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 A B S T R A C T

The impact of environmental factors on airflow and mass transport within a laboratory-scale vertical farm is 
investigated using Computational Fluid Dynamics. Large Eddy Simulation models complex airflow behaviour, 
while solving enthalpy and mass transport equations yields temperature, humidity, and CO2 concentration. 
The Eulerian-Lagrangian approach simulates the free-fall of water droplets in the dehumidifier-cooling system. 
Humidity and CO2 consumption/production by plants and utilities are modelled as volumetric sources/sinks. 
An experimental campaign is conducted to measure temperature, relative humidity, and CO2 above cultivation 
beds, validating the numerical setup with mean absolute errors of 0.8%, 2.2%, and 3.9%, respectively. 
Analysing the airflow shows that the free fall of droplets is the dominant mechanism driving airflow 
characteristics. We investigate the effects of wall confinement, number of lamps, and location of lamps on 
the mass transport. Curtains were used to divide each cultivation bed into three regions to assess the wall 
confinement effect. Results show the overall adverse effect of curtains on mass transport. In more detail, mass 
transport is enhanced when the curtains and streamlines are aligned parallel, whereas it is reduced when they 
are perpendicular. Increasing the number of operative lamps improves the uniformity of mass distribution 
on the upper cultivation beds due to a stronger positive buoyancy. Positioning lamp-induced buoyant flow 
within the droplet’s lateral momentum injection zone further enhances vertical mass transport. These findings 
highlight the impact of environmental factors on mass transport, offering insights for more efficient designs 
of indoor vertical farms.
1. Introduction

Rising concerns about food security, water scarcity, and climate 
change drive us towards more advanced farming methods. Indoor 
Vertical Farm with Artificial Lighting (IVFAL) offers the potential to 
produce more agricultural products with lower CO2 emissions, land and 
water usage compared to traditional agricultural methods [1–3]. IVFAL 
systems employ a controlled environment agriculture (CEA) method. 
This method adjusts the plant-affecting factors to an optimal range 
for plant growth. The primary plant-affecting factors are light, CO2, 
RH, temperature, and air velocity [1,4,5]. Correspondingly, utilities 
such as artificial lighting sources, CO2 supplier, dehumidifier, and fans 
need to be positioned within the vertical farm to control such plant-
affecting factors. However, controlling these plant-affecting factors via 
the mentioned utilities leads to a higher energy demand of IVFAL 
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compared to traditional agriculture [2]. In particular, while wind and 
sunlight are freely available in conventional farming, IVFAL systems 
rely on energy-intensive utilities, such as mechanical ventilation and 
artificial lighting, to maintain the optimal plant growth condition. This 
reliance on energy-demanding utilities leads to a challenge on energy 
consumption in IVFALs.

Based on the type of agricultural system, there are different solu-
tions to address the uniformity of plant-affecting factors. In a green-
house, utilising new cooling technologies, sun shading curtains, and 
mechanical ventilation optimise the uniformity of temperature and 
humidity [6,7]. In IVFALs, however, as the system is closed, sunlight 
does not affect the internal temperature. Moreover, the isolated walls 
hinder internal/external mass and heat exchange. Consequently, the 
system requires CO2 supplier, a dehumidifier, artificial lighting for 
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photosynthesis, a cooling system to mitigate the heat waste of artificial 
lighting, and adequate airflow velocity above cultivation beds for mass 
exchange of canopies. The level of CO2, RH, and temperature above the 
cultivation beds depends strongly on the airflow [8]. Airflow is one of 
the most critical factors for optimising the vertical farming systems. In 
this regard, Thongbai et al. [4] experimentally investigated the effect of 
CO2 and air circulation on the photosynthetic and transpiration rate of 
tomato seedlings. They concluded that the impact of increasing either 
the CO2 concentration from 273 to 545 μmol∕mol or velocity from 0.3 
to 1m∕s results in a similar enhancement of the net photosynthetic rate 
by 67%–76%. Moreover, Ahmed et al. [9] provided a literature survey 
on suitable environmental conditions for lettuce growth in CEA systems 
with artificial lighting. Based on their review study, the optimum range 
of velocity, RH, CO2, and temperature correspondingly are 0.3–0.7m∕s, 
70%–80%, 1000-1500 μmol∕mol, and 18–25 ◦C. Although the optimum 
ranges of plant-affecting factors have been extensively studied in the lit-
erature, achieving such optimum ranges in IVFAL systems still requires 
further studies.

The first step to optimise the ventilation of IVFALs is to acquire the 
mentioned plant-affecting factors; temperature, carbon dioxide, relative 
humidity and airflow inside the system. Computational Fluid Dynamics 
(CFD), as a strong numerical tool for solving the fluid flow govern-
ing equations, offers comprehensive results regarding aforementioned 
factors. CFD offers significant advantages in cost-per-data efficiency, 
compared to traditional experiments. Particularly, CFD manifests its 
capability to simulate various agricultural buildings, including vertical 
farming systems [10]. Therefore, CFD studies have focused on optimis-
ing the ventilation of vertical farming systems to find the suitable range 
of the factors along with a homogeneous distribution above cultivation 
beds [11–13]. In what follows, CFD studies are briefly reviewed, which 
have mainly focused on mechanical ventilation configuration effects on 
the airflow in vertical farming systems.

