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2 Environmental control in next-generation plant factories

1 Introduction

We are facing four global and regional/local problems relating to (Kozai et al.,
2025):

food safety and security.

the natural environment and ecosystems.

quality of life and the sustainability of society.

shortages of arable land and abiotic resources such as fossil fuels and

AW N -

irrigation water.

The four problems are interrelated. Solving one of the four problems on its own
often makes one or more other problems worse. They therefore need to be
solved simultaneously based on a holistic approach taking account of social,
economic, ecological, and natural/climatic conditions.

Plant factories in urban areas, also called vertical farms and PFAL
(plant factories with artificial lighting), can contribute to solving these four
interrelated problems if they are well designed, constructed, and managed
(Kozai et al., 2025). This chapter discussed key concepts and methods relating
to optimal environmental control of the cultivation room (CR). A plant factory
for commercial production consists of cultivation rooms (CRs) and rooms for
harvesting, trimming, packaging, precooling, shipping, storing consumables,
etc. This chapter focuses on the CR, consisting of multi-layer cultivation racks
with lighting, hydroponic cultivation beds, air conditioners (AC) with fans, CO,,
water and fertilizer supply, and environmental control.

The need for a better understanding and more precise measurement of
environmental variablesis highlighted by recentdevelopmentsin lighting. While
high-pressure sodium lamps have been used in commercial plant factories for
several decades and red/blue LEDS have been used for about 20 years, white
LEDs (blue LED chips covered with phosphors for spectral conversion) have
only been in use for around 10 years, with much still to discover about how to
optimize their use (Kozai et al., 2022).

There have also been remarkable advances in the fields such as small-scale
(bio, chemical, and physical) sensors, internet of things (loT) technologies to
link devices, non-destructive and non-invasive phenotyping instrumentation
(measurement of phenome or traits), Al techniques such as deep learning
and natural language processing using large language models (LLM) to
improve data analysis, extended/crossed reality (XR) technologies (e.g. virtual
and augmented realities), as well as in 3D modeling and simulation of plant
communities. More broadly, there have also been advances in areas such
as genome selection and editing in plant breeding and renewable energy
techniques to generate electricity (both to minimize environmental impacts
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Environmental control in next-generation plant factories 3

and provide protection against potential volatility and disruption from
conventional energy markets). Minimum or zero global warming gas (GWG)
emission technologies and Al-based multi-functional robotics will also play
essential roles in next-generation plant factories. Exploiting these advances
and developing next-generation plant factories increases the need for more
precise understanding, measurement, and control of environmental variables
in the CR.

2 Cultivation room design and environmental control

A CR must be hygienic (i.e. free from pathogenic microorganisms and viruses,
insects, and other contaminants). To grow safe edible leaf vegetables that can
be eaten without the need to wash them, microorganism density of leaves
needs to be lower than about 200/g (NB: microorganism density of field- and
greenhouse-grown vegetables ranges between 1000 and 10 000/g). A key
feature in the design of next-generation plant factories will be to remove the
need for a walkway, eliminating the need for workers to enter the CR for daily
cultivation management tasks such as transplanting, harvesting, and cleaning
the cultivation beds.

An alternative approach is the use of separate mobile CR modules which
can be moved out of the CR for cultivation and maintenance work. Separate CR
modules also ensure the same growth rate in each module, allow flexibility in
production by adding or removing modules, and facilitate batch production.
Coordinating seeding and transplanting ensures optimal environmental
control because the growth rate of all plants in the CR module is the same. A
modular approach also makes it possible to increase the ratio of cultivation
area to the floor area of the CR. However, this approach may also increase rates
of transpiration and nutrient/water uptake of plants increase with time (i.e.
with increase in the fresh weight of plants). This will require careful control of
variables such as water, nutrients, ions, and pH levels.

Basic functions required for environmental control in next-generation plant
factory CRs include:

1) measurement with biological, chemical, and physical sensors (including
various types of cameras);

2) control using various types of actuators with sensors for 3D
measurements of environmental and plant characteristics such as leaf
color, size, and shape;

3) wired or and wireless information networks and relational databases to
collect data;

4) data analysis using models or Al techniques;

5) simulation capabilities;

Published by Burleigh Dodds Science Publishing Limited, 2026.
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Environmental control in next-generation plant factories 5

6) a user-friendly interface to optimize human-system interaction
(potentially including technologies such as digital twins and/or XR to
enhance understanding of the CR environment); and

7) robust software and hardware to ensure a high and consistent level of
system performance (protected against external shocks such as power
outages or cyber attacks).

