 
Rhinoceros model depends on the epw weather file derived from 
a typical methodological year. So, the precise prediction of 
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sunlight availability at a particular time on a particular date 
might be limited due to varying weather conditions each hour at 
the location. Rather, it generates sunlight availability results 
anticipated on a typical day of the year. To record precise 
sunlight availability values encountered each hour of a specific 
day, measuring with sensors on that date at the specific location 
will be more accurate. Generally, the model can be used to 
predict the availability of sunlight on a typical day in any given 
location, provided that the weather data is known for each 
location. 
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