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Cube-Grow was developed by MARDI to promote urban agriculture to the urban 
population. The product enables urban people to grow their vegetables with limited 
space. The initial test run of the system shows that the plant growth inside the 
structure was below expectation. The problem arises due to a lack of airflow or 
improper ventilation inside the structure. Optimum ventilation or airflow is crucial for 
plant growth as it enhances evapotranspiration at the leaf area to promote optimum 
plant growth. Therefore, this study aims to increase the airflow inside the Cube-Grow 
and find the best location for the air hole. Computational fluid dynamics (CFD) 
simulation was used in this study the analyse the effect of adding an air hole to the 
airflow characteristic inside the Cube-Grow. CFD also was used to select the best 
location to place the air hole. 3 option of air hole location was analysed and the results 
were compared with the existing design. The initial CFD simulation results were 
compared with the actual measurement data before it was used for further analysis. 
The result shows that adding an air hole increases overall airflow inside the Cube-Grow. 
Option 3 was chosen as the best location for the air hole as it produces a uniform and 
higher airflow inside the Cube-Grow. The study proved that CFD was able to be used 
to optimize the design of Cube-Grow before the actual prototype was built. 
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1. Introduction 
 

Urban farming in terrace houses, condominiums and apartments has begun to be accepted by 
the urban population who are keen to carry out gardening activities [1]. Urban farming can reduce 
kitchen expenses, improve food security as well as the economy of the urban poor [2]. In line with 
the concept of urban farming, MARDI introduced Cube-Grow, an innovative technique for growing 
vegetables indoors. The innovation was inspired by the nature of plants that can grow and adapt to 
buildings. Cube-Grow is a growth box or cube of fresh vegetables that can be placed in the kitchen. 
These vegetables can be harvested before cooking for nutritious fresh vegetables every day. 
Vegetables are also free of pesticides and very safe to eat. Cube-Grow is suitable for growing leafy 
vegetables such as mustard, spinach and kale. It is equipped with a ‘Light Emitting Diode’ (LED) 
lighting source and a ventilation system to produce a suitable indoor environment that enables the 
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production of vegetables. Cube-Grow can be arranged to look like kitchen cabinet accessories and 
components. This innovative product does not require large space compared to conventional 
cultivation systems.  

During the crop growing experiment inside the initial design of Cube-Grow, the crop was able to 
grow but the growth rate was very slow and under expectation. The problem occurs due to the low 
ventilation rate inside the structure. For the existing design, the structure was fully enclosed with 
only a suction fan to create an airflow from inside the structure to the environment. There is no air 
inlet at all to create airflow from the ambient. As the structure was equipped with LED, the low 
airflow also creates higher air temperature inside the structure.  

Plants required light and water to grow. Plants used light, water and carbon dioxide (CO2) to 
produce energy and carbohydrates to serve as the basic requirement for the plant to grow. The plant 
also utilizes oxygen (O2) in a respiration process that releases energy. In doing this, they cause an 
imbalance of gases at the leaf which is the air interface zone. Humidity will be increased in the area 
closer to the plant, and the temperature is warmer due to heat from the light source. In a closed 
system, the circulation effect is required to mix these with the air away from the plant, leveraging 
the temperature, equal out the humidity, and replacing the depleted gas areas at the leaf surface 
with normal air to ensure CO2 and O2 are sufficiently available for optimum crop growth [3]. Optimum 
air circulation around the grow room is also important as the relative humidity levels build up around 
the plants will cause dust and pollen to clog up leaf pores resulting in poor plant growth. Air velocity 
inside the canopy should be above 0.2 ms-1 [4] and the air current speed above the canopy should be 
more than 1.0 ms-1 to obtain maximal gas exchange rates [5].  A study by Li et al., [6] shows that 
different wind speeds in the greenhouse affect the growth and transpiration of potted sweet pepper.  
The results show that the best wind speed for sweet pepper growth in the greenhouse is 0.8 ms-1, 
and no wind and excessive wind speed are detrimental to sweet pepper growth. Optimum airflow is 
also important as if all the CO2 is removed around the plant it will cause dead zones in the air. These 
dead zones can also clog the pores of the plant. On the other hand, too much CO2 can suffocate a 
plant [7, 8].  

