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Abstract


The scarcity of land resources and food security challenges have prompted more effective uses of the rooftop as well as façade spaces in the urban city of Singapore. Urban rooftop spaces are used for mechanical and electrical (M&E) amenities such as air-conditioning cooling units and water tanks, so the spacious span of the roof area on HDB flats in Singapore is not available. Urban-metabolic farming modules (UmFm) built on 1.5 to 2 m terrace-step terrains have been modelled using BIM Revit to mimic such constraints in rooftop spaces. CFD simulation was conducted for the structure with consideration of the prevailing wind directions at different months of the year. The airflow with the inclusion of mesh netting and varying tiltings of the polycarbonate side façade was simulated to understand their impact on airflow in the growth envelope of the UmFm units under different prevailing wind directions. The amount of solar irradiance received by the crops at different heights in the UmFm due to the sun’s path, and shading of crops grown on the A-frame, was studied using Climate Studio. A comparative verification was done with a scaffold modular unit mounted with temperature, humidity, airflow, and Photosynthesis Photon Flux Density (PPFD) sensors. The digital model of the UmFm unit enables a prior assessment of site feasibility before actual physical implementation on an existing rooftop. It also facilitates plug and play for the UmFm unit to generate an eco-resilient farmscape for an urban city.
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1. Introduction


The Food and Agriculture Organization reported that urban agriculture has attracted more than half a billion people worldwide. This has a global contribution of 15% of food production [1]. In developed cities, urban agriculture is being reformed to produce food on a commercial scale [1]. One common constraint faced by urban farming is land scarcity. The urban farms should be highly productive with minimum dependency on artificial resources for the land-scarce urban environment [2]. According to Worldometer [3], Singapore’s population has increased from 1 million in 1950 to 5.8 million in 2020, and it may reach 6.9 million by the end of 2030. Singapore is the second most densely populated country in the world with limited land resources. Its high-rise buildings offer large surface areas of walls and roofs [4]. More than 90% of the food supply relies on overseas imports [5]. The scarcity of agricultural land, high costs, and disruption of supply chains due to conflict and pandemics have highlighted the need to develop a reliable and eco-resilient farming module [2]. With the aid of advanced technology, farming indoors is now possible; substituting sunlight with artificial LED lighting assists crops in making food through photosynthesis. Optimal Heat Ventilation and Air Conditioning (HVAC) systems promote crop growth and reduce the demand for water supply in controlled growth environments [6]. Indoor farming includes vertical farming, which allows crops to be vertically stacked in layers, but this has high variable costs with electrical bills for ventilation and lighting. Another type of indoor farming is rooftop farming on buildings with the advantage of using natural sunlight. Both methods of farming maximize the crop output within limited land space [7,8]. Utilization of the rooftops of Housing & Development Board (HDB) buildings to produce crops would be an added advantage for urban farming. However, current urban rooftop spaces are used for mechanical and electrical (M&E) amenities such as air-conditioning cooling units and water tanks. Competitive needs will require that the vertical structure constructed be modular and easy to plug in and use. Vertical farming on the building façade also offers additional advantages for the occupants. Especially in Singapore, which has a tropical climate throughout the year, the vertical farming of crops on the façade and rooftop would protect the building from excessive heat gain, which places higher demands on air-conditioning cooling. The setting up of urban farming on a rooftop will provide shade to the roof as well as provide a trans-evaporation effect as the crops grow, filtering out fine dust and thus improving air quality. Polycarbonate materials are used instead of traditional glass for the vertical farm as it helps to diffuse light more evenly than glass greenhouses. This helps plants thrive and even grow faster. Polycarbonate protects plants from excessive sunlight or radiation as it naturally offers UV protection.