These functions can be efficiently implemented in highly airtight, thermally
insulated, and hygienic CR. However, most of these basic functions are still not
fully implemented in commercial plant factory operations, as of 2025.

Figure 1 describes a scheme for the environmental control of the CR in
next-generation plant factories, generally connected with other CRs through
a wireless or wired network. The environment is controlled by the dynamic
determination of optimal environmental variable setpoints in the CR. The
setpoints are determined based on achieving multiple objectives, taking in
internal variables such as plant phenotype (P,) as well as external factors such
as retail market demand and prices, resource availability, etc. The phenotype
at the time (t+1) (=PP(M>)
(=Ppy) Egy M, and G

Figure 2 shows the method for online adjustment of parameter values of
the CR simulator. The CR simulator uses the datasets of R (resource inputs),
E, (CR environmental variables), P, (plant phenotype), P, (product outputs),
W, (waste outputs), and other variables from a real plant factory. The PF CR
simulator is used for production planning and control, training, and learning
purposes.

is predicted as the function of the phenotype at time t

| Adjusted parameter values I

¥

Plant factory CR simulator — P,-virtual
/ (Virtual CR of plant factory) |—yp W,,-virtual
J

Parameter value
adjustment

R, weather, market price, t

costs, demands, resource R, En Eg, P, P, .V
availability, environmental W,, Pg, Py —>Comparlsc‘>‘ns-
setpoints, regulations, etc.

P, -real
\ Real plant faCtOrVE:WO red

o-real-

Figure 2 Online adjustment of parameter values of a CR simulator using differing
datasets. See also Fig. 1 for the CR simulator.
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6 Environmental control in next-generation plant factories

Multiple objectives that a CR environmental control system need to
achieve (that address the four key challenges outlined earlier) include (Kozai
etal., 2019):

(1) optimal resource use and/or productivity;

(2) minimum consumption and production costs of resources (electricity,
water, fertilizer, seeds/transplants, land area for cultivation, working
hours, cultivation period, facilities, and others);

(3) minimum emissions of environmental pollutants including CO,,
wastewater, and waste heat energy;

(4) meeting key stakeholder objectives; and

(5) applicability to any given set of environmental, social, economic, and
political conditions.

3 Developments in methods for simulating cultivation
room environmental variables

Oikawa (1977a, 1977b) and Oikawa and Saeki (1977) pioneered a new type
of computer simulation using the Monte Carlo method to analyze the three-
dimensional (3D) distribution of light environments within a leaf canopy
consisting of folded and unfolded leaves, stems, and buds (hereafter termed
the canopy), and its effect on canopy photosynthetic rate. The light environment
is expressed as a function of the leaf inclination angle, leaf shape, LAl (area
ratio of leaves to cultivation area), and internode length. Their research
provided the foundation for the mathematical simulation of 3D distributions
of light environments and photosynthesis within a canopy. Their research
was intended to simulate the light environment and the resulting canopy
photosynthesis in open fields. However, their methodology can be applied with
minor modifications to simulate the light environment and the resulting canopy
photosynthesis in the CR.

Kitaya et al. (2003), Shibuya et al. (2006), and Kitaya (2024) demonstrated
the effects of upward airflow and horizontal air current speed above the seedling
canopy on the vertical distribution of air temperature, vapor pressure deficit
(VPD),and CO, concentration (hereafter conc.) within the seedling canopy under
artificial light, and their consequent effects on rates of net photosynthesis and
transpiration of the seedling canopy. These studies on seedling canopies are
easily extendable to a mature canopy, so they are of significant methodological
importance. Experimental studies by Zhang et al. (2015) showed that upward
lighting from beneath to lower leaves of head lettuce plants suppressed
senescence (aging), promoted the net photosynthesis of lower leaves, and
increased the marketable fresh weight of head lettuce plants.

Published by Burleigh Dodds Science Publishing Limited, 2026.