Conventional methods to investigate the flow around the growing area is tedious and time 
consuming as it required many sensors and complex mathematical equation and formula. 
Computational fluids dynamics (CFD) was an alternative method to investigate the airflow using 
computers. The advantages of the CFD include the investigation of environmental parameters at 
many points of interest, the easy change in ambient and structural conditions, the visualization of 
parameter concern, and saved time, labor and cost. The previous study has shown that CFD 
simulation is an effective tool for analysis and optimization of enclosed structures [9-11]. In the 
agriculture sector, CFD simulations have been widely used to study crop growth conditions especially 
inside the control environment structure such as greenhouses and plant factories. A study by 
Bartzanas et al., [12] proved that the CFD model used simulates reasonably well the ventilation 
performance of greenhouses and it can be used as a design tool to propose the ventilation openings 
design to achieve a well-ventilated greenhouse and uniform climate conditions. On the solar dryer 
design, a study by Mohd Noh et al., [13] shows that CFD simulation was able to simulate and optimize 
the intermittent ventilation that able to dry the product faster with lower energy consumption.   The 
previous study has proven the accuracy of CFD simulation and the potential to be the efficient 
methods to substitute physical experiments to analyze plant growth environmental condition and 
optimized growing structure design [14-16]. A study by Fan et al., [17] on the CFD simulation of the 
airflow uniformity in the plant factory shows that the measured value and the simulated value of air 
velocity were in a good agreement where the average relative error was only 15%. According to the 
study, further optimization using the validated CFD model has resulted in an increment of an area 
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with a suitable airflow rate for plant growth from 10% to 90%.  A study by Piero et al., [8] on air 
distribution in a fully enclosed higher plant growth chamber proved the effectiveness of CFD analysis 
to design optimum air distribution. The results also indicate that air velocities between 0.3 and 0.5 
ms−1 maximize biomass production in the chamber, while airspeed values above 0.6 m s−1 can depress 
the lettuce plant growth. 

However, as far as the author's knowledge, a previous study on CFD simulation on plant growth 
environment was only focusing on plant factory size either it is a commercial scale size or a shipping 
container size. No work has been reported on the analysis of the airflow inside the smaller size plant 
growth container. Therefore, the main objective of the study is to analyze the effect of different inlet 
locations on the internal environment of the small size plant growth container i.e., Grow-Cube. The 
study also aims to find the best location for the air inlet that can improve the ventilation and at the 
same time reduce the air temperature inside the Cube-Grow. However, in this study, only airflow was 
simulated and analyzed with the assumption that improvement in the airflow will reduce the 
temperature inside the cube-grow.   
 
2. Methodology  
2.1 Cube-Grow  
 

In this study, the airflow inside a Cube-Grow was simulated and analyzed. The structure of Cube-
Grow is as shown in Figure 1. Cube-Grow is specially designed for cultivation exclusively for leafy 
vegetables such as mustard, spinach and kale. This product is developed using plywood structures. It 
can be used as one of the home cabinet components. The Cube-Grow consists of a 48 Watt Light 
Emitting Diode (LED) that will provide artificial light for the process of photosynthesis and plant 
growth. The Cube-Grow structure size was 68.0 cm long x 48.5 cm wide x 51.5 cm high and equipped 
with a suction fan that works for ventilation and constant ambient temperature maintenance. It is 
also equipped with a rail system to facilitate management work that is to remove and place crop 
containers. Cube-Grow cultivation system can be applied by hydroponic modification or using soilless 
media with water supply reservoir 
 

 
(a)                                                              (b) 

Fig. 1. Cube-Grow (a) front view and (b) back view 
 
2.2 CFD Simulation of the Airflow Distribution inside Cube-Grow. 
 

A commercial CFD software Ansys Fluent was used for the simulations. The fluid flow in the Cube-
Grow domain was assumed to be a steady-state, incompressible with a 3-Dimension (3D) turbulent 
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flow. The calculation of airflow was considered as mathematical formulations of the fluid mechanic's 
conservation laws. By applying the mass, momentum, and energy conservation, the fundamental 
governing equations of fluid dynamics of the mass, momentum, and energy equation can be written 
as in Eq. (1), Eq. (2), Eq. (3) and Eq. (4) respectively [18]. 
 