In addition, by farming in a controlled environment, the crops are not affected by any bad weather conditions in the open area, and the harvest quality is controlled. It improves the environment by reducing the carbon footprint [1] during the transportation of food, as well as reducing crop damage that often happens during the logistical process [9]. It provides chemical-free food with no risk of pests and diseases [1]. However, with all the benefits it could bring to the country, indoor farming has some prominent challenges. One of them is the price of locally produced crops remaining competitive [10]. This is due to the high demand for artificial lighting to replicate sunlight for photosynthesis, and for the cooling and ventilation required for healthy plant growth. The airflow is of great importance for the proper growth of plants [11,12]. As mentioned in previous studies, the airflow velocity has to be within the range of 0.3–1 m/s [13] to provide sufficient ventilation for the crops. As mechanical ventilation might be required, the utilization of photovoltaic panels to produce electricity will be crucial to reduce energy consumption and improve the farming module efficiency [14,15]. Co-generative photovoltaic thermal modules of different geometrical and physical designs will provide an additional source of energy and preserve the architectural aspects of the farming module [16]. Based on the current state of the art, urban farming has great potential to reshape the future of agriculture. It has several advantages and could be a reliable source of food for cities. However, there are many challenges that need to be solved. Crop cultivation in urban farming requires a sufficient amount of light, airflow, and nutrients. The present work proposes a methodology that assesses the natural ventilation and natural lighting for a farming module in the early design stages. This methodology can be adopted to understand the anticipated future performance for a farming module before its physical construction. This work aims to study the airflow and the Photosynthetic Photon Flux Density (PPFD) inside an urban-metabolic farming module (UmFm). In our study, the UmFm will be erected on the step terrain of an unused plot of land in SIT@Dover to model the space constraint on the rooftops of the buildings. A good assessment of local airflow and the PPFD with consideration of the surrounding buildings is essential. Based on the stereographic sun path diagram for Singapore, we can infer that there are a total of three different key directions that the sun will travel: 70° overhead from the north during the summer solstice, 70° overhead from the south during the winter solstice, and mostly between 80 to 90° overhead on other days. CFD simulations are also performed for the four prevailing wind scenarios in Singapore. The effect of the opening angle for the façade’s panels is discussed. The impact of installing mesh netting (insect-proof screens) on the air velocity is introduced through simulations and experiments. The obtained air velocity is explained in the light of the optimal conditions for crop growth.




2. CFD and Daylight Simulation with Its Design Methodology


For the research study on the urban vegetable farm, multiple softwares were utilized to assist in the simulation work. Firstly, the geometric model and site layout were designed using Sketchup. Sketchup is a 3D modelling program commonly used in the industry due to its ease of use. After the model has been created, it was imported to Rhinoceros 3D and CFD Ansys Software [17] for further modelling and simulation. For the Rhinoceros 3D, a plug-in software known as Climate Studio was used to conduct the daylighting analysis on the geometric model. It provides users with the functions of architectural, landscape, and interior design. ANSYS Fluent is a commercial CFD software which is commonly utilized for urban physics applications [18]. The CFD Ansys Fluent Simulation was used for studying the airflow in the surrounding ambient around and within the growth structure. The daylight profile was obtained with Climate Studio which is an advanced daylighting, electric lighting, and conceptual thermal simulation software which covers luminance in the envelope. This is elaborated and shared in Section 3.5.



2.1. Computational Domain and Boundary Conditions for CFD Simulation


A 3D model of surrounding buildings and the UmFm structure was first generated using Sketchup, as shown in Figure 1b for the physical site shown in Figure 1a. An unused receding step terrain was used in our study to model the constraints typically faced by rooftop farming on low-rise buildings. Building amenities on the rooftop as well as potential shading from the neighboring high-rise buildings can limit the solar irradiance received, as shown in Figure 1c. The concept of a stilt house built on sloping terrain in a typical tea plantation was adopted in our design, which demonstrated an adaptable structure for challenging environmental terrain. A downward-sloping, segmented roof separated by an airgap of 10 to 15 cm is used to promote ventilation and to allow rainwater runoff. This is as illustrated in Figure 1c, which shows the side view of the UmFm structure. The UmFm is built on a scaffold structure which promotes air ventilation even from the base of the porous platforms. The urban-metabolic farming module (UmFm) is surrounded by buildings in all directions. Hence, the farming module will be subjected to air circulation in the wake regions behind those buildings from all directions. The overall dimensions for the farming module are about: 7.71 m × 4.93 m × 4.28 m (length × width × height).



Figure 2 illustrates the computational domain dimensions and the applied boundary conditions. The dimensions of the computational domain were selected based on the guidelines stated in the best practice in the field of urban aerodynamics CFD simulations [18,19]. The upstream distance from the velocity inlet is 5H, where H is the height for the tallest building in the urban area of interest. In this case, the height for a building, 5 is taken as a reference, as depicted in Figure 2. The downstream distance from the SIT buildings to the pressure outlet boundary condition is 10H.