Several CFD studies have utilised Reynolds Average Navier Stokes 
(RANS) turbulence modelling approach to simulate the ventilation 
inside the IVFAL. Lim and Kim [14] analysed numerically the airflow 
pattern in a vertical farm by changing the locations of the velocity 
inlet and outlet, utilising the Realisable k-𝜀 turbulence model. They 
concluded that the location of the velocity inlet and outlet has a 
great influence on the airflow pattern. Additionally, Zhang et al. [15] 
conducted a CFD study on airflow uniformity in a single shelf food 
production system by investigating various air jet nozzle configurations 
employing the standard k-𝜀 model. They concluded that the multi-jet 
perforated air tube is more suitable for providing airflow than horizon-
tal fans, especially for the centre of cultivation beds. In this regard, Fang 
et al. [16], in their CFD study, evaluated the airflow uniformity by 
proposing three design configurations of over-headed perforated air 
tubes, varying nozzle diameters and distances between nozzle holes 
on the air tube. More recently, Zhang and Kacira [17] considered 
various scenarios with different air-tube configurations and analysed 
the airflow uniformity in an IVFAL by implementing porous media to 
simulate lettuce canopies, considering the transpiration and using the 
standard k-𝜀 turbulence model. In another study, Naranjani et al. [18] 
explored the velocity uniformity based on changing the location of the 
airflow inlet/outlet in an IVFAL, by considering photosynthesis-induced 
mass transport and the RNG k-𝜀 turbulence model. In addition, Sohn 
et al. [19] simulated four cases with different airflow inlet/outlet sizes 
in a vertical farm by utilising the standard k-𝜀. They concluded that the 
location of the airflow inlet/outlet can significantly change the airflow 
pattern within the system. Also, Larochelle Martin and Monfet [20] 
proposed two optimised designs for the airflow inlet by simulating a 
vertical farm system with the k-𝜀 turbulence model. Most of the afore-
mentioned studies had considered the heat release of artificial lighting 
systems [12,15–18], without simulating the dehumidifier and cooling 
system. Agati et al. [21], however, incorporated dehumidifiers and 
evaporators into their simulation of vertical farming ventilation to anal-
yse the thermo-fluid dynamic behaviour in greater detail. They used 
2 
the Realisable k-𝜀 turbulence model in their simulation. Additionally, 
they evaluated the Absolute Error (AE) for RH and temperature on two 
floors of the vertical farm based on their experimental measurements. 
The reported averaged AEs were 5.3% and 5.0% for RH, and 3.1% and 
3.9% for temperature, for the two different floors, respectively.

As discussed above, and based on the literature survey of
Larochelle Martin and Monfet [20], and Bournet and Boulard [22], 
most of the CFD simulations of greenhouses and vertical farms are con-
ducted with the RANS turbulence modelling approach. LES turbulence 
approach, however, manifests its capability to provide more accurate 
and reliable results compared to RANS [23]. Whereas, RANS models 
are unable to provide detailed information on instantaneous turbulent 
flows [24]. Korhonen et al. [25] simulated the indoor ventilation using 
LES turbulence model. Their results highlight the significant effect of 
airflow-obstacle interaction on the ventilation and the effect of airflow 
on CO2 propagation. Despite the demonstrated advantages of the LES 
approach in modelling indoor ventilation, it has not been utilised in the 
literature of the indoor vertical farm systems.

Considering the aforementioned literature survey, the aim of the 
present study is to fill two identified major gaps in the CFD studies on 
indoor vertical farm ventilation. First, most previous studies have used 
RANS turbulence models, or simplified the flow as laminar. To the best 
of our knowledge, LES has not been previously used in IVFAL simula-
tions. Second, the majority of prior CFD studies have focused on the 
ventilation configuration effect in a momentum-driven medium, while 
the effect of wall confinement and buoyancy-driven flows in a density-
driven medium remains largely unexplored. To address these research 
gaps, the present study aims to achieve the following objectives:

(1) Conduct an experimental campaign, measuring temperature, 
CO2, and relative humidity in a vertical farm.

(2) building a LES simulation setup based on a real laboratory-scale 
vertical farm physics and geometry to:

• Assess the accuracy of the simulation results for tempera-
ture, CO2, and relative humidity,

• Analyse the behaviour of the instantaneous airflow, and its 
interaction with mass transport.

(3) Implement curtains normal to the cultivation beds to assess the 
effect of wall confinement on airflow within the computational 
domain.

(4) Adjust the number of active LEDs (heat sources) and shift their 
location to investigate the interaction of buoyancy and airflow 
within the system.

(5) Model the cooling and drying processes in a dehumidifier by 
source terms and free-falling droplets.

2. Methodology

This study was conducted based on the laboratory-scale vertical 
farm of the Natural Resources Institute Finland (LUKE) located in 
Piikkiö research infrastructure, Finland. Along with CFD simulations, 
we carried out an experimental campaign in the vertical farm to vali-
date our numerical setup. The methodology details both the numerical 
configuration and the experimental measurements process.

2.1. Numerical procedure

Here, we first describe the geometry of the simulated vertical farm, 
along with the utilities and their roles within the system. Second, we 
provide governing equations for the CFD simulation, and ultimately, 
present the Boundary Condition (BC) and numerical simplifications.
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2.1.1. Geometry and utilities
Fig.  1(a) presents a 3D view of the computational domain, illus-

trating the volumetric sources and sinks, the locations of LED lamps, 
curtains and the dehumidifier. Coloured boxes in the figure highlight 
the locations of volumetric sources and sinks, which are discussed 
further in Section 2.1.3. The vertical farm occupies a total volume of 
131.8m3 with dimensions 2.6m, 7.8m and 6.5m, in height, length and 
width, respectively. It includes two shelf structures, each supporting 
two trays on different floors, designated for the cultivation beds. Plants 
on these cultivation beds release humidity and absorb CO2 through 
transpiration and photosynthesis. A CO2 supplier pipe is positioned 
in the middle of two shelves at the base floor, and the dehumidi-
fier is located alongside the shelves. Thirty-six LED lamps supply the 
light required for photosynthesis of the plants. Seven nozzles in the 
dehumidifier region release water droplets into the system with zero 
initial velocity, free-fall. The heat exchange of these droplets with air 
reduces the air temperature below its dew point, causing water vapour 
to condense onto the droplets and leading to dehumidification of the 
air. Additionally, two curtains separate cultivation beds and manipulate 
the airflow within the system. In what follows, the governing equations 
and numerical configurations for simulating the mentioned utilities 
are presented. Fig.  1(b) illustrates horizontal and vertical slices in 
the computational domain. xy1 and xy2 are located 15 cm above the 
cultivation beds on the first and the second floors, respectively. zy1 
and zy2 planes represent vertical cross-sections along the shelves, far 
from and close to the dehumidifier, respectively. zy3 plane represents 
a vertical cross-section along the dehumidifier system. Moreover, the 
vertical planes zx1, zx2 and zx3 provide lateral planes of the cultivation 
beds, providing a complementary explanation in the supplementary 
material.