Environmental control in next-generation plant factories 7

Simulation studies by Saito et al. (2020) and Saito and Goto (2023) showed
the potential for the development and practical application of ray tracing
methods for tracking upward lighting on leafy vegetables in plant factories.
Simulation research by the Son Group (e.g. Kang et al., 2016; Kim et al., 2016)
on plant growth in the CR is also noteworthy. The Kurimoto Group (e.g. Noguchi
et al., 2023) conducted 3D measurements of the leaf area of the canopy using
Internet of Things (loT) technology and calculated the 3D distribution of CO,
and VPD within the canopy in a greenhouse.

Liu et al. (2022) proposed simulating a greenhouse environment using
a long short-term memory based model (LSTM) to predict air temperature,
relative humidity, photosynthetic photon flux density (PPFD), CO, concentration,
soil temperature, and soil moisture in a greenhouse. The purpose of this
model is to strictly control various environmental factors affecting the growth
of greenhouse crops. They conducted experiments on tomato, cucumber,
and pepper greenhouse datasets and showed that the model can be used
to predict greenhouse environments. Models for environment prediction and
control based on a deep neural network can be applied in the environmental
control of the plant factories than in the greenhouse environmental control
because of the removal of weather-related variables in plant factories.

Gibbs et al. (2019) conducted research on wind-induced plant motion in
dense field environments via deep learning and multiple object tracking. This
method can be applied to research on the effects of air flow on leaf fluttering,
photosynthesis, and transpiration of canopy in the CR. Geldhof et al. (2021)
developed a digital sensor to measure real-time leaf movements in plants,
which can be applied to measure leaf fluttering and reveal their physiological
effect on plants in the CR.

Computational fluid dynamics (CFD) is a useful tool for simulating 3D
air flow and energy flux within a canopy (Zhang and Kacira, 2022). However,
there are some unresolved issues that need to be addressed before it can be
effectively applied in plant factories. For instance, mathematical models used
in CFD need to be combined with 3D simulation models of canopy growth
and development, considering the interaction between the phenotype (P,) and
the environment. The CFD method is also applied to elastic and thus fluttering
leaves to simulate their effects on airflow, photosynthesis, and transpiration.
Similar methods can be applied to simulate the interactions between the
phenotype of root systems (P,.) and the surrounding environment (E,).

In the measurement and control of environmental factors in regard to
M and P, in the CR, there are two approaches: A and B. In Approach A, 3D
distributions of Mand P_are measured with high precision. However, cultivation
room environment (E.) or P, averages, respectively, might not be estimated
with high accuracy because their averages are estimated based on a limited
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8 Environmental control in next-generation plant factories

number of measurements. In addition, the points of measurements need to be
dynamically moved to match plant growth.

In contrast, in Approach B, resource inputs (R), product outputs (P ), waste
outputs (W), and CRresource conversions (Sections 4 and 5) are measured with
high accuracy (see Fig. 9). For example, electricity consumption rate is measured
with a watt meter and fluid flow rate is measured with a mass flow meter. However,
all the measured values of R, P, and W/, are total values, and Pp is the averaged
value of the CR at a given time, so in using Approach B, 3D distributions of
environmental factors and phenotypes in the CR are not obtained.

The previous description indicates the reason why the integration of
two approaches A and B is necessary. In case the average values calculated
using the data obtained by Approach A are different from those obtained by
Approach B, the values obtained by Approach A are adjusted to match those
obtained by Approach B to correct the bias in Approach A. Research based
on Approach B is currently relatively advanced compared to research based
on Approach A. In fact, there are only a few papers on Approach A regarding
plant factories. In both approaches, the almost airtight and thermally insulated
CR increases measurement and estimation accuracy considerably because
the CR environment is not affected by less predictable external factors such as
weather, dust, microorganisms, and insects found outside the CR.

4 Improving environmental control in cultivation
rooms

The mode of environmental control in next-generation plant factories will need
to change as follows:

1. From constant setpoints to dynamic setpoints for environmental
variables. Setpoints will change dynamically with time and in relation
to other variables required to meet multiple objectives. Changes with
time will be expressed, for example, by curved or trapezoid lines instead
of constant lines or square waves over time. This includes spectral
distribution and PPFD setpoints.