For the vertical and lateral extension of the computational domain, the following ratios are adopted to eliminate any potential blockage effect:


     L B     L  DH     < 17 %  



(1)






   H   L  DV     < 17 %  



(2)







Regarding the applied boundary condition, the sides and the top of the domain are considered to be symmetrical (free slip). The SIT buildings and the UmFm are wall (no-slip condition). For ANSYS Fluent [17] simulations, the roughness for the urban terrain needs to be specified in terms of roughness height (KS). According to Pattanapol et al. [20], the roughness height (KS) in ANSYS fluent can be calculated as KS = 20 × Z0, where Z0 is the Davenport–Wiering roughness length. The value for this parameter depends on the obstacles’ heights in the studied urban region. Based on Blocken’s review paper [18], Z0 is selected to be 1 m. Then, KS yields to 20 m. Regarding the overall Atmospheric Boundary Layer (ABL), the boundary condition follows the Green Mark [21] for prevailing wind direction in Singapore. The atmospheric boundary layer was applied at the velocity inlet. In addition, the recommended settings are applied for the turbulent kinetic energy and dissipation rates for the CFD RANS turbulence modelling as follows [22,23,24,25,26]:


  U  ( z )  =    U  ABL    k  ln  (    Z +  Z 0     Z 0     )   



(3)






  k  ( z )  =      U  ABL  2       C µ       



(4)






  ε  ( z )  =      U  ABL  3    k  (  Z +  Z 0   )     



(5)




where UABL is the friction velocity, k the von Karman constant (0.42), and Cµ constant, generally taken equal to 0.09. The friction velocity (UABL) is calculated for a specified velocity (Uh) at a reference height (h) as:


   U  ABL   =        k   U   h    ln  (    h +  Z 0     Z 0     )     



(6)








2.2. Grid Generation


The Green Mark [21] recommendations for the grid sizing are adopted for generating the baseline mesh. Table 1 shows the grid sizing at different zones as suggested by the Green Mark. The grid refinement is performed mainly at the enclosure of the UmFm. The cell sizing inside the enclosure for different grids is 30 cm for Grid1, 15 cm for Grid2, and 7.5 cm for Grid3. Furthermore, the global minimum cell size is reduced from 1.5 cm to 1.1 cm to capture more details and curvatures of the scaffolding structure for the farming module while refining the mesh.



The grid independence study is conducted while simulating the airflow using these three grids. The number of cells for each grid is 43.1 M for the coarse grid, 64.5 M for the medium, and 79.9 M cells for the fine grid. During this study, the realizable k-ε turbulence model is utilized to estimate the Area-Weighted Average Velocity (AWAV) magnitude at a bounded plane inside the farming module at 1.35 m height above the second floor’s level. The aim of this study is to assure that the numerical results are independent of the grid structure. The asymptotic behavior is reached by the AWAV magnitude for the medium and fine grids. At the selected plane, 1.35 m above the second floor’s level, the converged value for the AWAV magnitude is fluctuating between 0.27–0.25 m/s. This means the results produced by the medium grid are independent of the grid structure. Therefore, the grid structure for the medium grid is considered while running the CFD simulations.




2.3. CFD Numerical Settings


The pressure-based solver available in ANSYS Fluent was utilized for numerical simulation. Discretization was performed using the finite-volume method with the second-order upwind scheme for all variables. This provides high accuracy for the results with reasonable numerical stability. The steady-state Reynolds-averaged Navier–Stokes (RANS) equations are solved using the Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm for pressure-velocity coupling. The SIMPLE algorithm uses a relationship between velocity and pressure corrections to enforce mass conservation and to obtain the pressure field. The strength of the SIMPLE method is its ability to efficiently obtain a steady-state solution for unsteady flow computations. The Realizable k-ε turbulence model was utilized for resolving the turbulent flow in the urban environment [26,27,28]. In each case, maximum residuals for turbulence equations have been converged to 10−5. The fully converged turbulent flow has been assessed through monitoring the AWAV magnitude at a certain plane inside the farming module. The value for the AWAV magnitude must be almost constant for the last 500 iterations to acknowledge convergence for the numerical case.