2.1.2. Governing equations
The main governing equations include the continuity equation, 

Navier-Stokes Equations (NSE), and the heat and mass transport equa-
tions. We applied a Smagorinsky-type LES [26] on the governing equa-
tions to model the turbulence behaviour of the flow. Consequently, the 
equations are represented with spatial filtering (Δ). Eqs. (1) and, (2) 
represent the continuity and NSE equations as: 
𝜕𝜌
𝜕𝑡

+
𝜕𝜌𝑢i
𝜕𝑥i

= 0, (1)

𝜕𝜌𝑢i
𝜕𝑡

+
𝜕𝜌𝑢i𝑢j
𝜕𝑥i

= −
𝜕𝑝
𝜕𝑥i

+ 𝜕
𝜕𝑥j

[

𝜌𝜈

(

𝜕𝑢j
𝜕𝑥j

)]

+
𝜕𝜏sgsij
𝜕𝑥j

+ (𝜌𝑔 − 𝐹D)𝛿i3, (2)

Here, 𝜌, ũ, g, FD and 𝜈 are density, spatially filtered velocity, grav-
itational acceleration, drag force, and molecular kinematic viscosity, 
respectively. The indices i and j follow Einstein notation, correspond-
ing to the x, y, and z spatial directions. Additionally, 𝛿 denotes the 
Kronecker delta, and its index, i3 implies the existence of the gravity 
and drag force term exclusively in the z direction. The third term, 
𝜏sgs is the Sub-Grid-Scale (SGS) stress tensor, which accounts for large 
eddies diffusion and requires modelling. The SGS stress tensor, 𝜏sgs, is 
modelled as shown in Eq.  (3); 

𝜏sgsij = 2
3
𝑘sgs𝛿ij − 𝐶k𝑘

(1∕2)
sgs 𝛥

(

𝜕𝑢j
𝜕𝑥i

+
𝜕𝑢i
𝜕𝑥j

)

, (3)

where Δ is the spatial filter width defined as the cube root of the 
cell volume, 𝐶k is the model constant set to 0.094, and ksgs represents 
the subgrid-scale turbulent energy and obtained from the k-equation 
presented in Eq.  (4);
𝜕𝜌𝑘sgs
𝜕𝑡

+
𝜕𝜌𝑘sgs
𝜕𝑥𝑗

− 𝜕
𝜕𝑥𝑗

[

𝜌
(

𝜈 + 𝜈sgs
)
𝜕𝑘sgs
𝜕𝑥𝑗

]

= −1
2
𝜌𝜏sgsij

(

𝜕𝑢̃j
𝜕𝑥i

+
𝜕𝑢̃i
𝜕𝑥j

)

− 𝐶𝜀
𝜌𝑘3∕2sgs

𝛥
, (4)
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Considering the default value of the dissipation constant C𝜀 as 1.048, 
and calculating sub-grid scale viscosity 𝜈𝑠𝑔𝑠 as; 

𝜈𝑠𝑔𝑠 = 𝐶𝑘𝛥
√

𝑘𝑠𝑔𝑠, (5)

The only remaining term from NSE is the drag force resulting from 
air resistance confronting the droplets’ free-fall. Assuming that droplets 
preserve a spherical shape throughout their descent, the drag force can 
be calculated as; 

FD = 3
4
𝜈𝜌CDRe𝑑
𝜌𝑑𝑑2

(6)

where C𝐷, Re𝑑 , 𝜌𝑑 , and d correspond to the drag constant, droplet 
Reynolds number, droplet density, and the diameter of the droplets 
which is equal to 3 mm, respectively. The drag constant is calculated 
as Eq.  (7): 

CD = 24
Re𝑑

(

1 + 1
6
Re2∕3𝑑

)

, (7)

if Re𝑑 > 1000, otherwise it is set to a constant value of 0.424. Re𝑑
defines as Eq.  (8); 

Re𝑑 =
|

|

urel|| 𝑑
𝜈

(8)

Which depends on droplet diameter, the magnitude of relative velocity 
between the droplet and the airflow |

|

urel||, and the kinematic viscosity of 
air. Calculating Eqs. (6) to (8), the drag force term of NSE gains closure. 
However, the density varies with the temperature, and consequently, 
the temperature field needs to be solved. For acquiring the temperature 
field, the enthalpy advection–diffusion equation was solved as Eq.  (9); 

𝜕𝜌ℎ
𝜕𝑡

+
𝜕𝜌ℎ𝑢̃j
𝜕𝑥i

+
𝜕𝜌𝐾
𝜕𝑡

+
𝜕𝜌𝐾𝑢̃j
𝜕𝑥i

−
𝜕𝑝
𝜕𝑡

= −
𝜕𝑞
𝜕𝑥j

+
𝜕𝜏ij𝑢j
𝜕𝑥j

+ 𝜌𝑟 + 𝜌𝑔𝛿i3𝑢3, (9)

where h and K are enthalpy and specific kinetic energy. q, and 𝜏 are 
heat flux, and the viscous term of the NSE, r is the mass-specific heat 
source, and the last term represents the gravitational work. Adding the 
ideal gas assumption for airflow gives the full closure that provides the 
Temperature field from the enthalpy. Moreover, the NSE are coupled 
with the enthalpy equation by density correction based on the ideal gas 
law; 
𝜌 =

𝑝
𝑅𝑇

, 𝑑ℎ = 𝑐p𝑑𝑇 , (10)

where 𝑇  is the temperature, p is the thermodynamic pressure, and 
cp and R are specific gases and the specific heat capacity at constant 
pressure, respectively.

Acquiring CO2, and H2O requires solving advection–diffusion equa-
tions for concentration; 
𝜕𝜌𝑐
𝜕𝑡

+
𝜕 ̃𝜌𝑢j𝑐
𝜕𝑥i

= 𝜕
𝜕𝑥j

[

𝛤

(

𝜕𝜌𝑐
𝜕𝑥j

)]

+ 𝑆𝑐 , (11)

where c denotes to the concentration of CO2, or H2O, Sc is the 
sink/source term, and Γ is mass diffusion can be calculated with 
Schmidt number, Sc = 𝜈∕𝛤 . Solving Eqs. (1) to (6) provides the required 
fields for evaluating the fluid flow characteristics within the vertical 
farm system.

The mathematical procedure and numerical schemes in the current 
study resemble the CFD ventilation study of Laitinen et al. [27]. We 
utilised rhoPimpleFoam solver in the OpenFoam V10 software. The 
solver was described as a transient solver for simulating compressible 
turbulence flows in HVAC applications.

