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Abstract

According to United Nations projections, the global population is expected to reach 9.7 bil-
lion by 2050, with 70% residing in urban areas, while arable land availability continues
to decline. Vertical farming (VF) offers a promising pathway for sustainable urban food
production by utilizing vertical space and controlled environments. Among emerging
approaches, the adaptive vertical farm (AVF) introduces movable shelving systems that
adjust to plant growth stages, allowing a higher number of cultivation shelves to be ac-
commodated within the same rack height. In this study, we developed a computational
model to quantify and compare the energy consumption of AVF and conventional VF
systems under industrial-scale conditions. The reference scenario considered 272 multilevel
racks, each hosting 8 shelves in the VF and 15 shelves in the AVF, with Lactuca sativa
as the test crop. Energy consumption for thermohygrometric control and lighting was
estimated under different sowing schedules, with crop growth dynamics simulated using
scheduling algorithms. Plant heat loads were calculated through the Penman–Monteith
model, enabling a robust estimation of evapotranspiration and its impact on indoor climate
control. Simulation results show that the AVF achieves an average 22% reduction in specific
energy consumption for climate control compared to the VF, independently of sowing
strategies. Moreover, the AVF nearly doubles the number of cultivation shelves within the
same footprint, increasing the cultivable surface area by over 400% compared to traditional
flat indoor systems. This work provides the first quantitative assessment of AVF energy
performance, demonstrating its potential to simultaneously improve land-use efficiency
and reduce energy intensity, thereby supporting the sustainable integration of vertical
farming in urban food systems.

Keywords: adaptive vertical farm; resource optimization; energy savings; sustainability

1. Introduction
Vertical farming, a novel form of agriculture characterized by the cultivation of crops

in vertically stacked layers within an indoor environment, is receiving increasing attention
due to its potential for addressing critical sustainability challenges in our rapidly urbanizing
world [1]. By employing advanced farming techniques such as hydroponics and aeroponics
and substituting natural sunlight with artificial light sources, vertical farming presents a
transformative approach to food production [2]. The efficiency of vertical farming in spatial
utilization is one of its most significant attributes. Unlike conventional farming methods,
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vertical farming can produce substantial crop yields in limited spaces, thereby rendering it
a potential solution for urban agriculture. Moreover, it also contributes to the reduction of
deforestation and land degradation by lessening the dependence on expansive agricultural
lands. Furthermore, vertical farming’s ability to facilitate year-round crop production,
independent of seasonal limitations, can potentially increase the per-area yield, surpassing
that of traditional farming. Vertical farming is increasingly seen not only as an agricultural
innovation but also as a potential driver for urban transformation. A recent study suggests
that the integration of vertical farming within urban planning frameworks—through urban
food planning strategies and multifunctional infrastructure—can support broader sustain-
ability goals [3]. Additionally, its inherent water efficiency and protective environment,
which shields crops from weather adversities and pests, are notable features that can con-
tribute to sustainable agricultural practices. Vertical farms are gaining increasing attention
as a sustainable solution for urban agriculture, thanks to their ability to optimize space
and reduce the use of natural resources. This trend is reflected in the growing number of
peer-reviewed scientific articles published each year. In particular, a bibliometric search
conducted in Scopus (subject area: Engineering; years: 2011–2024), using “vertical farm” as
a keyword in titles, abstracts, and author keywords, shows a steady increase in the number
of publications, as illustrated in Figure 1.

Figure 1. Annual number of scientific articles about vertical farming [4].

Recent studies on Italian consumers’ attitudes show a growing interest in sustainable
food systems, with vertical farming perceived positively for its environmental and safety
benefits. However, widespread acceptance is hindered by limited consumer knowledge,
cost concerns, and competition from more established preferences such as local and organic
produce [5]. The work of Chalabi [6] analyzes key points such as the carbon footprint
of VF, opportunities and barriers towards greater uptake, and the location/design. The
journey towards a wide-scale implementation of vertical farming is not without its hurdles.
High initial setup costs, significant energy requirements [7], limited crop variety, technical
skills requirement, and the potential impact of a completely artificial environment on crop
nutrition and taste all present substantial challenges.

However, according to a recent study of Arabzadeh et al. [8], integrating urban vertical
farming into the city’s energy system can lead to significant savings in electricity costs,
with a reduction ranging from 5% to 30%, depending on the variability of electricity prices
throughout the day. In particular, the flexibility in managing lighting, thanks to demand
response (DR) control, allows for avoiding peak hours, resulting in greater savings, espe-
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cially for plants with shorter lighting periods. As the global community strives towards
sustainable urban agriculture, vertical farming appears as a promising, albeit complex,
pathway. Cossu et al. [9] explored the integration of vertical farming into closed agrivoltaic
systems (CA), showing that VF can significantly increase land productivity up to 13 times
compared to traditional CA systems. This improvement was accompanied by a 12% reduc-
tion in CO2 emissions and an increase in land productivity, with a land equivalent ratio
(LER) of up to 1.60 for green varieties. The results suggest that vertical farming can not only
improve energy efficiency but also increase yields, provided that advanced technologies
such as dynamic lighting control are utilized. In their work [10], Stanghellini and Katzin
highlight that, although vertical farming (VF) offers advantages such as reduced water
consumption (Figure 2), almost zero chemical emissions, and the possibility of producing
close to consumers, its environmental credentials are not unlimited. In particular, the use
of LEDs instead of sunlight can be advantageous in terms of controlled production, but it
also implies a high energy consumption, which can undermine the environmental bene-
fits. Vertical farms offer significant advantages in terms of environmental sustainability
compared to conventional agriculture. In Japan, a study conducted in Miyagi Prefecture
showed that replacing imported vegetables with VF production reduced the nitrogen and
phosphorus footprints by 37% and 36%, respectively, thereby helping to reduce water
pollution and improve regional food self-sufficiency [11]. Furthermore, VF has proven
effective in post-disaster agricultural reconstruction and represents a resilient solution in
areas prone to natural disasters. Another crucial aspect of vertical farming concerns the
ability to accurately determine the optimal time for harvesting. This aspect becomes partic-
ularly complex in industrial contexts, where different crops are transplanted on different
days and, as a result, reach maturity at different times. Accurate management of these
differences is essential to ensure operational efficiency, product quality, and waste reduc-
tion. Automatic recognition of growth and ripening stages is crucial for optimizing indoor
cultivation operations. Several studies have shown that image processing combined with
deep learning models can improve the accuracy of identifying fruits or leaves at different
stages of development. For example, Wang et al. developed a YOLO-BLBE model [12]
capable of distinguishing blueberries in different stages of ripeness with high precision,
achieving accuracies of over 96%. Although this work focuses on fruit, the methodological
principles can also be transferred to lettuce and other species, where monitoring does not
concern fruit ripeness but, rather, the assessment of vegetative development and the opti-
mal time for harvesting. Another challenge in vertical farming is the automation of plant
handling, particularly the transplanting of seedlings into cultivation shelves and shelves.
This process currently requires precise navigation and positioning in GPS-denied indoor
environments, where conventional SLAM methods are prone to drift during long-term
operations. Recent advances, such as the preciseSLAM framework integrating LiDAR,
IMU, and ultrasonic sensors, have demonstrated sub-decimeter positioning accuracy in
plant factories [13], suggesting promising directions. Nevertheless, fully automated and re-
liable robotic transplanting in vertical farming remains an open issue. However, long-term
sustainability depends on the ability to integrate these systems with local environmental
conditions and optimize resource use. Blom et al. [14] conducted a quantitative carbon foot-
print assessment of lettuce cultivation in different farming systems, including open-field
farms, soil-based greenhouses, hydroponic greenhouses, and vertical farming (VF) in the
Netherlands. The results showed that the carbon footprint of VF (8.177 kg CO2-eq/kg) was
significantly higher than that of open-field (0.490 kg CO2-eq/kg), soil-based greenhouses
(1.211 kg CO2-eq/kg), and hydroponic greenhouses (1.451 kg CO2-eq/kg). The study also
considers alternative scenarios to improve the carbon footprint, such as using renewable
energy, identical packaging, and accounting for land-use change. With these scenarios,
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the VF footprint reduced to 1.797 kg CO2-eq/kg, still higher than the other systems but with
a notable improvement. A large portion of the VF’s carbon footprint was due to electricity
consumption, particularly from artificial lighting. The study found that while vertical
farming offers benefits over conventional farming, it is not yet a sustainable solution in
terms of carbon footprint. To become more sustainable, vertical farms need to drastically
reduce energy consumption and improve material use.