The effect of the mesh netting or “insect-proof screens” was introduced to the CFD simulations. This helps in realizing the potential decline in the air velocity inside the UmFm. In reality, the farming module has to be covered with these screens from all directions to prevent the access of harmful insects. However, this will significantly affect the air velocity inside the UmFm as it reduces the energy of the flow. In the CFD simulations, the mesh netting effect can be included by adding a porous media or a porous jump boundary condition. According to Darcy–Forcheimer, a source term should be added to the Navier–Stokes equations to accommodate the pressure drop created by the porous media. The source term is defined as follows [29]:


   S Φ  =   −  (   µ K  U + ρ    C f     K     U 2   )   



(7)




where K is the permeability of the porous media, Cf is the inertial factor, ρ is the fluid density, µ is the fluid dynamics viscosity, and U is the flow velocity. Miguel [30] had developed two equations to calculate the permeability (K) and the inertial factor (Cf). Through experimental results, it was found that both factors are functions of the porosity for the screens as follows:


  K =   3.44 ×   10   − 9    ε  1.6    



(8)






  Y =   4.30 ×   10   − 2    ε  − 2.13    



(9)




where ε is the porosity for the mesh netting. These equations are valid for the porosity range of 0.04 to 0.9. In the present study, the porosity was around 0.365. This formula is utilized in many publications such as Villagrán et al. [31], Fatnassi et al. [29], and Bartzanas et al. [32]. The thickness of the porous medium (insect-proof screens) was 5.2 × 10−4 mm. The porous jump boundary condition in ANSYS Fluent resembles the effect of mesh netting in the CFD simulations. It reduces the flow energy and causes a pressure drop. This is a 1D simplification for the porous media model available for cell zones. This approach helps to reach numerical stability for the numerical case, especially when the flow moves through the porous zone from different directions.




2.4. Experimental Setup


The measurements were performed to have a better understanding of the CFD results. Two hot wire probes were used for obtaining the instantaneous air velocity. One probe was placed inside the mesh netting, while the other probe was placed outside. Figure 3a illustrates the schematic drawing for the field measurements. Basically, there are two chambers. In collaboration with our industrial partner, we covered one chamber of the scaffolding structure at Oasis Living lab with mesh netting, while the other chamber was left uncovered as a reference. The air velocity probes were placed in the middle of each chamber at the height of 1.2 m above the floor level (3.2 m above the ground level), as pointed out in Figure 3b. The rooftop was covered with polycarbonate panels for the two chambers. The accuracy for the hot wire probes is ±0.03 m/s. The measuring range is 0 to 20 m/s. The data were stored once each minute for the time span of around 4 h. The air temperature and humidity sensors were also installed at the location in reference and in the mesh netting.




2.5. Daylight Profiling


For the daylighting analysis, the site location that was input into the simulation process was based on the following details. For the site location, the latitude was 1.309° North and the longitude 103.866° East. The simulation dates were focusing on the annual results to determine the solar heat gain on all façades of the UmFm module. Obtaining the average solar heat gain can help us determine in which month the most and the least amounts of solar radiation will be absorbed on the façade. As we are bringing in natural daylight, we can also determine the month in which the modular farm will obtain the best and worst results in terms of bringing in sufficient solar heat, PPFD, and DLI. For the polycarbonate material used, it is assumed that the visible transmittance is about 80% and its U value is 3.96 W/m2.K. The planter boxes used in the UmFm structure are staggered in the shape of an “A” frame. This ensures that all the crops at different heights of the planter box can receive adequate photosynthetic photon flux density (PPFD). The photosynthetic photon flux density (PPFD) measures the light that reaches the crop canopy in the Par zone or the number of photosynthetically active photons that fall on a given surface each second. This is measured with the Light Passport. The other important parameter is the DLI which is measured in units of mol/m².d and each plant has a specific requirement of DLI for its growth. Values ranging between 6–18 mol/m²/d are common depending on the plant type. There is a relationship between PPFD and DLI which is given by: DLI = PPFD × light hours per day × (3600/1000,000). There is a trade-off between PPFD, and the number of light hours required to achieve a certain DLI value. A higher PPFD will require fewer light hours to achieve the desirable DLI, but excessive PPFD within a short period may not be good for optimal crop growth.