2.1.3. Boundary conditions and simplifications
Next, we discuss the details of boundary conditions, volumetric 

source/sink implementation, and their corresponding simplifications. 
The volumetric sinks and sources within the system have been shown in 
Fig.  1(a). Thirty-six lamps provide the artificial light for photosynthesis 
in the physical system. A constant heat flux of 20W has been set on 
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Fig. 1. 3D view of the computational domain, showing volumetric sinks/sources, curtains for air flow manipulation, and lamps for photosynthesis. (b) Illustration 
of the 2D cross-section planes.  (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
the boundaries of the lamps in the computational domain to simulate 
their heat release. To reduce computational complexity, the effect of 
radiation was neglected. By considering the order of magnitude of the 
ratio of radiation heat transfer (Qr) to convection heat transfer (Qconv):

𝑄𝑟
𝑄conv

=
𝜀𝜎

(

𝑇 4
surface − 𝑇 4

ambient

)

ℎ
(

𝑇surface − 𝑇ambient
) , (12)

where 𝜀 and 𝜎 are emissivity and Boltzmann coefficient with the order 
of magnitude of 𝑂(𝜀) = 1 and 𝑂(𝜎) = 10−8, considering the order of 
magnitudes of temperature difference between the surface and ambient 
as 𝑂(𝑇surface − 𝑇ambient) = 10 and 𝑂(𝑇 4

surface − 𝑇 4
ambient) = 109 alongside 

the natural convective heat transfer 𝑂(ℎ) = 10, the order of magnitude 
of convective heat would be ten times greater than the radiation heat 
transfer. As the results demonstrated a good agreement with the exper-
imental data, justifying this simplification in the context of the present 
study. The dehumidifier region contains a volumetric sink equivalent to 
the total heat release of all LED lamps (i.e, 720W). The photosynthesis 
and transpiration of plants are simulated by implementing a volumetric 
source of humidity and volumetric sink of CO  in rectangular boxes on 
2

4 
the cultivation beds where the height of volumetric sinks and sources 
are 15 cm, depicted in green colour in Fig.  1(a).

In the physical vertical farm, the CO2 distributor pipe was in the 
middle of two shelves on the floor, supplying CO2 for plant photosyn-
thesis. CO2 distributor pipe is simplified and simulated as a volumetric 
source of CO2 in the same location. The CO2 release by the volumetric 
source is equivalent to the consumption rate of CO2 on cultivation beds. 
The rate of transpiration is simplified to be constant, similar to the 
greenhouse CFD study of Piscia et al. [28], and the humidity production 
above the cultivation bed is equivalent to the humidity consumption 
in the dehumidifier region. Both CO2 and humidity are considered as 
passive scalars with arbitrary values.

The inlet fan (very low mass flow) has a uniform velocity of 
0.01m∕s, and the outlet BC alternates between zero gradient velocity 
when the flow aims to exit the system, and zero velocity. When the 
flow aims to exit the system, the BC acts as an outlet, while in a 
backwards-flow, it acts as a wall with no-slip BC, similar to a check 
valve. The outlet has been implemented in the computational domain 
to maintain the pressure balance. All the walls and structures, including 
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Fig. 2. The schematic of the upper view of the system with the specification 
of elements in the system with geometrical classifications based on Blocks and 
Regions (R). Each block contains four regions, two on the first floor and two 
on the second floor. In each block, the first mentioned region in texts from 
left to right belongs to regions of the first and second floor (e.g., Region 1/7 
means Region 1 on the first floor and Region 7 on the second floor).

Table 1
Matrix of simulations.
 Case Blocks with active LEDs Curtains 
 Case I All With  
 Case II All Without 
 Case III 1–2 Without 
 Case IV 1–3 Without 
 Case V 2–3 Without 

the dehumidifier pool, water tanks, and shelf, have no-slip boundary 
conditions.

In the physical dehumidifier, droplets are released into the system 
at a lower temperature than the air to balance the heat release of lamps 
and free-fall into the dehumidifier pool. This heat exchange results 
in a lower air temperature than the dew point, causing condensation 
and consequently, air dehumidification. In the simulation, the nozzle 
of the dehumidifier releases droplets with zero velocity, and they fall 
due to the gravitational force into the dehumidifier pool. Heat and 
humidity volume sinks are implemented in the dehumidifier region to 
model the droplets-air heat exchange and dehumidification process. 
The curtains were originally installed in the LUKE laboratory-scale 
vertical farm as shadow curtains to block light among the samples 
on the cultivation beds. As we conduct our experimental campaign 
in the same vertical farm, our validation case (case I) includes the 
implementation of curtains with no-slip boundary conditions.

There are in total four cultivation beds in the vertical farm. To 
facilitate addressing zones in these cultivation beds, we introduced 
location indicators; blocks and regions in the top-view schematics of 
the system, Fig.  2. Location references are labelled as Block 1 to 3, 
and Regions 1 to 12 in Fig.  2. Two curtains divide the cultivation beds 
into three zones, which through the present study will be referred to 
as blocks. As each block covers a segment of the four cultivation beds, 
categorising each block by the cultivation beds provides the reference 
labels for Regions. In Fig.  2, the first and second numberings in the 
format of Region x/y receptively indicate regions on the first and 
second floor. Therefore, regions 1 to 6 are located on the first floor, 
while 7 to 12 are positioned on the second floor.

Table  1 provides the characteristics of simulated cases. Case I, 
the validation case, has a setup similar to that of the experimental 
campaign. In this case, curtains are implemented, and all LED lamps 
are active (cf. Fig.  1). Case II is similar to Case I, but without curtains to 
evaluate the effect of curtains. Cases III to V, termed light arrangement 
5 
cases, with operative LED lamps in only two of three blocks (cf. Fig.  2). 
In Case III, LED lamps are active in blocks 1 and 2; in Case IV, in blocks 
1 and 3; and in Case V, in blocks 2 and 3. These light arrangement cases 
are designed to evaluate the effect of lamp location in the vertical farm

2.1.4. Grid resolution assessment
Three grid resolutions have been simulated to evaluate the grid 

sensitivity. The 5% deviation of CO2, temperature and velocity has been 
opted for grid sensitivity evaluation. This criterion was met by all the 
aforementioned factors in the medium grid. The deviations between 
medium grid and fine grid, with 14.1 × 106 and 32.2 × 106 cells, for 
velocity, temperature and CO2 found to be 0.66%, 2.02%, and 3.23%, 
subsequently. Consequently, the medium grid has been utilised for the 
simulation. The grid study is discussed in detail in the supplementary 
material. Additionally, the ratio of the resolved Turbulent Kinetic En-
ergy (TKE) to the total TKE is investigated to ensure the sufficiency of 
the LES mesh resolution. Moreover, for wall treatment, a 𝑦+ insensitive 
wall function has been used for wall modelling. The grid resolution and 
refinement regions are further discussed in the supplementary material.