Figure 2. Comparison of open field production, greenhouse production, and vertical farming in terms
of water usage, crop yield, and distance traveled by the food [15].

Adaptive Vertical Farm, a New Perspective

In [16–19], a new concept of vertical farm, called adaptive vertical farm (AVF), was pro-
posed, based on the possibility of adapting the vertical space available for crop growth [20].
The innovation behind the adaptive greenhouse is its adaptive characteristic to the growth
of plants. Whereas in a traditional vertical greenhouse the stacked growing shelves main-
tain a fixed spacing (defined at the design stage) throughout the crop development cycle,
in AVF the height of the growing shelves is adaptable to the different stages of crop develop-
ment. Intelligent management of the position of the growing shelves automatically allocates
to plants only the conditional volume they really need during their growth. As during
much of their early development plants are in a growth phase that requires little space,
continuous “intelligent adaptation” of the adaptive greenhouse shelf placement allows
plants to share the same volumes during different growth phases. Therefore, the adaptive
greenhouse allows more shelves to fit in the same volume than a fixed-shelf greenhouse,
and, thus, greatly increases production yield. Under optimal conditions, AVF provides
production gains averaging 108%, compared to a traditional vertical greenhouse of the
same volume [16,17], but can increase depending on the type of crops and greenhouse
parameters [18]. In addition, the ventilation and microconditioning system can be in-
dividualized for each growing shelf in order to grow even very different plant species
simultaneously [20].

In a study conducted by the University of Bologna [21], it was shown that the gain from
an investment in such technology in a comparative scenario of an adaptive vertical farm
occupying 1500 m2 in 10 years is about 200% compared to a traditional vertical farm (VF) of
the same size. A preliminary assumption of the study [21] is that the energy consumption
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for greenhouse air conditioning, in relation to the cultivated area, is the same for both types
of greenhouse. However, there are no studies that quantitatively compare the consumption
between standard and adaptive vertical greenhouses. The increase in cultivated surface area
that is made available by moving the shelves of the AVF system would lead to a decrease in
the volume of air in the system and, at the same time, to an increase in the amount of vapor
transpired by the plants and the associated latent load. For these reasons, the adaptive
greenhouse could lead to higher air conditioning consumption than a traditional one.

The aim of the present work is to fill this gap by developing a thermoenergetic
calculation model for vertical farms in order to make a comparison between VF and AVF
energy consumption and quantify the energy impact of AVF systems.

In particular, in this paper, a comparison in terms of energy consumption between
the two types of greenhouse mentioned above is presented by means of quantitative
energy consumption calculations of each air conditioning plant. Moreover, for the VF, three
different seeding scheduling strategies are simulated to understand if and how much they
affect the energy performance.

Calculations of the thermohygrometric loads for both systems are carried out to
design the components of the all air conditioning plants. The systems consist of the same
components, carefully sized for both greenhouses. The same control algorithm is employed
in both cases to have a fair comparison.

Finally, specific energy consumption parameters referred to the cultivated area are
calculated for both VF and AVF greenhouses.

This paper is organized as follows. Section 2 provides a description of the geometric
characteristics of the AVF and VF systems, along with a schematic of the all-air conditioning
system employed for both. Section 3 reports the computational model used to estimate
plant transpired vapor flow rates and heat loads within the control volume. Additionally,
the energy and mass balances, implemented in the Matlab code, necessary to calculate
the air input conditions into the system, are presented. Section 4 shows heat loads and
plant transpired humidity values as a result of simulations with the algorithm defined in
the previous chapter. In Section 5, the results for a series of thermoenergy simulations by
adopting different seeding strategies in both greenhouses are shown. Section 6 contains
concluding remarks.

2. Description of Adaptive Vertical Farm Technology
The present work aims to compare a traditional vertical farm (VF) and an adaptive

vertical farm (AVF). In the considered scenario, the VF is composed of 272 multilevel racks.
Each rack includes 8 stacked cultivation shelves, reaching a total height of 6.5 m. With a
floor footprint of 2.05 m2 per rack, each shelf provides 2.04 m² of effective growing area.
Walkways and processing aisles, 1.2 m wide, are included between each pair of racks for
accessibility. Overall, the system accommodates 2176 cultivation shelves, corresponding to
a total cultivation area of 4439 m2. In the adaptive technology case, each rack—thanks to
the movable shelving system—accommodates 15 cultivation shelves within the same total
height of 6.5 m. The footprint remains 2.05 m² per rack, but each shelf provides 1.79 m2

of growing area. Altogether, the adaptive system hosts 4080 cultivation shelves, with a
total cultivation area of 7303 m2. Despite the fact that the adaptive system has 14% less
cultivation area [21] than the conventional system (due to the presence of the shelf handling
systems), the application of adaptive technology implies an increase of approximately 65%
of the total cultivation area per multilevel shelf.