3. Results and Discussion


In this section, the numerical results are explained for different cases. Three effects are studied, which are: opening angles for the façade’s panels, wind direction, and mesh netting. The flow field inside the UmFm is presented at a height of 1.35 m above the second floor’s level. This is one of the planes at which the crops will be placed inside the farming module. The distribution of the planter boxes in the UmFm will be discussed in Section 3.5. The predicted impact of the AWAV magnitude on the plants’ growth is discussed in the light of current literature.



3.1. Effect of Different Opening Angles for the Façade’s Panels


For the sake of natural ventilation, the ideal case will be without façade panels. However, due to the heavy rains in Singapore, the presence of the façade panels is necessary to protect the crops from the wind-driven rains. Three opening angles for the façade’s panels were studied, 25°, 45°, and 60°. As can be seen in Figure 4, the air approaches the farming module from the LHS in the case of the south wind scenario. In general, the flow vortices are generated at the flow separation region inside the LHS and RHS. This can be observed behind the side door at the LHS chamber and behind the middle door at the RHS, as shown in Figure 4c. The size for these two vortices does not change much when increasing the opening angles for the façade’s panels. However, the vortices in the middle section tend to diminish when increasing the angle of the façade. The farming module experiences high flow velocities for greater opening angles, especially in the LHS chamber. This culminates in greater AWAV magnitude, as shown in Table 2. Overall, the LHS has always better ventilation compared to the RHS chamber. However, the difference between both chambers shrinks (from 77.6% to 21%) as the opening angle for the façade’s panels increases. When increasing the opening angles for the façade’s panels from 25° to 60°, the AWAV magnitude is improved by at least 48.7% inside both chambers.



Kitaya et al. [12] reported that vertical downwards air currents with airspeeds higher than 0.3 m/s around the plants promoted the photosynthetic and transpiration rates in plants. Another study for the same plant, tomato seedlings, carried out by Li et al. [33], suggested that the best effect was seen in the treatment with an air velocity of 0.6 m/s. For sweet potato leaves, Kitaya et al. [11] observed that transpiration and net photosynthetic rates were almost constant at air current speeds of 0.3–1.0 m/s. The same range for air velocity is reported to be optimal by Ahmed et al. [13]. From the literature, the opening angle for the façade’s panels has to be at least 45°. This should provide air velocity >0.3 m/s inside both chambers of the UmFm.




3.2. Effect of Different Wind Direction


According to the Green Mark [21], there are four prevailing wind directions in Singapore during different seasons of the year, which are south, north, north-east, and south-east directions. Figure 5 shows the flow structure inside the farming module at a height of 1.35 m above the second floor’s level for different wind directions. From Figure 5b,c, the airflow encounters the least amount of resistance when it tackles the UmFm from the north and north-east directions. This is manifested as minimal size for the vortex structure. Moreover, the distribution for the velocity contours is similar for different chambers. This suggests a lesser difference in the AWAV magnitude between the LHS and RHS chambers. This is the opposite in the case of south and south-east winds, as shown in Figure 5a,d. The most significant difference in the velocity field between the two chambers is seen in the south-east wind scenario. As a result, the highest difference in the AWAV magnitude between the LHS and RHS chamber was reported for that wind scenario at 60%, as seen in Table 3. In contrast, the least difference in the AWAV magnitude between the two chambers was obtained for the north and the north-east wind, with less than 13%. For all tested wind scenarios, the 0.3 m/s air velocity was achieved for the LHS and RHS chambers. This means that the minimum air velocity for growing plants is achieved at a 45° opening angle for the façade’s panels. The best distribution for the AWAV magnitude for both chambers was found for the north-east wind scenario. In this case, the AWAV magnitude was around 0.6 m/s. This study reveals the importance of controlling the opening angle for the façade panels separately for the LHS and RHS. This will help in maintaining equal air velocity in the two chambers regardless of the wind direction.