2. From CR manager-based manual determination of setpoints to the
quasi-automatic determination of environmental variable setpoints
based on objective functions. The value of the objective function
changes depending on factors such as model simulation to optimize the
achievement of multiple objectives. Some environmental setpoints may
need to change hourly or daily, while others may change every few days,
driven by a mix of automation and human supervision of the system.

3. From semi-closed to fully airtight, thermally insulated, hygienic CR.
Exchanges in energy and matter (e.g. water vapor and CO,) between

Published by Burleigh Dodds Science Publishing Limited, 2026.



Environmental control in next-generation plant factories 9

the inside and outside of the CR would need to be precisely measured
and controlled by environmental control units.

4. From control of the aerial environment above the canopy and the
nutrient solution environment in the nutrient solution tank to the control
of the phenotype and the whole 3D environment.

5. From exclusion to inclusion of key variables such as types of plant species
and cultivars, plant factories, type of products, and stakeholder needs.

Two representative optimization methods are scalarization and the Pareto
method (Gunantara, 2018). Both methods require objectives to be quantifiable
in some way. In the scalarization method, a multi-objective function consists of
the weighted sum of several objective functions with dimensionless variables.
In the Pareto method, the multiple objective functions are simultaneously
optimized in case there are trade-offs between two or more conflicting
objectives. An example of the Pareto method includes minimizing production
costs while maximizing economic benefits and minimizing CO, emissions per
kg of produce. However, trade-offs sometimes cannot be found in some multi-
objective functions because of the conflict between functions.

When there may be too many objective functions to find the optimal
combinations of environmental variables, some objective functions can be
changed to upper and lower limits and converted into constraints which only
come into play when a limit is exceeded. This approach has, e.g. been used in
modeling potential plant food production units for possible settlement on the
Moon (Wheeler, 2023). Meeting multiple objectives can also be achieved by
installing Agent Al software (Fig. 3). Agent Al has the capability of autonomously
performing tasks on behalf of a user, including data collection, analysis, and
correction actions, e.g. to maintain an optimal CR environment.

i Human executive with vision mission, goals, rules, compliance and governance

Al-type agent
Assistant Al

1) Data collection, update and correction, 2) Model parameter adjustment (Fig. 2),
3) Risk management, 4) Translation by communication in text, image, voice, sounds, etc.

| | | 1
Objective Objective Objective Objective Objective
Function 1 Function 2 Function 3 Function 4 Function 5

Figure 3 Agent Al for assisting human executives with the help of assistant Al to maximize
the multi-objective function by modifying, adjusting, and/or optimizing objective
functions 1-4.
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10 Environmental control in next-generation plant factories

5 Modeling the 3D environment in cultivation rooms

The 3D distribution of photon flux density (PFD) by wavebands in the canopy is
affected by the following factors:

(1) Spectral and directional (or angular) photon flux distribution of LED
fixtures;

(2) Layout of LED fixtures on the ceiling (and side walls, if any);

(3) Multiple spectral light reflection from the ceiling, walls, and the (virtual)
surface of the canopy;

(4) Transmittance (T) and reflectance (R) of a single leaf (Table 1);

(5) Interaction of T and R of leaves with the spectral distribution of PFD by
wavebands around the leaves;

(6) Interactions of the spectral distribution of PFD around the leaves with
the secondary metabolite concentrations and photosynthetic rate of
leaves; and

(7) Interaction of CO, concentration, VPD, air temperature, and air diffusion
coefficient around leaves with the net photosynthetic rate, transpiration
rate, temperature, water potential (sum of osmotic, matric, and pressure
potentials), and geometrical distribution of leaves.

Figure 4 shows a scheme for a core part of interactions among the variables of
environment(E,), phenotype (P,), genotype (G_), and management(M)in the CR.
(The whole scheme is shown in Fig. 1.) The variables of E,, Pp, G_ and Minclude,
respectively, E.: air temperature, CO, concentration, PPFD, air current speed,
and VPD; Pp: leaf area, shape, and angle, composition and concentrations of
chemicals, and stem internode length; and M: pruning, defoliation, thinning,
and transplanting. Units of hydroponic cultivation, aerial environmental control,
and phenotyping are installed in the CR.