As shown in Table 1, the adaptive greenhouse further increases the cultivable area
for the same amount of soil. In the VF, different case scenarios will be analyzed during
this work: coeval sowings and different scheduling strategies. AVF necessitates carefully



Sustainability 2025, 17, 8319 6 of 27

planned sowing schedules to fully leverage the adaptation principle and maximize overall
yield. Given the greater number of shelves occupying the same vertical space compared
to a traditional VF, sowing all shelves simultaneously would lead to the surpassing of
the total height capacity of the greenhouse structure before the crops reach their harvest
stage. Therefore, seedlings are transplanted on different days, in order to make better use
of the available space and maximize the number of shelves in a single rack. Consequently,
sowings in the AVF system are non-coeval. The germination phase is handled separately
in a climate chamber and lasts 14 days. The comparison will be made on a series of
6 cultivation cycles lasting 21 days with the same, appropriately sized climate chamber.

Table 1. Comparison between traditional (VF) and adaptive system (AVF) in terms of cultivated surface.

Feature VF AVF

Shelves per rack 8 15
Shelf surface 2.04 m2 1.79 m2

Total shelves 2176 4080
Cultivable area 4439 m2 7303 m2

Floor area 1358 m2 1358 m2

Increase for the same amount of land +226% +437%

Reducing soil wastage is and will be increasingly important as the years go by. Global
population growth requires an increase in food production, but soil wastage reduces the
availability of agricultural land. In their work, Huang et al. [22], showed how urbanization
has a significant influence on farmland area, such that a 1% increase of urban population
share is associated with a 3% decrease of farmland. By using soil in a more efficient and
sustainable way, food production can be maximized and food security for all can be ensured.
Soil is also a living environment for numerous organisms, including bacteria, fungi, insects,
and microorganisms [23]. Excessive soil wastage can lead to the destruction of natural
habitats and loss of biodiversity. It also plays a key role in the water cycle, retaining
rainwater and recharging aquifers. Reducing soil wastage helps conserve water resources
and mitigate water-related challenges. Soil can also act as a carbon sink, retaining large
amounts of atmospheric CO2. Soil wastage can lead to the loss of carbon from the soil,
contributing to increased greenhouse gas emissions and the greenhouse effect. Optimizing
land use is a key issue today.

However, the energy that is required for climate control in these systems is not neg-
ligible. One of the major problems of vertical farms is, in fact, the energy cost for the
climatic management of the environment. In an adaptive greenhouse, it is essential that
this cost, in relation to the cultivated area, is not higher than in a VF, as it would negate the
positive effect of the increase in area for the same amount of land occupied and the rise in
production yield. Figure 3 shows the concept of an adaptive vertical system.

Air Conditioning System

A possible configuration for the climatization system is the HVAC system, which is
particularly suitable for managing sensible and latent heat loads. In view of the purpose of
the study to determine the average consumption of the AVF, no particularly complex system
configurations (such as recuperators or air mixing units) were implemented. The config-
uration of the proposed air conditioning system is depicted in Figure 4. The black lines
represent treated air, the red line the refrigeration cycle heat transfer fluid (R134a in this
model), and the blue line the water flows.
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Figure 3. AVF rack concept (bottom) and comparison with VF (top), from [16].

Figure 4. Air conditioning system.

The air passes through the evaporator of a chiller, which acts as a dehumidifier to
reduce the external hygrometric content and ensure optimal inlet conditions. Next, there is
a heater to bring the air back to the appropriate temperature. Before the heater, a counter-
current finned intermediate heat exchanger can be provided to recover the residual heat
of the air leaving the greenhouse. Finally, there is a humidification coil that increases the
hygrometric content of the air by atomizing water drawn from a special tank with atomizers.

All these components, suitably coordinated by a control unit and appropriate sensors,
are essential to treat the incoming air and bring it to the inlet conditions necessary to
maintain the greenhouse at the ideal thermohygrometric conditions for plant growth.
The control unit is essential for the regulation and autonomous management of the air
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conditioning system. The unit processes data collected by a series of sensors located in the
greenhouse, outside (for temperature and humidity parameters), and on the refrigeration
cycle evaporator (for wall temperature). These sensors communicate with the control
unit through periodic checks, allowing the HVAC system to dynamically adjust operating
conditions (inlet temperature and relative humidity) to maintain air parameters within
ranges beneficial for plant growth. The detailed methodology adopted to calculate the
thermohygrometric inlet conditions for air supply is described in Section 3. The green lines
in Figure 4 represent regulation signals and the blue lines represent the detection signals.

3. Description of the Calculation Model
The energy model, based on the calculation of the thermohygrometric loads of the

system and using the energy and mass balance equations, estimates the ideal input condi-
tions of the treated air to maintain the ideal temperature and humidity for plant growth.
The model is based on the energy and mass flows by considering the growth and evapo-
transpiration models for lettuce (Lactuca sativa L.).

There are many examples in the literature useful for calculating the contributions of
energy and mass balances. The work of Arcasi et al. shows an example of a model for
energy balance [24]. To calculate the transpiration contribution of plants, and so the mass
balance, this work refers to the model employed by Graamans et al. [25]. There are several
models in the literature that are useful for assessing the transpiration rate of plants. In [26],
Stanghellini shows the model useful especially for calculating transpiration resulting from
tomato cultivation. In [27], Brouwer and Heibloem employed a different model in order
to calculate the water requirements of several plant species and their evotranspiration.
Graamans et al. [25] utilized Penman’s model for evapotranspiration [28] to develop and
validate a model that describes the energy fluxes involved in lettuce production within
closed plant cultivation systems. Another work that employs Penman’s model is that of
Weidner et al. [29], which investigates and compares the best-practice energy intensity of
CEA systems (plant factories and open and closed greenhouses) for several climate zones.

3.1. Transpiration Model

In [30], Arcasi et al., examined the state of the art of evapotranspiration mod-
els. In this work, the Penman–Monteith model was used to calculate the transpiration
rate. The Penman–Monteith (PM) model [28] is based on the assumption that the three-
dimensional crop canopy can be reduced to a one-dimensional “big leaf” [25] in which net
radiation is absorbed, heat is exchanged, and water vapor is released. The leaf absorbs
radiation (in this case, artificial radiation produced by LEDs) and, as it is at a specific
temperature (Ts), it exchanges a sensible heat flux with the environment. The radiation
gives energy to the leaves to carry out the process of chlorophyll photosynthesis. The water
absorbed by the plants through the roots travels up to the leaves and is emitted into the
environment as vapor through the leaf stomas. Energy directly related to photomorpho-
genesis is limited and can be considered negligible [31]. Under stationary conditions,
the energy balance is

Rnet − Qsens − Qlat = 0 (1)

where

• Rnet is the radiation absorbed by a leaf and it is a function of the number of leaves and
their arrangement. It can be expressed as

Rnet = (1 − ρo) · PAR · (1 − exp−LAI/1.8)0.8 (2)
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where ρ0 is the reflection coefficient of the leaves, typically in the range [0.05–0.08],
cf. [32]; PAR (photosynthetically active radiation [33] [W/m2] is the radiation available
for the photosynthesis process to work; and LAI is the leaf area index, a parameter
indicating leaf area in relation to cultivated area.