2.2. Experimental measurements

In addition to the numerical simulations, we conducted an experi-
mental campaign at the Piikkiö research infrastructure by LUKE IVFAL. 
This campaign was designed to obtain the measurements for validating 
the CFD setup. The campaign was carried out after the simulations to 
serve as a blind validation, thereby enhancing the reliability of the 
numerical data. Data were collected using six Wave Plus probes of 
Airthings ASA. Each probe collects data for CO2 with a Non-Dispersive 
Infrared gas detector system and reports RH level and temperature 
every 5 min with the accuracies of ±3%, and ±0.5 ◦C, respectively. 
The probes were positioned on the shelves of the first floor, with each 
bed divided into three blocks and a probe placed at the centre of each 
block. Data collection spanned three days, with the periods lasting 1, 2, 
3, and 9 h. During these measurements, all LED lamps remained oper-
ational, CO2 injection was maintained with two-hour pause intervals, 
and the cooling system operated continuously. Ultimately, the exper-
imental data were used for CFD simulation validation by comparing 
temperature, CO2 concentration, and RH level measurements with the 
simulated values at matching locations (Table  2).

3. Results and discussion

3.1. Validation

As detailed in Section 2.2, six probes were positioned at the middle 
of each block during the experimental campaign to measure absolute 
error of RH, CO2, and temperature. In the simulation case I, these 
properties were time-averaged at the middle of each cultivation bed 
on the first floor and compared to the experimental data, as presented 
in Table  2. The MAE for RH, CO2, and temperature are 2.00%, 3.92%, 
and 0.82%, respectively. This result demonstrates the good agreement 
between the simulation data and the experimental data.

3.2. General observation

This subsection presents CO2 propagation among all cases I to 
V visualised through 3D volume rendering in Fig.  3(a) to (e). The 
legend bar depicts the highest and the lowest CO2 concentrations are 
illustrated, while the medium levels of 1075 ppm to 1175 ppm are not 
illustrated in the figure. The CO2 concentration is lower on the second 
floor for all cases. In case I, lower accumulation of CO2 can also be 
observed on the first floor. The highest CO2 levels can be seen on the 
base floor where the CO2 supplier is located. It can be observed that this 
high concentration of CO2 inclines towards the dehumidifier region. 
In general, curtains show an adverse impact on the mass transport 
within the system as the micro-climates (zones with the lowest CO2
concentration) are detectable in both floors.
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Table 2
Validation of LES simulation based on case I compared to experimental data. Absolute Errors (AE) are provided 
for each region on the first floor of cultivation beds, and MAE is presented for RH, CO2, and temperature.
 Region RH [–] CO2 [ppm] Temperature [K]
 Exp. LES AE (%) Exp. LES AE (%) Exp. LES AE (%) 
 1 73.26 69.87 4.85 1090.3 1053.25 −3.52 292.92 289.89 −1.04  
 2 72.38 73.39 1.38 1089.96 1054.54 −3.36 291.90 289.74 −0.74  
 3 73.73 72.93 −1.09 1076.09 1033.80 −4.09 292.51 289.65 −0.99  
 4 67.96 68.19 0.34 1114.68 1099.53 −1.38 292.63 289.95 −0.93  
 5 65.42 67.56 3.17 1085.79 1187.69 8.58 291.17 289.80 −0.47  
 6 67.29 68.09 1.18 1054.81 1082.82 2.59 291.90 289.69 −0.76  
 MAE 2.00 3.92 0.82
3.3. Airflow in case I

In this subsection, we describe general airflow characteristics and 
their effect on mass transport by investigating instantaneous velocity 
fields in Case I. To illustrate the instantaneous velocity, we define 2D 
cross-sectional planes and label them in Fig.  2(b) for future reference.

Fig.  4(a–c) depict the instantaneous airflow velocity on the verti-
cal cross-sections zy3, zy2, and zy1, respectively. It is observed that 
the velocity magnitude in the dehumidifier region (zy3) (maximum 
velocity 3.23m∕s) is larger than that of the other regions. Therefore, 
for better visualisation, a different colour scale is used in Fig.  4(a). 
Moreover, the water tanks are indicated on the base floor in Fig. 
4(b) and (c). In the actual vertical farm, these water tanks serve as 
suppliers of nutrients for the plants via the hydroponic method. In the 
current study, however, they are merely considered as structures with 
the wall boundary condition. In addition, Roman numerals identify 
different zones of interest in the figures to facilitate the corresponding 
description of the zones.

By classifying the momentum transport into vertical and horizontal 
circulations, it will be possible to provide a better description of the 
airflow transport within the system. Here, we start by describing verti-
cal circulation, then horizontal circulation, and finally, their effects on 
mass transport.

3.3.1. Vertical airflow mechanisms
Two major mechanisms assist in the vertical flow of air from the sec-

ond to the first floor in the dehumidifier zone, cf. Fig.  4(a). These two 
mechanisms are the air-droplet shear stress exchange and the negative 
buoyancy in the dehumidifier/cooling zone. To describe the momentum 
exchange mechanisms in the dehumidifier region, we employed the 
terminology used for jet flows. In this context, the axial momentum 
exchange refers to the exchange of momentum parallel to the jet flow 
stream, while the lateral momentum exchange indicates the exchange 
of momentum perpendicular to the jet flow stream.

The first observed mechanism in Fig.  4, i.e. the air-droplet shear 
stress exchange, contains three distinguishable momentum transport 
events in the dehumidifier region: (i) the primary momentum trans-
port from the water droplets to air, (ii) the lateral secondary airflow 
momentum exchange of high-velocity and low-velocity airflows, and 
(iii) the axial secondary airflow at the bottom of the dehumidifier pool 
towards the upper levels. The shear stress between the high-velocity 
water droplets and the low-velocity adjacent air leads to the momentum 
transfer from the water droplets to the airflow (i). Consequently, air-
flow tends to follow the droplets’ path beneath the nozzles towards the 
dehumidifier pool, forming seven columns of jet-like primary airflow, 
cf. Fig.  4(a). This primary flow results in two secondary flows, which 
are here referred to as the lateral and axial secondary flows.

The axial secondary flow emanates from the floor of the dehumid-
ifier pool confinement. When the primary flow hits the dehumidifier’s 
impermeable floor. Airflow tends to horizontally redirect its path rather 
than flowing upward and overcome the downward momentum force. 
Consequently, it can be seen in the first jet, from left to right, that 
velocity travels towards the wall of the dehumidifier pool and then 
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redirects upward (iii), while for the other jets, there is no space for hor-
izontal redirecting and the airflow inevitably confronts the downward 
primary airflow. The boundaries of the jets undergo shear instabilities 
due to the sharp velocity gradient on the jet boundaries which this 
confrontation of the primary airflow and the axial secondary airflow 
further destabilises the boundaries of the jet.