Mass equation: 
 
𝜕𝜌

𝜕𝑡
+ ∇. (𝜌𝑢⃑ ) = 𝑆𝑚                                                                                                                                              (1) 

           
Momentum equation: 
 
𝜕

𝜕𝑡
(𝜌𝑣 ) + ∇. (𝜌𝑣 𝑣 ) = −∇𝑃 + ∇. (𝜏  ) + 𝜌𝑔 + 𝐹                                                                                            (2) 

     

Where 𝜏    is stress tensor and expressed as below: 
 

𝜏  = 𝜇 [(∇. 𝑣 + ∇. 𝑣 𝑇) −
2

3
∇. 𝑣 𝐼]                                                                                                                       (3) 

           
In Eq. (3), 𝜇 is the viscosity of molecular, 𝐼 is the tensor of unity. 
 
Energy equation in 3-Dimension: 
 

𝜌
𝐷𝐸

𝐷𝑡
= −𝑑𝑖𝑣 (𝜌𝑢)

+ [ 
𝜕(𝑢𝜏𝑥𝑥)

𝜕𝑥
+

𝜕(𝑢𝜏𝑥𝑦)

𝜕𝑦
+

𝜕(𝑢𝜏𝑧𝑥)

𝜕𝑧
+

𝜕(𝑣𝜏𝑥𝑦)

𝜕𝑥
+

𝜕(𝑣𝜏𝑦𝑦)

𝜕𝑦
+

𝜕(𝑣𝜏𝑧𝑦)

𝜕𝑧
+

𝜕(𝑤𝜏𝑥𝑧)

𝜕𝑥

+
𝜕(𝑤𝜏𝑦𝑧)

𝜕𝑦
+

𝜕(𝑤𝜏𝑧𝑧)

𝜕𝑧
] + 𝑑𝑖𝑣 (𝑘𝑔𝑟𝑎𝑑𝑇) + 𝑆𝐸                                                                  (4) 

          
 In this study, the realizable k-ɛ model was used to calculate the turbulent effect of airflow inside 
the Cube-Grow. This turbulence model was chosen as many previous studies on CFD simulation for 
enclosed agriculture structure show that it was more accurate and showed superior performance 
[15].  

The empty Cube-Growth was simulated in this study. Three options of holes position were 
analysed and compared using the CFD simulation. The position was selected based on the ease to 
modify the existing design. The main objective is to find the position of the hole that can produce 
even distribution of airflow inside the empty Cube-Grow. The holes position of the three options is 
as shown in Figure 2. In this study the 3-dimension (3D) model of the Cube-Growth was created using 
the solid works software. The 3D model was then imported to the ANSYS Fluent software for 
simulation process of the air flow distribution. The configurations for CFD simulation are as shown in 
Table 1. 
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Fig. 2. Holes position options in CFD simulation study (a) option 1, (b) option 2 and (c) option 3 

 
Table 1 
CFD simulation configurations 
Parameter Setting 

Cell zone condition  
Wall (side, top and bottom) Solid- fiber board 
Internal domain Fluid – material air 
Analysis type Steady state 
Gravity  -9.81 ms-1 
Turbulence model standard k-ɛ model 
Boundary condition  
Air inlet type Pressure outlet 
Fan inlet type velocity-inlet 
Fan velocity -2 ms-1 
Floor, top and side wall   no slip wall, fix the temperature  
Solution methods SIMPLE  (semi-implicit pressure linked equation) 
Momentum 2nd order Upwind 

 
3. Results  
 

The simulation results were first validated before it was used for further analysis. The validation 
process was carried out by calculating the normalized root mean square error (NRMSE) between the 
measured data and simulated data at 12 locations inside the existing Cube-Grow which is 4 points at 
each left, center and right plane. The NRMSE between the measured and simulated data was 3.7%. 
As the NRMSE was below 10% lower than the average error in the study by Fan et al., [17] which is 
15%, it can be concluded that the CFD simulation was able to represent the actual condition and can 
be used for further analysis. 