LAI =
Slea f

Scultivated
(3)

• Qsens is the sensible heat flux exchanged between the leaves and the environment,
determined by the fact that the temperature of the leaves Ts is different from the
temperature of the air around them Ta. It can be expressed as

Qsens = LAI · ρa · Cpa ·
(Ts − Ta)

ra
(4)

where ρa [kg/m3] is the density of air evaluated at Ta, Cpa [kJ/kgK] is the specific heat
of the air evaluated at Ta, and ra [s/m] is the aerodynamic resistance to the passage of
heat and diffusion of water. For ra, Fuchs, ref. [34] proposed a method that integrates
the mean leaf diameter (l), the uninhibited air speed (u∞) and LAI:

ra = 350 ·
(

l
u∞

)0.5
· LAI−1 (5)

with l [m] being the average leaf size and u∞ [m/s] being the air velocity lapping the
leaf. The aerodynamic boundary layer resistance influences the transfer of sensible
heat and water vapor from the leaf surface into the surrounding air. It is made with the
resistance to momentum transfer [35,36]. It has been shown, e.g., Stanghellini [26], that
the transpiration of crops is only minimally dependent on the aerodynamic resistance
of the boundary layer (as a consequence of thermal feedback). It is practical, however,
to formulate standardized values for preliminary calculations for simplicity. An LAI
of 3 [37,38] and a mean leaf size of 0.11 m [39] can be used for predictive, static
calculations. Near the leaf surface, it is better to have low air speeds to avoid excessive
mechanical stress. Considering an air velocity between the leaves of 0.15 m/s, we
obtain a value of ra equal to 100 s/m.

• Qlat is the latent heat flux due to the mass exchange of water between the leaves and
the air. It can be expressed as

Qlat = LAI · λ · χs − χa

rs + ra
(6)

where λ [kJ/kg] is the latent heat of vaporization of water, χs [gv/m3] is the con-
centration of vapor in moist air under saturation conditions at temperature Ts, χa is
the vapor concentration in the humid air under conditions of temperature Ta and
humidity ia, and rs is the resistance of the stoma to vapor diffusion, which can be
expressed as [25]

rs = 60 · 1500 + PPFD
200 + PPFD

(7)

where PPFD [µ/m2s] is the density of the photosynthetic photon flux on the surface,
i.e., photons with wavelengths in the 400–700 nm spectrum. Wang et al. [40] found
that different R/B ratios (red light to blue light) in particular influence the rs of lettuce
and illustrate the response of stomatal conductance to irradiance.
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Given the latent heat flux Qlat, the flow rate of water evaporated by the leaves is
computed by

ṁv =
Qlat

λ
(8)

To validate the model, experimental results (Wheeler) reported in [25] were used.
In the study of Wheeler et al. [41], evotranspiration rates were registered daily and with
the development of canopy cover. Their data were transcribed to determine the dry mass
development in relation to canopy cover. The simulations for the validation of the model
were carried out under the thermohygrometric conditions of the Wheeler’s experiment air
temperature of 22.5 °C, 80% relative humidity, and PPFD of 293 µmol/m2s.

3.2. Energy and Mass Balances

In order to calculate the air conditions at inlet, it is necessary to perform an energy and
mass balance under steady-state conditions of the whole system. First of all, the thermohy-
grometric conditions for plant growth should be defined. Recent studies [42] show that
modeling crop responses to temperature and CO2 (not investigated in this case) can guide
real-time environmental adjustments, improving both yield and cost-efficiency. These
strategies are well aligned with the AVF paradigm, which emphasizes system flexibility
and responsiveness. In the present work, small leaf lettuce was considered, which has a set
point condition defined in Table 2.

Table 2. Thermohygrometric and lighting conditions [43].

Set Point Temperature
(Ta) [°C]

Relative
Humidity (ia) PAR [W/m2] PPFD

[µmol/m2s] Hours

Light 25 65% 60 300 16 h
Dark 23 75% 0 0 8 h

It is possible to write the energy balance as

Q̇disp + Q̇lat + Q̇sens + Ṙsens + Ṙri f + Q̇led + Q̇vent = ṁas · (ha − him) (9)

where the different terms represent, respectively, the following:

• Q̇disp is the contribution related to heat exchange through the shell of the structure,
and is given by

Q̇disp =
n

∑
i=1

Ki · Ai · (Ta − Te) + Kb · Ab · (Ta − Tt) (10)

where K is walls thermal transmittance, assumed to be 0.4 [W/m2K], Ai the dispersing
surface to the outside [m2], Ab is the dispersing surface to the ground [m2], and n is
the number of dispersing surfaces.

• Q̇lat is the contribution related to plant evapotranspiration and is defined as follows:

Q̇lat = LAI · λ · Ac ·
χs − χa

rs + ra
(11)

where Ac is the cultivated surface, expressed in m2.
• Ṙsens is a contribution related to artificial lighting, specifically the heat flux that reaches

the ground through radiation. It is assumed that this heat flux becomes sensible flux:
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Ṙsens = PAR · (Ac − Ab f ) (12)

where Ab f is a portion of Ac covered by the canopy, expressed in m2.
• Ṙri f is another contribution related to LED illumination; it refers to the heat flux that,

arriving on the leaves through radiation, is reflected by the leaf surface, and is given by

Ṙri f = ρ0 · PAR · Ac · LAI (13)

• Q̇led is the last contribution related to artificial lighting. The term is the heat dissipated
by LEDs, due to their non-unitary efficiency:

Q̇led =
(1 − η)

η
· PAR · Ac (14)

where η is the led efficiency, assumed equal to 0.52 ([44]).
• Q̇vent is a contribution related to air exchange within the shell

Q̇vent =
N · Vc · ρa

3600
· ∆h (15)

where N is the number of air changes per hour [h−1], Vc is the conditioned volume
[m3], and ∆h is the enthalpy variation [kJ/kgK].
The conditioned volume is given by the base area of 1358 m2 multiplied by the height
of the structure (6.5 m). It is assumed that the 272 racks occupy a portion of this
volume equal to 35% in the traditional vertical farm and 40% in AVF. As the air
handling system is an HVAC system, the term Q̇vent is included in

Q̇HVAC = ṁas · (ha − him) (16)

where ṁas is the air flow rate processed by the system [kg/s], ha is the enthalpy content
of indoor thermohygrometric conditions [kJ/kgK], and him is the enthalpy content of
inlet thermohygrometric conditions [kJ/kgK].