3.3. Effect of Mesh Netting (Numerical)


The farming module should be covered with mesh netting (insect-proof screens) to prevent the access of insects and other harmful parasites to the crops. However, this will significantly influence the air ventilation inside the UmFm. Hence, CFD simulations were utilized to realize the potential impact of the mesh netting on airflow. The porous jump boundary condition was assigned at the rooftop and four sides for the LHS and RHS chambers. The porosity of the mesh netting is 36.48% and its thickness is 5.2 × 10−4 mm. From Equations (8) and (9), the permeability (K) and the inertial factor (Cf) are estimated for the porous jump. All other settings and boundary conditions are kept constant. The mesh netting was applied for the wind scenario that gives the best air ventilation, i.e., the north-east wind scenario. Figure 6 shows how the flow structure and the velocity contours are altered for the LHS and RHS chambers. Instead of having a smooth airflow inside each chamber, two major vortices are dominating the scene. The velocity contours also remarkably declined inside the two chambers. Two additional commercial mesh nettings were also considered for the simulation. For those mesh nettings, the porosity was 63.9% and 50%. Table 4 shows the results obtained for different mesh nettings. Applying the mesh netting with 36.48% porosity resulted in a 58.1% reduction in the AWAV magnitude for the RHS. This decline increased by 9.3% for the LHS. The mesh netting reduced the air velocity by at least 52.0%. Porosity higher than 64% will potentially allow insects to access the UmFm and, hence, damage the crops. Furthermore, the AWAV magnitude will have become less than 0.3 m/s for the two chambers. This indicates that the plants would not have sufficient ventilation to grow properly [12]. The results suggest that the installation of the mesh netting has a significant impact on the ventilation inside the farming module and, potentially, discourages crop growth. This reveals the necessity of installing artificial ventilation systems (such as fans and ducts) and not solely relying on natural ventilation when applying insect-proof screens under unfavorable wind conditions.




3.4. On-Site Sensing with Mesh Netting and Polycarbonate Rooftop


In this section, the authors explored the effect of installing the mesh netting experimentally. As discussed in Section 3.3, the CFD simulations predicted a significant decline in the AWAV magnitude with the use of mesh netting. This raised concerns regarding the crops’ growth and development. Hence, field measurements were conducted to understand this effect. The locations of the velocity probes and the experimental methodology were explained in Section 2.4. The velocity probes collected data for the air velocity at one-minute intervals for 4 h continuously. The results for the fluctuating velocity are given in Figure 7. As can be observed, the velocity fluctuations are haphazard. This reflected the natural wind gusts at the measuring site. On average, there is a great difference between the air velocity inside and outside the mesh netting. The time-averaged value for the air velocity at the Reference location was 0.537 m/s. This value declined by 71.7% due to the mesh netting effect and yielded 0.152 m/s. The porosity for the mesh netting used in the field measurements was 36.48%. The difference between the field measurements and the CFD simulations is less than 5%, considering the reduction in air velocity for the LHS chamber. This provides credibility for the conducted CFD simulations. In addition, it alerts the farming module designers to consider improving the ventilation artificially.



The on-site sensing of the temperature and relative humidity was carried out. The record of the temperature profile and humidity for the external ambient condition as compared to that in the mesh netting and polycarbonate was as shown in Figure 7b. The positions for the placement of the sensors with the data loggers were at the same regions of placement used for the air velocity sensors, as shown in Figure 3a. The enclosed area by the mesh netting with the polycarbonate rooftop has the effect of providing an air insulation layer. This leads to a longer period before temperatures rise. On the other hand, the humidity built up in the enclosed mesh takes a longer period as well to reach its peak and it is lower than the ambient humidity by 5% due to constraints in the airflow and regulation into and from the mesh netting. The enclosed area has minimal temperature and humidity variation as compared to the outdoor environment, which allows the vapor pressure to be better controlled when the crops are in the specific temperature and humidity ranges [34].




3.5. Daylight Profiling for PPFD at the UmFm


The main focus of the simulation study was to analyze whether the crops on the planter boxes were absorbing sufficient daylight throughout the day. As such, the data tabulated through the simulation software needed to contain results for all the planter boxes. The point in time illuminance at the specific condition was collected for different times of the day as well as during different periods of the year.



The annual solar irradiation which Singapore receives is approximately 1580 to 1620 kWh/m2. Compared to the annual readings of Singapore, the planter boxes were only facing 614 kWh/m2 of solar radiation per year, as shown in Figure 8a. This is due to the sun’s path and the partial shading due to surrounding high-rise buildings at different times of the day. The “A”-frame planter boxes will be the most ideal for implementation at the site considering that shading will be more prominent if the planter box is in the vertical layout. The average solar exposure in different months is also shown and it varied from 40 to 62 kWh/m2. The approximate PPFD based on annual solar radiation of 614 kWh/m2 is about 320.31 μmol/m2·s [35]. Hence, we can deduce that the crops will be receiving sufficient annual solar radiation throughout the year.