Figure 5 shows interactions among all the variables. Bidirectional arrows
in Fig. 5 denote interactions between the two variables in question. The
phenotype of the upper layers of canopy interacts mainly with the aerial and

Table 1 Examples of percent photon transmittance (T), reflectance (R), and absorptance (A) of
the upper (or adaxial) surface of a green leaf. (T+R+A) = 100%. (Tabulated from the graph in
Merzlyak et al. (2004))

Color (abbreviation) Waveband (nm) T (%) R (%) A (%)
Ultraviolet-A (UV-A) 350-399 0 5 95
Blue (B) 400-479 5 5 90
Green (G) 530-569 15 20 65
Red (R) 650-689 5 10 85
Far-red (FR) 750-799 48 42 10

Published by Burleigh Dodds Science Publishing Limited, 2026.
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CR (cultivation room)

ﬁ Hydroponic : : Aerial environment i\
1 11
1 11 1

cultivation unit
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v
" Gene Genome,
| —
Phenotype (Py) [« oion”| Genotype (G,)
r--"'f """"""
k Phenotyping unit :
e o o o e s o e s s e o]

Figure 4 Measurement and control of interactions among environment (E.), plant
phenotype (P ), genotype (G,), and management (M) in the CR.

Cultivation room environment, E,

Above-canopy environment, E,

AbovE-canopy boundary layer, E,g

\ .
Canopy environment, E; ¢

Canopy phenotype, P,

Leaf/stem boundary layer, E ;

Rootz%ne environment, Eg
Rootzone phenotype, P,

Root system boimdary layer, Eqg

Figure 5 Scheme showing the interactions among variables of aerial (E, and E ) and root
zone (E,) environments, boundary layers (E,, E ;, and E;), and phenotypes (P, and P.,)

in the CR.
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Environmental control in next-generation plant factories 13

light environments just above the canopy, consisting of shoots (folded and
unfolded leaves, stems, and buds). The phenotype of each leaf within the
canopy (P, ) interacts with the aerial and light environments adjacent to the
leaf (E ;). Phenotype of root systems (P) interacts with the nutrient solution
environment around the root systems (E;). The complexity of 3D distributions
of environmental and boundary layer variables and phenotypes increases with
the increasing geometrical complexity of plant community structure.

InFig. 6, directand indirectinteractions of environments with the phenotype
are shown, using two-way solid and dotted arrows, respectively. Values of
environmental variables such as PPFD, air current speed, CO, conc., and VPD
above the canopy (E, and E,;) are significantly different from those within the
canopy (E.and E_). E, ... E..., and E._, denote, respectively, setpoints of air,
light, and root system environments.

These interactions occur via laminar or turbulent boundary layers formed
between leaf/stem/root surfaces and the environment nearby. The turbulent
boundary layer is formed when the Reynolds number (Re) exceeds 2400
(Yabuki, 2004). Re increases when the nearby air current/nutrient solution flow
speeds and the roughness of the leaf/root surfaces increase. Nutrient solution
flow speed around root systems increases when the root system density (kg/
m?) decreases. Similarly, the air current speed generally decreases when LAl
or plant leaf area density (m?/m?) increases. Rates of net photosynthesis and
transpiration of a canopy generally increase by increasing air current speed,
stomatal (and epidermal) conductance, leaf area, and the difference in CO,
concentration/VPD between the stomatal cavity and the air nearby.

6 Accounting for light variables in the cultivation room
6.1 Light, photons per Joule and photon emission efficacy

The term ‘light’ is used both as a general term and also as a technical term such
as visible light (360-830 nm). Light behaves as a wave of energy as well as a
particle called a ‘photon’ or ‘photosynthetic photon’ (400-700 nm). The photon
number in pmol corresponding to 1 J of energy at a wavelength of A nm (M,)
is expressed by M, =(A /119.6) (Fujiwara, 2016, 2022). For example, M, is 3.34
pmol/J at 400 nm and 5.83 pmol/J at 700 nm. Namely, M, is 1.75 (=5.83/3.34)
times greater at 700 nm than at 400 nm. In other words, energy per photon is
1.75 times greater at 400 nm than at 700 nm. The M, is the theoretical maximum
photon emission in mol of LEDs per J at the wavelength A nm. The PFD can
be converted to radiation flux density only if its wavelength, waveband, or
spectral distribution is specified. The ratio of theoretical maximum to actual
LED photon emissions is called ‘photon emission efficacy’. The photosynthetic

Published by Burleigh Dodds Science Publishing Limited, 2026.