• Q̇sens is a contribution related to the sensible flux that the leaf exchanges with the en-
vironment:

Q̇sens = LAI · Cpa · Ac ·
Ts − Ta

ra · va
(17)

The mass balance is given by

ṁas · (yim − ya) + ṁv = 0 (18)

where yim is the hygrometric content of the air at system inlet [kgv/kgas], ya is the hygro-
metric content of the air at set point conditions [kgv/kgas], and ṁv is the vapor flow rate
emitted by the plants [kg/s].

The leaf area index used is taken from an experimental study reported in the litera-
ture [45]. To obtain a daily estimate, the LAI curve was then derived as a function of days
using the least squares method. The relationship obtained between the LAI and the day of
cultivation (DC) is as follows:

LAI =
5

∑
i=1

ai sin(bi · DC + ci) (19)
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where a, b, and c are the LAI coefficients given in Table 3. The RMSE value is 0.02695. This
curve is then trimmed to take into account only the growing days inside AVF and VF, thus
excluding the germination phase which, as mentioned, takes place in a separate climate
chamber for both greenhouses in our scenario. As the algorithm is based on well-known
thermodynamic balance equations, there was no need to perform a validation.

Table 3. LAI coefficients with sine sum approximation.

Coefficient 1 2 3 4 5

a 16.7 0.3033 0.1701 0.0647 0.02787
b 0.008718 0.2072 0.3492 0.5711 0.7886
c 0.01462 −1.633 3.71 2.436 2.23

The algorithm built in Matlab performs a series of operations (Equations (1)–(20)) to
define the optimal input conditions at the close of balances for each day of the growing
cycle under light and dark conditions.

him = −
Q̇disp + Q̇lat + Q̇sens + Ṙsens + Ṙri f + Q̇led + Q̇vent

ṁas
+ ha

yim = − ṁv

ṁas
+ ya

mas =
Vc · N

3600 · va

(20)

Each day, the algorithm calculates all the energy and mass loads, which can be seen
in Figure 5, and then it finds the inlet conditions. The flow chart represented in Figure 6
resumes the series of operations performed by the algorithm. Once the inlet conditions are
defined, the algorithm computes all the psychrometric points on the ASHRAE diagram
and then reports all the loads of the HVAC system. Finally, once the evaporator load is
known, there is a section that calculates the chiller off-design energy input to obtain the
compressor energy consumption. Once the algorithm has calculated the airflow values
for each day of the growing cycle, it will be possible to determine the inlet conditions of
enthalpy and absolute humidity that the HVAC system has to reach with its components.
In this work, a number of hourly changes of N = 50 h−1 was chosen to ensure the closing of
mass and energy balances on each growing day and optimal control of indoor microclimatic
conditions. The assumption of a constant ventilation rate of N = 50 h−1 is consistent with
findings from CFD-based studies of plant factories [46] conducted by Gao et al., which
demonstrate that higher air exchange rates reduce temperature stratification and humidity
deviations, thereby enhancing microclimate uniformity above the crop canopy. However,
excessively large N values may not further improve uniformity and would increase energy
use. This ventilation rate ensures constant temperature and humidity to given set points.
In addition, frequent ventilation reduces the risk of disease by eliminating spores and other
pathogens in the air. N has been assumed constant and equal to the highest value found by
the algorithm under steady-state conditions, also because technological limitations prevent
having a variable capacity system that modifies the airflow by more than 10% from the
nominal value. As reported from Okochi et al. [47], this would lead to issues of noise,
increased pressure losses, and variation in the inlet velocity in the greenhouse, potentially
causing problems for the cultivated plants.
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Figure 5. Mass and energy exchange in the greenhouse.

Figure 6. Operations performed by the algorithm.
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4. Thermal Loads and Humidity
In [16–18], a scheduling approach of seedings was proposed that requires the solution

of a mixed-integer linear programming problem to fully utilize all the available vertical
space and maximize yield. AVF scheduling is reported in Table 4. The algorithm determines
the days on which transplanting should take place, and calculates fundamental parameters
such as LAI and cultivated area for each day. In order to optimally calculate the planting
days in the different compartments, it is necessary to know the growth pattern of plants.
Accurate growth curves enhance the sensitivity of the algorithm, leading to more precise
results. The growth curve depicted in Figure 7 was used for lettuce [48]. Once the plant
height trend is known, other parameters have to be established for the calculation. To
provide a clearer understanding of the adaptive vertical farm (AVF) operation, the daily
variation in the position of each shelf was analyzed. Figure 8 reports the evolution of
shelf height during the cultivation cycle, highlighting how the system dynamically adjusts
the spacing between shelves to accommodate plant growth. This adaptive mechanism
allows for the maximization of the number of shelves within the same rack height, thereby
improving land use efficiency compared to fixed-shelf vertical farming systems.

Figure 7. Variation of lettuce height with cultivation time excluding germination phase.

Figure 8. Evolution of variable height on each shelf of the rack during the cultivation period.
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Table 4. Greenhouse transplanting days per shelf at each cultivation cycle.

Cultivation Cycles
Shelves 1 2 3 4 5 6

1 4 25 47 69 91 117
2 13 35 56 77 98 119
3 9 30 51 72 98 119
4 6 27 49 72 95 116
5 9 30 54 75 98 119
6 2 23 44 65 89 110
7 10 34 55 76 97 119
8 14 35 56 77 98 119
9 4 27 49 70 92 113

10 10 32 53 77 98 119
11 5 26 47 70 91 114
12 11 32 53 74 97 119
13 8 32 53 74 96 117
14 1 30 54 76 97 118
15 3 24 45 67 88 112

From the transplanting days in the greenhouse, the code calculates cultivated area
and then the average leaf area index for each rack in the greenhouse. As the greenhouse is
considered to be empty at the initial time in the simulation (see Figure 9), there is a “start-
up transient phase”, corresponding to the first cultivation cycle in which the cultivable
area is not yet maximized. It is followed by subsequent cultivation cycles, defined as
“steady state”.

Figure 9. Variation of cultivated area in AVF system during cultivation period.

The LAI is one of the fundamental parameters influencing the energy consumption
of a greenhouse, so the more accurate it is, the better the estimation of all plant-related
thermal and water contributions will be. On average, therefore, due to non-coincidental
sowing, the LAI tends to be lower in the adaptive greenhouse as, on the same day, there
may be plants that are on day 21 of the cycle and plants that will be in the early days.

In the final phase, on the other hand, the plants will all reach the maximum LAI as
no new crops will be added and, therefore, the LAI will be calculated on the last, most
overgrown plants. Another key parameter resulting from the first calculation phase of
the algorithm is the vapor output of the plants (LAI in adaptive vertical farm is shown in
Figure 10). Once these parameters have been estimated, the calculation of thermal loads
can be performed. In particular, for the heat fluxes exchanged with the plants, an iterative
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calculation cycle is required to find the leaf surface temperature (Ts). In such a cycle, the leaf
temperature is updated until the energy balance at the leaf carries an error of 10−3.