One particular day in January 2021 was chosen to collect the data for study to understand more about the point in illuminance of the planter box. During the morning of that day, the UmFm experienced partial shading by the surrounding block due to the sun’s path. The tabulated result revealed that its PPFD value was only 51.65 μmol/m2·s at the specific point of time at 9 am, while it had an illuminance of 2718.9 lx as collected by the luminescence sensors deployed. The impact of the sun’s path which contributed to partial shading in the UmFm is as shown in Figure 8b, where shadows are cast on part of the planter boxes at 10 am. Table 5 gives the overview of the illuminance, PPFD, and the DLI at different times of the day.



The illuminance (lx) to conventional solar irradiance (W/m2) is done with the following expression [35]:


  Illuminance = k   ∫   380   780   V  ( λ )  E ( λ ) d λ  



(10)







The Equation (10) above is an example of the CIE 1988 data, where k is conversion constant, V(λ) is solar irradiance AM1.5 data, and E(λ) is the CIE illuminance data:



Work done by Michael et al. [36] through collection of both the illuminance and the solar irradiance data at the site allowed the prediction of the expression governing its conversion.


Illuminance = 122 × Solar irradiance + 87



(11)







Plants absorb radiation mostly in the 400–700 nm visible range and convert CO₂ uptake and water into oxygen and glucose. The amount of absorption in each wavelength depends on the cellular structure of the plant and may differ from species to species somewhat. The typical PPFD for leafy crops such as spinach is about 200 to 300 μmol/m2·s. From the tabulated results, we are confident that the leafy crops will receive an adequate amount of sunlight based on the generated PPFD value using microclimate studio. The DLI value ranges from about 6 to 10 mol/m²/d during the afternoon period. This is also sufficient to meet the needs of the crops, which typically range from 6 to 18 mol/m²/d.





4. Conclusions


This study explores the natural ventilation and the airflow structure inside a farming module operating in an urban environment. The farming module was surrounded by SIT buildings. The atmospheric boundary layer was applied to the computational domain. The airflow data are explained considering the best conditions for growing crops. The converged CFD results suggest that the opening angle for the façade’s panels has to be at least 45° to maintain the velocity inside the farming module above 0.3 m/s. The most homogenous distribution for the airflow inside the LHS and RHS chambers is reported for the north-east wind scenario. In this case, the AWAV magnitude was around 0.6 m/s for both chambers. Numerical simulations were performed to include the effect of installing mesh netting. The porous jump boundary condition was utilized for this task. The CFD data showed a significant decline in air velocity when installing the insect-proof screen. Sometimes, it reacheed above 65% reduction. This will affect the plant’s growth negatively. Field measurements also confirmed the predictions by the CFD simulations. The farming module will likely require artificial ventilation when the mesh netting is incorporated. The PPFD and the DLI based on the simulation using microclimate at the SIT@Dover site revealed that it is adequate to meet the needs of the crops over the day. Though partial shading due to surrounding buildings is encountered during the day, the overall DLI is nearly adequate to meet the needs of leafy crops.




5. Further Research Directions


As the study reveals that the mesh netting can cause more than 50% reduction in the airflow velocity, there will be an urgent need for artificial ventilation. This will cause additional consumption of energy and, subsequently, higher costs for the plants’ growth cycle. This issue needs to be tackled from two directions. First, it is important to design a mechanical ventilation system which provides sufficient and homogenous airflow for the plants. In this case, a system of fans, ducts, and vents should be carefully designed and tested. Second, PV panels will be considered for electricity production. This will significantly improve the energy efficiency for the farming module. During cloudy days, the DLI could be insufficient for the plants. Hence, red and blue LED lights with different wavelengths can be introduced and studied. These advanced technologies will make the UmFm much more ecofriendly and sustainable.
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Nomenclature