This shear stress instability causes the emergence of the lateral 
secondary flow (iii). The lateral secondary flow is called the entrain-
ment/injection mechanism, leading to the horizontal circulation in the 
system. The schematic of this mechanism is shown in Fig.  4(S) and 
further explained in Fig.  6.

The second mechanism responsible for the vertical circulation is 
buoyancy, cf. Fig.  4(b) inset iv. While the dehumidifier/cooling system 
results in negative buoyancy, the LEDs cause positive buoyancy. The 
effect of LEDs on the airflow is indicated in the longitudinal cross-
sections of the cultivation beds, i.e. the zy2 and zy1 planes in Fig.  4(b) 
and (c). The positive buoyant flow on the first floor gets trapped by the 
second-floor cultivation bed, travels towards the edges of the bottom 
part of the second-floor cultivation beds and then travels upward (v), 
resulting in temperature stratification within the system (Fig.  5). As 
there are two groups of LEDs for each floor, two different height levels 
of temperature stratification with average temperatures of 293.5 K and 
296 K are observed in Fig.  5. The vertical temperature difference within 
the system is 8 K, while the horizontal temperature distributions over 
the cultivation beds are rather homogeneous (not shown for brevity). 
As a consequence of negative and positive buoyancy, the temperature 
near the ceiling does not exceed 300 K while the temperature of the 
floor is maintained above 290 K, cf. Fig.  5.

To conclude, the LED-induced positive buoyancy, along with the 
dehumidifier-induced negative buoyancy and shear stress transport, 
generate a vertical circulation within the system. Furthermore, the 
interaction of these mechanisms leads to higher velocity magnitudes 
on the cultivation beds close to the dehumidifier (Fig.  4(b)) compared 
to the cultivation beds far from it (Fig.  4(c)).

3.3.2. Horizontal airflow mechanisms
Fig.  6(a) and (b) show the instantaneous velocity, 15 cm above 

the first and second floor cultivation beds, respectively. The aforemen-
tioned momentum entrainment/ejection phenomenon (Section 3.3.1) 
from the dehumidifier results in two noticeable airflows in Fig.  6(a). 
There is an anticlockwise circulation near the walls of the system on 
the first floor, which begins from the right side of the dehumidifier (i), 
circulates around the system close to the outer walls (ii) and rejoins the 
dehumidifier region from the left side (iii). The high velocity airflow 
in the vicinity of the middle of the dehumidifier (iv) emerges due to 
the interaction of the LED-induced positive buoyancy airflow with the 
negative buoyant flow.

In the second floor, Fig.  6(b), contrary to the first floor, the de-
humidifier region is not confined by the dehumidifier pool walls. 
Consequently, the momentum exchange extends beyond the dehumid-
ifier region. However, the momentum entrainment/injection is higher 
than that on the second floor due to the greater shear instability of the 
jet boundaries closer to the dehumidifier wall on the first floor. As a 
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Fig. 3. 3D volume rendering of CO2 propagation for: (a) case I, (b) case II, (c) case III, (d) case IV, and (e) case V. For a better visualisation, the second floor 
is artificially lifted up from the first floor.
result, the horizontal near-wall circulation existing on the first floor is 
weaker on the second floor, and the positive buoyant flow between the 
two shelves (cf. Fig.  6, subset v) transfers the flow towards the ceiling of 
the system. Moreover, in the absence of a strong horizontal circulation 
on the second floor, the entrainment in the vicinity of the dehumidifier 
causes the airflow to travel towards the dehumidifier region (vi). In 
conclusion, the dehumidifier region has a crucial impact on the airflow 
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within the system as a result of its role in both vertical and horizontal 
airflow circulation within the system.

3.3.3. Airflow effect on the mass transport
Here, we discuss the CO2 concentration field within the IVFAL 

and how the flow field is affecting it. Fig.  6 shows the time-averaged 
velocity streamlines along with CO  concentration, 15 cm above the 
2
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Fig. 4. Instantaneous velocity field in cross sections (a) zy3, (b) zy2, and (c) zy1 in case I, along with (S) schematic of the momentum injection mechanism. i: 
primary airflow induced by free-falling droplets. ii: shear-stress driven lateral secondary flow, specifically in the jet boundary. iii: wall-confinement induced axial 
secondary flow. iv: positive buoyancy around LED lamps. v: trapped positive buoyant flow beneath the second floor. For the definition of slices, cf. Fig.  2.  (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 5. Stratification of temperature in the vertical farm based on case I, plane zy2. For the definition of slices, cf. Fig.  2.
cultivation beds. In addition to the described horizontal circulations 
near the walls, there are local circulations above the cultivation beds 
on both floors. The local circulation in Region 3, Fig.  6(c) (i), and 
Region 9 (d) (i), are anticlockwise inward circulations, which transfer 
the flow towards the cultivation beds in these regions, leading to higher 
consumption of CO  in these zones. On the contrary, the outward 
2
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circulation in Region 2 facilitates the vertical transportation of the 
flow and precludes the over-consumption of CO2. Additionally, the 
confinement effect of the curtains in Region 5 (Fig.  6(c) subset iii) 
results in parallel streamlines above the cultivation beds, resulting in 
better mass transport in this region. Another effect of the curtains is 
where the streamlines are perpendicular to the curtains, resulting in 
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Fig. 6. Velocity field on (a) the first floor plane, xy1, and (b) the second floor plane, xy2. i: droplet free-fall induced momentum injection, ii: momentum injection 
driven anticlockwise horizontal circulation, iii: entrainment of the airflow to the dehumidifier region, iv: negative and positive buoyancy interaction, v: positive 
buoyant flow between two cultivation beds, vi: entrainment of the airflow towards the dehumidifier region. For the definition of slices, cf. Fig.  2.
stagnation regions close to the curtains and reduction of mass exchange, 
specifically, at zone (iv) on the first floor and zone (ii) on the second 
floor. Moreover, comparing the circulation zones near and far from the 
dehumidifier on the second floor shows that all the circulations near 
the dehumidifier are inward, resulting in the transfer of airflow to the 
lower height levels, while most of the circulation zones far from the 
dehumidifier are outward, illustrating the effect of positive buoyancy. 
This observation further supports the role of droplets’ free fall in the 
vertical circulation within the vertical farm.