Figure 10. Temporal variation of the LAI daily average of lettuce during cultivation period.

Figure 11 shows an example of thermal loads. It is evident how the larger cultivated
area leads to a considerable increase in heat loads. As shown in Figure 11, the load that
has the greatest impact is the latent load. The sensible flux exchanged between the leaf
surfaces and the environment increases considerably, as does the latent one. The increase
in the cultivated surface area leads to the need to operate with considerably higher thermal
loads. Both of these parameters exhibit extreme temporal variability. This is due to the fact
that they depend on several time-varying variables such as leaf area index, cultivated area,
and leaf temperature.

Figure 11. Thermal loads contributions in VF and AVF systems on cultivation day 32.

A qualitative analysis of Figure 12 reveals that the integral of these specific loads over
time is significantly lower in the adaptive system (AVF) compared to the conventional VF.
This implies that the adaptive greenhouse operates with lower cumulative thermal loads
throughout the cultivation cycle. This difference lies in the fact that both the sensitive and
latent loads are proportional to the cultivated area and the leaf area index. As explained at
the beginning of the paragraph, the adaptive greenhouse has a slightly lower average daily
LAI than the traditional greenhouse, which results in lower specific loads compared to VF.
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(a) Specific thermal load from radiation on the ground (b) Specific thermal load from radiation reflected by leaves

(c) Specific sensible load comparison (d) Specific latent load comparison

Figure 12. Comparison of specific thermal loads in VF and AVF: (a) Specific thermal load of LED
radiation on the ground. (b) Load from radiation reflected by leaves. (c) Sensible load comparison.
(d) Latent load comparison.

Especially on certain days, as observed in Figure 13, the LAI of AVF has lower values
than that of VF. If we consider the coeval case, in VF the cultivated area is constant and
always equal to the maximum value of 4439 m2 (except on days when new seedlings
are transplanted). As shown in Figure 12, every 21 days there is a peak in heat loads.
On seedling renewal days, it can be seen that AVF has higher specific loads. This highlights
how the LAI plays a key role in energy consumption. On the days when the new plants are
transplanted, in fact, VF has a lower LAI, because the plants still have small leaves. In the
adaptive greenhouse, on the other hand, as the sowings are not coeval, the leaves are larger
on average, which implies an increase in heat loads.

Figure 13. Leaf area index daily average with different scheduling solutions over cultivation period.
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The heat flux of irradiation impacting the soil Rsens due to LEDs tends to decrease
during each cultivation cycle (as shown in Figure 12), because of the increase in leaf area.
In the adaptive greenhouse, there are more fluctuations, again due to the non-coincidental
sowing that continuously changes the irradiated surface. In the first days of the start-up
transient, AVF shows higher values than VF. This difference is related to the fact that the
average daily LAI is lower in the AVF system, which leads to a reduction in the crop
area coverage and, thus, to a smaller leaf area projected onto the ground. Subsequently,
there are phases in which the adaptive greenhouse has a prevailing load and phases in
which the load of VF prevails. In general, VF always has a higher load during the first
days of cultivation in the steady-state cycles due to the smaller leaf area present during
transplanting. The contribution due to the thermal radiation reflected by the leaves Rri f ,
on the other hand, is expected to increase over time (Figure 12), which is related to the
continuous growth of leaf area. As this parameter is proportional to the cultivated area
and leaf area, it is higher for the VF (during the start-up phase) due to the higher average
LAI. During the steady-state cycles, however, the load of the system with the larger leaf
area dominates. Heat flux dissipated by LEDs is directly proportional to the cultivated area
(Figure 14). It is logical, therefore, to expect a constant trend in the heat flux dissipated
by LEDs for VF in the coeval case. It is more interesting, however, to observe the trend of
the flux dissipated by the LEDs of the adaptive greenhouse, which follows the cultivated
area trend.

(a) (b)

Figure 14. Comparison of LED heat flux and vapor flow rate in AVF system. (a) Heat flux dissipated
by LEDs in AVF and cultivated area. (b) Transpirated vapor flow rate under illuminated and
dark conditions.

Once the heat loads have been calculated, the transpiration rate emitted by the plants
can be estimated. All these parameters are closely related and have an impact on the
calculation of the vapor flow rate. As expected, the adaptive greenhouse produces more
transpiration than the conventional one. The strong fluctuations observed in Figure 14
are related to planting and harvesting phases that change both the cultivated area and
the average daily LAI. During the night, when there is no sunlight, plants stop photosyn-
thesis, and their stomata close. As a result, transpiration decreases significantly or stops
altogether. This occurs because plants do not need to absorb carbon dioxide and there
is no light energy available to carry out the photosynthetic process. As a result, plants
reduce transpiration during the night. The present work is limited to a single ET estimation
approach (Penman–Monteith) tailored to controlled-environment systems. However, recent
advances have shown that integrating multimodal data with more complex models, such
as the UAV-calibrated TSEB for rice paddies [49], can significantly improve the accuracy of
energy flux and ET estimation. Extending such approaches to vertical farming scenarios
may further refine the prediction of crop water demand and energy exchanges.
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5. Results and Discussion
5.1. General Approach to Other Scenarios

The presented analysis is valid specifically for lettuce cultivations but can be easily
extended to other crop types provided there are proper experimental data about LAI and
relationship between growth rate and thermohygrometric conditions. Furthermore, other
scheduling strategies can be analyzed, as shown below. The results reported consider
outdoor climatic conditions of 30 °C and 80% relative humidity. In the simulations carried
out, an identical plant configuration was used for both cases studied (VF and AVF), naturally
sized according to the thermohygrometric loads of each greenhouse.

The analysis is carried out under stationary thermohygrometric conditions (both
indoor and outdoor). Sowing is managed using the optimization algorithm described
in [16,18] that searches for the best day to transplant the seedlings during the growing cycle.
The germination phase is managed separately in a dedicated climate chamber and lasts
14 days. The simulations conducted for VF involved several non-coeval seeding strategies
and one with the coeval seeding mode:

• Coeval transplant: All transplantation takes place in one day.
• Scheduling 1: Transplantation takes place so that the VF is 1/3 filled every week.
• Scheduling 2: The algorithm used to decide the transplantation days is the same as in

AVF but with only 8 shelves.
• Scheduling 3: The algorithm used to decide the transplantation days is the same as

in AVF; in this case, the racks are divided into 15 groups: 13 groups of 18 racks and
2 groups of 19 racks. In this case, the algorithm decide by group and not by shelves.