For the airflow simulation results, Figure 3, Figure 4 and Figure 5 show the airflow contour plot 
for the existing design and the 3 other options at the right, center and left plane of the Cube-Grow 
respectively. Figure 3, Figure 4 and Figure 5 clearly shows that the airflow inside Cube-Grow was 
increased when there is a hole added to the design compare to the original design which don’t have 
any hole. Figure 4 show that for option 2, the air flow near the hole area is higher compare to other 
area as only 2 holes was added to the design. While for option 2 and 3 the distribution of the air flow 
was more uniform. For the existing design, with no circulation from the ambient air, the suction fan 
creates a vacuum space inside the Cube-Grow. A study by Niam et al., [15], Fan et al., [17] and, Zhang 
et al., [19] indicate that there must be at least one air inlet to create an airflow inside an enclosed 
control environment system. In this study, by adding an air inlet at the other end of the Cube-Grow 
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opposite to the fan location, the air from the ambient will be flowing through the inlet into the Cube-
Grow due to the density difference. This will increase the airflow rate inside the Cube-Grow. 

Figure 6 shows the streamline plot of airflow inside the Cube-Grow for the existing design, options 
1, 2 and 3. For the existing design, the airflow is very low, therefore the streamline was not visible. 
This is in agreement with the study by Zhang et al., [19] where the study found that without supplying 
any air into the shelf with flow mainly under natural convection, the air velocity at crop canopy 
surface were stagnant and close to zero.  From Figure 6, it shows that option 2 and option 3 produce 
a more uniform airflow stream compared to option 1. The airflow streamlines for options 1, 2 and 3 
was covering most of the area inside the Cube-Grow. However, for option 1, the streamline is 
stronger near the air hole as the quantity of the air hole is lesser compare to options 2 and 3. 
 

 
Fig. 3. Airflow contour plot at right plane for (a) existing design, (b) option 1, (c) option 2 and (d) option 3 

 

 
Fig. 4. Airflow contour plot at center plane for (a) existing design, (b) option 1, (c) option 2 and (d) option 3 

 

 
Fig. 5. Airflow contour plot at left plane for (a) existing design, (b) option 1, (c) option 2 and (d) option 3 
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Fig. 6. Streamline plot for (a) existing design, (b) option 1, (c) option 2 and (d) option 3 

 
To further compare between the options, data for 27 locations inside the Cube-Grow was 

measured and the average data for top, middle, bottom, left, center, right, front, middle and 
backplane were plotted. Figure 7 shows the average airflow data at the top, middle, bottom, left, 
center, right, the front, middle and backplane of the Cube-Grow.  

The results show that option 1 produces the highest average airflow speed which is 0.42 ms-1 
compare to option 2 and option 3 which are 0.23 and 0.25 ms-1 respectively. Option 1, 2 and 3 
produce an airflow of more than 0.2 ms-1 which is sufficient for optimum plant growth according to 
a study by Kitaya et al., [4]. Referring to a study by Lee et al., [7], the resulted airflow was also suitable 
to avoid tip burned plants. According to his study, above 65% of tip burned plants were found in the 
lower flow rate at 0.08 ms-1.   

Airflow uniformity is also important to ensure uniform plant growth inside the Cube-Grow. The 
poor design of ventilation systems in a plant factory can cause physiological disorders, uneven 
postharvest quality and reducing commercial value [20]. To compare airflow uniformity between all 
options, the difference between the maximum and minimum airflow data was calculated.   Option 1 
produces the highest range between maximum and minimum airflow speed which is 1.9 ms-1 showing 
that it produces the least uniform airflow compared to option 2 and option 3 which are 1.3 and 1.2 
ms-1 respectively. Therefore, from these results, it is concluded that option 3 is the best option for 
the position of the holes as it produces the most uniform airflow inside the Cube-Grow with a 1.2 ms-

1 airflow range and with an acceptable average airflow speed of 0.25 ms-1.  
 

 
Fig. 7. Average airflow speed at selected planes inside Cube-Grow 
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4. Conclusions 
 

The study's findings reveal that the CFD simulation was able to accurately represent the airflow 
condition inside the Cube-Grow before the actual physical development. The CFD simulation was 
utilized to investigate the impact of different air hole locations on the airflow characteristics inside 
the Cube-Grow. The study concludes that the Cube-Grow's airflow is affected by changes in the air 
hole placement. The study's findings also revealed that option 3 design where 4 holes added in front 
of the Cube-Grow produces the best airflow in terms of speed and homogeneity when compared to 
the existing design, option 1 and option 2. Option 3 design shows a high potential to overcome the 
problem of slow plant growth faced by the existing Cube-Grow design, however actual plant growth 
experiments with the proposed design are needed for a confirmation. 
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