3.4. Effect of curtains on the airflow and mass transport

Fig.  7 shows the average distribution of CO2 as bars and RH as 
dashed lines for each region (regions are indicated in Fig.  2) for cases 
with curtains (case I, coloured as blue) and without curtain (case II, 
coloured as red). The 𝑥-axis shows the regions with numbers while the 
vertical left and right axes show normalised CO2, and RH, respectively. 
CO2 is normalised with the released concentration of CO2 at the 
distributor pipe, while RH is normalised based on the total amount 
of humidity release from the cultivation beds. Generally, in eight out 
of twelve regions, CO2 is up to 8% lower in the case with curtains. 
Similarly, in ten regions RH is up to 7% higher in the case with curtain, 
suggesting lower mass transport in the presence of the curtains within 
the vertical farm. Exceptionally, in region five, the lower concentration 
of RH, and higher concentration of CO2 indicate better mass transport 
in the case with curtains for this region. The airflow parallel to the 
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curtains facilitates the mass transport. Region five is longitudinally 
confined with two curtains, a dehumidifier on one lateral side and 
the carbon dioxide distributor pipe on the other side. Two curtains 
prevent the longitudinal propagation of the CO2, leading to the parallel 
alignment of airflow and the curtains, resulting in the highest CO2
accumulation in this region.

3.5. Impact of light arrangements on the airflow and mass transport

In this section, we analyse the effect of light arrangements on the 
airflow. Each block contains 12 lamps (see Fig.  2 for the definition of 
blocks). According to Table  1, all across the blocks are operative in 
cases I and II, whereas in cases III, IV, and V, lamps above two blocks 
are operative. In what follows, first, we provide qualitative results of 
the velocity and CO2 fields above the cultivation beds for cases II 
and IV to assess the impact of light intensity. Then, a quantitative 
comparison of CO2 and RH in each region for all the cases with different 
light arrangements is represented and discussed. These qualitative and 
quantitative analyses focus on the mass transport and airflow within 
the regions of interest, i.e. the cultivation beds. Finally, to conclude on 
the effect of environmental factors (both effects of curtains and LED 
lamps arrangement) on the entire IVFAL systems, the density pair plot 
of CO2 and RH is represented and discussed for all cases.

In case II, compared to case IV, more LED lamps operate, and 
consequently, more heat is released within the system. Therefore, the 
positive buoyancy is stronger in case II, which facilitates the vertical 
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Fig. 7. CO2 for cases I and II curtains based on regions 1 to 6 on the first floor, and regions 7 to 12 on the second floor. The bars correspond to the CO2 and the 
dashed lines represent the trend of increase and decrease of RH between regions. Values of each region in abscissa are provided in normalised averaged CO2 on 
the left ordinate and normalised averaged RH on the right ordinate axis. For the definition of regions, cf. Fig.  2.  (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.)
transport of momentum, leading to a more homogeneous velocity field 
in this case. The stronger interaction between negative and positive 
buoyancy near the dehumidifier in the first floor of Case II, Fig.  8(a), 
subset i, than case IV, Fig.  8(c), subset i, suggests enhanced vertical 
transport in this region due to the more positive buoyant flow sources 
in Case II. The heated airflow by the lamps on the first trays is trapped 
below the structure of the second cultivation bed and then transfers to 
the upper part as bulks of the flow represented as spots in Fig.  8(c) and 
(d). The inclination of these spots indicates the direction of the airflow 
on the second floor (iii and iv). The inclination of the airflow towards 
the dehumidifier zone (iii) illustrates the entrainment of the flow on the 
second floor. Similarly to case I (with curtains), in case IV, horizontal 
circulation emerges close to the walls of the system, being stronger on 
the first floor (ii) and weaker on the second floor (iv).

Fig.  9 shows CO2 accumulation over the cross-section planes of the 
first and second cultivation beds for case II (panels (a) and (b)) and 
case IV (panels (c) and (d)) on the first and second floor, respectively. 
In the colour scale, black represents the highest concentration, white 
covers the medium range, and red represents low concentration. The 
impact of velocity on the mass transport is highlighted by comparing 
the velocity field, cf. Fig.  8, to the CO2 field, c.f. Fig.  9. Similar to the 
velocity magnitude field, the CO2 field shows a higher concentration on 
the first floor of case IV compared to case II (Fig.  9(a) vs. (c)), and lower 
concentration on the second floor (Fig.  9(b) vs. (d)). This difference 
arises due to the imbalance of positive and negative buoyancy in the 
system. In case IV, the lamps in the middle of the system (regions 2 and 
4) are not operational, resulting in no heat flux to induce vertical mass 
transport in those regions. However, the negative buoyancy and shear 
stress of droplets transfer the airflow from the second floor down to the 
first floor. Subsequently, the portion of CO2 that remains unconsumed 
by plants on the second floor accumulates with the CO2 released by the 
supplier on the first floor, leading to a higher concentration in the first 
floor of Case IV.

Fig.  10 provides quantitative results of the CO2 accumulation and 
RH levels. In all regions of the first floor (regions one to six), the 
amount of CO2 is higher than that of the second floor. Conversely, RH is 
generally lower on the first floor than on the second floor. Moreover, for 
cases III, IV and V, the cultivation beds on the second floor have 8%, 5% 
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and 7% higher RH, respectively, compared to the first cultivation beds. 
Due to the lower positive buoyancy, Case III exhibits less mass transport 
than Cases IV and V. In Case III, the location of positive buoyancy 
sources to Region 4, where the momentum injection occurs on the 
first floor, is the farthest, resulting in less mass transport to the second 
floor in this case. Moreover, the impediment of the second cultivation 
bed structure to the positive buoyancy of the lamps on the first floor 
reduces the upward mass transport. This impediment is more effective 
in Block 2, where the trapped positive buoyancy has two edges to 
escape upward, while in the other two Blocks, the positive buoyant flow 
experiences less impediment as it can travel upward from three edges of 
the second cultivation bed. Therefore, the impediment affects Case IV 
less than Cases III, and V, resulting in more mass transport to the second 
floor. To conclude, Case IV has the best mass transport performance 
among cases with 24 operative lamps due to the less confinement of 
positive buoyant flow by the second cultivation bed, and overlap of 
the positive buoyant and momentum injection zone in the first floor.

Analysing the propagation of carbon dioxide and relative humidity 
in the whole system provides a comprehensive insight into the influence 
of environmental factors on mass transport. Fig.  11 presents a RH-CO2
pair plot for the entire domain. The value of RH and CO2 for each of 
the 14.1 × 106 computational cells in the domain are represented as 
a point in the graph, resulting in the demonstrated cloud data. The 
extracted values are clustered based on their location in the system. 
This clustering is depicted in the legend and the computational domain, 
which is represented in Fig.  11. The base, first and second floors, along 
with the dehumidifier zone, are coloured green, red, grey and blue. 
Additionally, the data clouds are shown transparently to visualise the 
overlaps of the points in graphs.