The strategy of non-coeval sowing, in AVF, allows for an increase in the number of
rooms and thus more cultivable area with the same number of racks. As the adaptive
greenhouse needs a certain period to reach full capacity, it is worthwhile observing what
happens once this period has elapsed. Already after a first cultivation cycle, it can be
seen that the cultivated area is almost maximized. The LAI trend, shown in Figure 15,
used for the traditional vertical farm is that of the baby leaf lettuce from an experimental
study reported in the literature [45]. For VF, the LAI does not fluctuate as much as in the
adaptive greenhouse. As sowing in the adaptive greenhouse is conducted on different
days, there will be a different LAI in each compartment in the racks. As mentioned above,
it was appropriate to make an estimate of the average daily LAI, shown in Figure 13, that
is representative of the situation that occurs on average in each rack. The LAI is one of
the fundamental parameters influencing the energy consumption of a greenhouse, so the
more accurate it is, the better the estimation of all thermal and water contributions related
to the plants will be. On average, therefore, due to non-coherent sowing, the LAI tends
to be lower in the adaptive greenhouse as, on the same day, there may be plants that are
on day 21 of the cycle and plants that will be in the early days. The trend of the average
daily LAI for all the different scheduling and for coeval seeding is shown in Figure 13.
As can be seen, the most disadvantageous LAI is present in the case of coeval seeding,
i.e., when the transplanting of species occurs simultaneously in all racks. In this way, the
situation is certainly more homogeneous but this approach is also less realistic as it would
require a high degree of automation of the system. The LAI of the AVF system follows a
trend that fluctuates greatly, as mentioned earlier, due to the variability of the transplanting
period in each individual rack. Because of this, there are days when the LAI of the VF has
higher values than that of the adaptive greenhouse, thus leading to higher consumption.
However, the former scheduling is disadvantageous compared to the latter because it still
leads to greater homogeneity of sowings by having more species present late in the growing
cycle. The second scheduling following the AVF decision algorithm still ensures greater



Sustainability 2025, 17, 8319 20 of 27

variability between different LAI shelves. Thus, overall, we will have a lower LAI than
scheduling 1. Scheduling 3 is conducted in such a way as to cancel out the difference that
exists between adaptive LAI and the traditional one; in fact, the two values will be the
same for all growing days, as can be seen in the figure.

Figure 15. Leaf area index of lettuce (excluding germination phase) over cultivation period.

5.2. Energy Consumption for Air Conditioning

All consumptions are calculated after the first cultivation cycle, to ensure that the
AVF system conforms to the regime. The first thing observed is the extreme variability of
heating consumption. This is undoubtedly linked to the variation in heat loads during
the plant transplanting, sowing, and harvesting phases. In particular, every 21 days or so,
a minimum value of consumption can be observed, no doubt dictated by the lower energy
requirements of the system due to the lower presence of plants. Similarly, before 21 days
(and thus before harvesting), a maximum value of consumption can be discerned.

Figure 16 shows the difference that exists between AVF and VF in all different schedul-
ing configurations. Again, the same considerations made for LAI are reported here; the
coeval VF case will be the most energetically disadvantageous, due to the large number of
plants in the environment simultaneously.

The energy consumption of LEDs is directly proportional to the cultivated area. It is
logical, therefore, to expect a constant consumption trend for the conventional greenhouse;
it is around 8000 kWh/day. In AVF, the lightning consumption is variable (Figure 16) due
to the cultivation surface variation. Clearly, the more compartments grown, the higher
the artificial lighting to be provided to the system. The same applies to all the different
scheduling modes suggested. Of course, the upper limit is obtained when the greenhouse
reaches the regime situation with the maximum cultivated area.

The control unit, by examining the signals sent by the sensors located throughout
the system, calculates the optimal temperature to be ensured by the refrigeration cycle to
the evaporator. This parameter is essential to ensure adequate dehumidification of the
treated air. The second component of the HVAC system is a hot coil that heats the air to
the desired enthalpy level for the input conditions. Dehumidification consumption also
varies widely throughout the growing cycles (Figure 16). These variations are essentially
due to the growth of the plants, which, by increasing their leaf area (LAI), will tend to emit
a greater transpiration rate. Of course, another parameter influencing this consumption
is the cultivated area. Essentially, in the traditional greenhouse, the latter parameter is
assumed to be constant (in the coeval case), so the consumption trend is the same as the
LAI; in the adaptive greenhouse, on the other hand, consumption is influenced by both the
leaf area and the cultivated area (which varies day by day due to non-coincident sowing).
Even in this situation, the peaks present in the case of coeval sowings of VF exceed all the
case histories of VF with different scheduling, and in some cases even the consumption
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of AVF. All the contributions of energy consumption are shown in Figure 17; as expected,
consumption is higher in the AVF, as there is more cultivated area. Summarizing what
was seen, the energy consumption is shown in Table 5. In addition, it is important to bring
energy contributions all to the same level. Here, to obtain a better view of the energy
system, the various contributions in primary (thermal) energy are reported. For this reason,
the values of energy consumed for heating are divided by the average efficiency of a boiler
(90%). Electrical energy values, on the other hand, will be related to the national generation
efficiency value (in Italy, for example, it is 48% [50]).

(a) Energy consumption for heating (b) Energy consumption for artificial lighting

(c) Energy consumption for cooling/dehumidification

Figure 16. Comparison of energy consumption in AVF and VF systems across different scheduling
scenarios: (a) Heating. (b) Artificial lighting. (c) Cooling and dehumidification.

Table 5. Energy consumption over 6 cultivation cycles in AVF and VF with different scheduling
algorithms.

Technology AVF VF
(Scheduling 1)

VF
(Scheduling 2)

VF
(Scheduling 3) VF (Coeval)

Heating [MWh] 3911 3220 3075 3070 3252
Heating: primary energy [MWh] 4346 3578 3417 3411 3613
LED [MWh] 1507 931 915 916 1032
LED: primary energy [MWh] 3140 1940 1906 1908 2150
Cooling [MWh] 3474 2980 2968 2885 3200
Cooling: primary energy [MWh] 7238 6208 6183 6010 6667
Total energy [MWh] 8892 7131 6958 6871 7484
Total primary energy [MWh] 14,723 11,726 11,506 11,330 12,430
Total specific primary energy [MWh/m2] 2.02 2.64 2.59 2.55 2.80
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Figure 17. Energy consumptions in AVF and VF with different scheduling strategies over 6 cultiva-
tion cycles.

As can be seen, the consumption of the adaptive greenhouse is higher for all three
components: heating, lighting, and cooling. However, reaching the steady-state condition
leads the adaptive greenhouse to cultivate an area of 7303 m2, compared to 4439 m2 for
the conventional greenhouse. Parameterizing the total consumption on the respective
cultivated area shows that the specific consumption is as follows:

• Scheduling 1: AVF energy saving is 24%.
• Scheduling 2: AVF energy saving is 22%.
• Scheduling 3: AVF energy saving is 21%.
• Coeval: AVF energy saving is 28%.