	AWAV
	Area-Weighted Average Velocity



	CFD
	Computational Fluid Dynamics



	DLI
	Daily Light Integral



	HDB
	Housing & Development Board



	HVAC
	Heat Ventilation and Air Conditioning



	LHS
	Left-Hand Side



	PPFD
	Photosynthetic Photon Flux Density



	RANS
	Reynolds-Averaged Navier–Stokes



	RHS
	Right-Hand Side



	SIMPLE
	Semi-Implicit Method for Pressure Linked Equation



	UmFm
	Urban-Metabolic Farming Module
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Figure 1. UmFm as integrated with the SIT buildings (a) in physical site and (b) in Sketchup (front view), and (c) in a zoom-in image of the 3D view of the UmFm structure with two chambers marked with red and blue dotted lines. (d) Side view of the UmFm with consideration of airflow, sun ray direction, and the rain runoff. 
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Figure 2. The computational domain’s dimensions and the boundary conditions for the CFD aerodynamics simulations (south wind scenario). 
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Figure 3. Experimental setup for testing the effect of mesh netting; (a) schematic drawing, (b) actual setup at Oasis Living lab. 
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Figure 4. Flow structure inside the UmFm at 1.35 m above the second floor’s level in case of south wind scenario; (a) façade’s panels at 25°, (b) façade’s panels at 45°, (c) façade’s panels at 60°. 
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Figure 5. Airflow magnitude inside the UmFm at 1.35 m above the second floor’s level with façade’s panels for wind direction from (a) south (b) north (c) north-east and (d) South-east direction. 
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Figure 6. Flow structure inside the UmFm for the north-east wind scenario at 1.35 m above the second floor’s level and façade’s panels at 45° with mesh netting (while Figure 5c shows the UmFm without mesh netting). 
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Figure 7. (a) Fluctuations of air velocity with time at different probes. (b) Variation of temperature and humidity with time of the day. 
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Figure 8. (a) Annual solar radiation of second-level planter boxes using Rhinoceros 3D and Climate Studio. (b) Partial shading of the UmFm by surrounding buildings in the morning. 
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Table 1. Grid size at different regions according to the Green Mark [21].
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	Location
	Grid Size (m)





	Within the functional spaces of interest
	0.1–0.5



	Building of interest
	0.5–1.0



	Surrounding building
	1.0–5.0



	From ground surface to 10 m height in vertical direction
	0.5–1.0



	From 10 m height to Hmax height in vertical direction (Hmax is the height of the tallest building among the group of buildings modelled explicitly)
	1.0–5.0










 





Table 2. AWAV magnitude for the UmFm at different opening angles for the façade’s panels.
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South Wind Scenario

	
AWAV Magnitude [m/s]




	
Façade Panels at 25°

	
Façade Panels at 45°

	
Façade Panels at 60°




	
LHS

	
RHS

	
LHS

	
RHS

	
LHS

	
RHS






	
Plane 1 (at 1.35 m height)

	
0.357

	
0.201

	
0.489

	
0.316

	
0.531

	
0.439











 





Table 3. AWAV magnitude for the UmFm at different wind scenarios (façade’s panels at 45°).






Table 3. AWAV magnitude for the UmFm at different wind scenarios (façade’s panels at 45°).





	
Wind Scenario

	
AWAV Magnitude [m/s]




	
South Wind

	
North Wind

	
North-East Wind

	
South-East Wind




	
LHS

	
RHS

	
LHS

	
RHS

	
LHS

	
RHS

	
LHS

	
RHS






	
Plane 1 (at 1.35 m height)

	
0.489

	
0.316

	
0.296

	
0.323

	
0.663

	
0.587

	
0.635

	
0.397











 





Table 4. AWAV magnitude for the UmFm at different porosity for the mesh netting (façade’s panels at 45°).
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North-East Wind Scenario

	
Average AWAV Magnitude (m/s) at 1.35 m Height [Reduction %]




	
Baseline without Screens

	
Porosity 63.9%

	
Porosity 50%

	
Porosity 36.48%






	
LHS Chamber

	
0.663

	
0.252 [62.0%]

	
0.231 [65.2%]

	
0.216 [67.4%]




	
RHS Chamber

	
0.587

	
0.282 [52.0%]

	
0.261 [55.5%]

	
0.246 [58.1%]











 





Table 5. Illuminance on 21 January at different times of the day.
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Point in Time Illuminance for Planter Boxes




	
21 January

	
9 am

	
12 pm

	
4 pm

	
Total DLI (mol/m²/d)






	
Illuminance (lx)

	
2718.59

	
43,897.64

	
24,356.48

	
16.599




	
Solar Radiation (W/m2)

	
21.57

	
359.1

	
198.9




	
PPFD (µmol/m2/s)

	
51.65

	
834.06

	
462.77
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