In the first and second floors of all cases, a negative correlation 
exists between RH and CO2 due to plants’ transpiration/photosynthesis. 
However, CO2 varies in a nearly constant humidity in the base floor 
zone. CO2 peaks at the highest concentration in this zone as the upward 
mass transport is relatively weak, and the CO2 supplier is located on 
this floor, while there is no production/consumption of humidity in 
this floor, resulting in a constant value for RH. Besides the trends, the 
humidity and carbon dioxide distribution range can be interpreted as 
the uniformity of mass propagation. The wider the distribution range, 
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Fig. 8. Time averaged velocity magnitude for case II in the (a) first and (b) second floor, along with case IV in the (c) first and (d) second floor. i: the positive 
and negative buoyancy interaction, ii: the first floor horizontal circulation, iii: buoyancy-induced flows inclining towards the dehumidifier region, iv: the second 
floor horizontal circulation.
the lower the uniformity. In this regard, the best mass propagation 
uniformity belongs to Case II. While the mass distribution in Case II 
shows similar patterns in the first and second floors, in Case I, a higher 
distribution (lower uniformity) occurs on the first floor, and in Cases 
III to V, a higher distribution (lower uniformity) occurs on the second 
floor. Comparing the distribution difference between Case I and other 
cases highlights the impact of environmental factors on mass transport. 
The curtains have a more severe effect on mass transport than reducing 
the number of operative lamps.

3.6. Considerations of guide practitioners and suggestions for future studies

Although the present study focuses on evaluating fluid flow char-
acteristics rather than developing a full design, several insights can 
be followed in future studies, and under consideration of a guide for 
practitioners in optimising vertical farm systems.

3.6.1. Tray configuration
Enclosing the cultivation beds on three sides by using two vertical 

plates and a horizontal plate above (the underside of the upper culti-
vation bed can serve this role) leads to parallel streamlines of airflow, 
enhancing the mass exchange above cultivation beds. The front and 
back remain open to act as air inlets and outlets. This arrangement 
increases mass exchange above the cultivation beds.
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3.6.2. Airflow pathways
Locating solid structures where they would obstruct major airflow 

streams should be avoided. Interruptions in the airflow reduce mass 
exchange and limit the uniform distribution of fresh air around the 
crops.

3.6.3. Lamp placement
Lamps can enhance vertical mass transport by increasing the tem-

perature and enhancing upward buoyancy-driven flows. Although, if 
horizontal structures trap heat above the lamps, this effect would be 
mitigated. Moreover, locating lamps near airflow inlets to the system 
increases vertical momentum transfer to the upper floors.

These practical considerations provide a starting point for imple-
mentation but require further investigation under diverse design and 
operational conditions.

4. Conclusion

In this study, we investigate the buoyancy-driven airflow behaviour 
within a laboratory-scale vertical farm, using the LES turbulence mod-
elling approach, SGS turbulence model of Yoshizawa, and simulating 
the free-fall of droplets with the Eulerian-Lagrangian approach. To the 
best of the author’s knowledge, this is the first LES setup simulating 
vertical farm ventilation. The enthalpy equation has been solved to 
provide the buoyancy effect on the airflow, and passive scalar trans-
port equations were governed by the mass transport of RH and CO . 
2
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Fig. 9. CO2 concentration in case II above (a) the first and (b) the second floor, as well as in case IV above (c) the first, and (d) the second floor.  (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 10. Average normalised CO2 and RH among regions in each case with various light configurations. Normalisation has been done based on the injected CO2, 
and total release of RH by cultivation beds for CO2 and RH subsequently. The bars correspond to the CO2 and the lines represent the trend of increase and 
decrease of RH between regions. Values of each region in abscissa are provided in normalised averaged CO2 on the left ordinate and RH on the right ordinate 
axis. For the definition of regions, cf. Fig.  2.
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Fig. 11. Pair plot of RH-CO2 based on point clouds of all computational cells in the vertical farm for all cases. Data has been clustered based on the various 
locations in the vertical farm, specified in the legend and computational domain.  (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.)
The aim was to highlight the effect of environmental factors, such 
as wall-confinement, positive buoyancy of LED lamps, and negative 
buoyancy of a cooling system, on the airflow as well as mass trans-
port in an indoor agricultural system with artificial lighting. In the 
absence of mechanical ventilation, the airflow is mainly affected by 
positive buoyancy, driven by the heat release from the lamps, and by 
the negative buoyancy, driven by the cooling system, as well as the 
13 
shear stress exchange of droplets with the airflow. The LES simula-
tions were conducted prior to our experimental campaign, providing 
a blind method validation of the numerical setup with experimen-
tal conditions. Temperature, humidity, and CO2 were predicted with 
the mean absolute error of 0.82%, 2.22%, and 3.96%, respectively, 
showing a good agreement between the LES numerical setup and the 
experimental measurement. The analysis of the instantaneous airflow 
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Fig. 12. A summary of the environmental factors’ impact on the mass transport within the vertical farm.
above the cultivation beds showed a critical impact from the free-
falling droplets on the vertical and horizontal airflow within the whole 
vertical farm. A summary of the findings based on environmental 
factors represented in Fig.  12. Curtains generally had an adverse effect 
on the mass transport above the cultivation beds. As such, the wall 
confinement of the curtains was not beneficial for the growth of plants. 
However, their effect on mass transport depends on the angle between 
the curtain and the airflow. A perpendicular airflow to the curtain 
reduces the mass transport in the majority of the regions, while a 
parallel airflow to the curtain enhances the mass transport due to the 
channelling effect. Reducing the number of operative lamps resulted 
in inhomogeneous vertical mass propagation due to the weak positive 
buoyancy effect. The heat release of lamps results in a positive buoyant 
flow, facilitating upward vertical mass transport. Two factors were 
associated with the enhancement of the positive buoyant flow based 
on shifting the location of the lamps. The proximity of the lamps to 
the momentum injection zone had a positive effect on vertical mass 
transport, while the confrontation of the positive buoyant flow with 
the wall beneath the second cultivation bed had a negative effect on 
the vertical mass transport. From best to worst, uniformity of CO2
propagation has been observed for cases II, IV, III, V, and I.
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