The reason behind this energy saving is mainly related to the smaller volume that
needs to be conditioned in the adaptive greenhouse (due to the larger number of shelves
in the racks) compared to the standard vertical farm. In addition, the scheduling of the
AVF combined with the greater number of shelves per rack allows an average daily LAI
that fluctuates much more than a greenhouse with fewer shelves. In fact, as can be seen in
Figure 13, when the LAI drops to lower values compared to the VF, reduced consumptions
for the adaptive greenhouse result. Moreover, the results confirm what we have seen so
far, namely, that in the coeval seeding strategy, consumption is the highest compared to all
other case histories, precisely because of the lower LAI fluctuation.

In addition, the consumption comparison was made under the same conditions and
without delving into the nature of energy inputs of the air conditioning system. For this
reason, it will be interesting to investigate this issue by introducing an air handling system
with a boiler heating unit and heat recovery systems from the condenser and the air leaving
the greenhouse to minimize the heating energy expenditure. Despite the promising results
of the AVF system in terms of energy efficiency and cultivable area, several limitations
of the present study should be acknowledged. First, only a single crop species (Lactuca
sativa) was investigated. Extending the analysis to multiple species would require provid-
ing the model with species-specific growth curves (plant height over time) and leaf area
index (LAI) dynamics. Unfortunately, such data are still scarce in the literature, and addi-
tional experimental measurements would be necessary to obtain reliable inputs. Second,
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the integration of AVF systems with urban energy grids has not yet been investigated.
Given the high energy demands of vertical farming, assessing grid interactions, potential
demand–response strategies, and energy storage solutions will be crucial for evaluating
the sustainability of large-scale AVF implementations. Addressing these limitations is
essential for guiding future research toward robust, multispecies, and energy-integrated
vertical farming solutions. Beyond energy optimization, future developments in vertical
farming could also benefit from the integration of IoT and AI-driven information systems,
which have already shown promising results in agricultural product price forecasting,
as shown by Luo et al. [51]. In the context of vertical farming, such tools could enable
more precise crop management through real-time monitoring of growth and microclimatic
conditions, predictive scheduling aligned with market demand, and smart integration
with urban energy and logistics systems. Coupling advanced production models with
market-oriented prediction systems may, therefore, provide a more holistic approach to
sustainable urban agriculture.

6. Conclusions
Vertical farming is essential for reducing soil waste as it allows food to be grown in

urban environments by utilizing vertical space rather than horizontal land. Additionally,
vertical farming enables the cultivation of food in confined spaces, reducing the consump-
tion of agricultural land and contributing to more sustainable and less invasive farming
practices for the environment. The adaptive vertical farm (AVF) is based on the idea of
gradually adjusting the shelf distance to accommodate plant growth. Thanks to scheduling
algorithms, after an appropriate start-up phase, the AVF system reaches the steady-state
condition maximizing the cultivated surface and optimizing the volume at its disposal,
corresponding to a significant increase in productivity with the same footprint area.

The present paper shows an overview comparison between VF and AVF cultivation
technologies, focusing on the crucial problem of energy consumption in vertical farming.
To our knowledge, this is the first attempt to develop calculation algorithms able to quantify
actual energy consumptions of VF and AVF in particular.

We considered an industrial-scale vertical farm scenario comprising 272 multilevel
racks, each containing 8 stacked cultivation shelves. We analyzed the energy consumption
for air conditioning and lighting of the AVF system in this scenario and compared it to a
standard vertical farm (VF) with fixed shelves under the same conditions, including crop
species, outdoor and indoor thermohygrometric conditions, lighting parameters, and air
conditioning systems. A specific computational model was developed, and simulations
were performed using various scheduling strategies.

The calculation algorithm is suitable for straightforward generalization provided that
proper experimental data about LAI and relationship between growth rate and thermohy-
grometric conditions of each crop are available. The results indicate that the AVF system
achieves a reduction of about 22% in specific (relative to the total cultivated area) energy
consumption needed for thermohygrometric control, compared to the VF system, as can
be seen in Table 5. This highlights the potential of AVF systems to enhance energy effi-
ciency and productivity. The performances of vertical farms compared to traditional indoor
cultivations are reported in Table 1. AVF can increase the cultivable area (by more than
400% for the same amount of land occupied by traditional flat indoor cultivations) and
simultaneously reduce the expenditure of energy resources for cultivation. For the VF, this
increase is just 200%, which means that, thanks to the scheduling algorithm, AVF exploits
twice as much floor area as VF.

Using the presented calculation model, several simulations were carried out, also vary-
ing the scheduling of the sowing in the VF. The results show that the energy consumption
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of the AVF system is reduced by approximately 20% compared to the VF, regardless of the
sowing strategies employed. This demonstrates that the reduction in energy consumption
is not significantly dependent on the sowing scheduling, highlighting that the AVF technol-
ogy can have effective industrial applications, both in terms of land use optimization and
energy resource efficiency.

Despite the promising results of the AVF system in terms of energy efficiency and
cultivable area, several limitations of the present study were evidenced in the discussion
Section 5 (such as the need to extend the analysis to different crop species using specific
growth and transpiration data based on experimental measurements). Overall, the findings
of this study highlight the significant potential of AVF systems to enhance productivity and
energy efficiency in urban agriculture, paving the way for future research and technological
development toward sustainable solutions.
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Nomenclature

Symbol Description Unit
Ab Ground surface m2

Ab f Surface covered by the canopy m2

Ac Cultivated area m2

COP Coefficient of performance -
Cpa Specific heat capacity J kg−1 K−1

Dc Cultivation day -
h Specific enthalpy J kg−1

i Relative humidity %
K Thermal transmittance W m−2 K−1

l Average leaf size m
LAI Leaf area index -
Lh Light hours h
ṁas Dry air flow rate kg s−1

ṁv Transpiration flow rate kg s−1

N Number of air changes h−1

PAR Photosynthetically active radiation W m−2

PPFD Photosynthetic photon flux density µmol m−2 s−1

Q̇disp Dispersed heat flux W
Q̇HVAC Required heat flow W
Q̇lat Latent heat flux W
Qlat Latent specific heat flux W m−2

Q̇led LED dissipated heat flux W
Q̇sens Sensible heat flux W
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Qsens Sensible specific heat flux W m−2

Q̇vent Ventilation heat flow W
Rnet Radiation absorbed by leaves W m−2

Ṙri f LED reflected radiation W
Ṙsens LED radiation on the ground W
ra Aerodynamic resistance to heat transfer s m−1

rs Resistance of the stoma to vapor diffusion s m−1

T Temperature ◦C
u∞ Air velocity near the leaf m s−1

Vc Conditioned volume m3

v Specific volume m3 kg−1

y Absolute humidity kg kg−1

∆h Difference in h J kg−1

ρ0 Leaf reflection coefficient -
ρ Density kg m−3

η LED efficiency -
λ Latent heat of vaporization of water J kg−1

χ Vapor concentration in humid air kg m−3
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