14 Environmental control in next-generation plant factories

photon emission efficacy of white LEDs widely used in plant factories as of 2024
is around 3 pmol/J (Kaiser et al., 2024).

6.2 Radiation and wavebands

The waveband of photo-physiologically active radiation (320-800 nm) flux
densities is divided into the waveband of ultraviolet A (UV-A, 320-399 nm),
photosynthetically active radiation (PAR, 400-700 nm), and far-red (FR, 700-
799 nm). The light environment for plants is often characterized by UV-A flux
density, the ratios of red (R, 600-699 nm) to blue (B, 400-499 nm) flux density
and red to far-red (FR, 700-799 nm) flux density in units of either photon in mol
or energy in J. The light environment for plants is often described by the flux
densities of wavebands UV-A, B, G, R, and FR and the flux density of PAR.

The effect of the R/B ratio on the growth and development of plants can
be affected by the R/FR ratio and flux densities of photosynthetic photons and
UV-A. Green (G, 500-599 nm) photons promote photosynthesis of the canopy
when LAl is greater than 2 (Liu et al., 2017). Near-infrared (700-2500 nm) and
infrared (or thermal; 2500 nm>) flux densities may affect the leaf temperature
and thus affect the transpiration rate. Therefore, plant light environment is
better described by the spectral distribution curves (0-2500nm) of photon/
energy flux densities.

6.3 Light transmittance, reflectance and absorptance of a
green leaf

Table 1 shows examples of the photon transmittance (T), reflectance (R), and
absorptance (A) percentages of a leaf by wavebands when photons were
illuminated perpendicular to the upper surface of a green leaf.

T and R vary to some extent with plant species, leaf age, leaf thickness,
epidermal and internal tissue structure, pigment concentrations, optical
property of leaf surface, and angle of lightincidence. The T and R of adaxial and
abaxial surfaces differ due to the differences in stomatal density, leaf surface
structure, etc. 3D distributions of leaves’ spectral T and R within the canopy vary
significantly and interact with the phenotype of leaves and stems (Nozue et al.,
2027).

McCree (1972) established the wavelength-specific photon (called
‘quantum’ in his paper) yields (ratio of absorbed photons to the net
photosynthetic rate) of a single leaf of an isolated plant for 24 plant species,
based on the measurements of wavelength-specific leaf absorptance and net
photosynthetic rate. 3D distributions of photon yields by wavebands within a
canopy in the CR may be estimated in the near future.

Published by Burleigh Dodds Science Publishing Limited, 2026.



Environmental control in next-generation plant factories 15

6.4 The light extinction coefficient as affected by wavebands

The light extinction coefficient is a measure describing attenuation in a light
beam at a given wavelength passing through a macroscopically homogenous
canopy. Average horizontal PFD,, decays exponentially from the top surface
of the canopy to the bottom of the canopy. The light extinction coefficient
increases by increasing the average leaf inclination angle closer to 0° (Oikawa,
1977a, 1977b; Oikawa and Saeki, 1977).

It should be noted that the light extinction coefficient is significantly
affected by the waveband of incident light and the 3D distribution of Tand Rin
the canopy shown in Table 1. Since the T and R of a single leaf is considerably
higher in G and FR than in UV-A, B, and R, relative downward photon flux
densities (RDPFD) at the upper surface of the second and third leaf layers are
considerably higher in G and FR than in UV-A, B, and R (Fig. 7). As a result, some
of the phenotypes of the second and third leaf layers should differ significantly
from those of the first leaf layer.

6.5 Diffuse light environmental variables

In the canopy, both photons transmitted through leaves and photons not
obstructed by leaves exist. Because of this, the 3D distributions of PPFD and
PFD,, are highly heterogeneous. The photons transmitted or reflected by
leaves are mostly diffused at the surface or within the leaves. Furthermore, a
portion of the photons reflected upward at the leaf's surface illuminates the

A/ hh A
UV-A Blue (B) Green (G) Red (R) Far-red (FR)
RDPFD
100 100 100 100 100
| | ! | |
R
A
Thel® | T t5 ts 20 10 a2 i
leaf layer | o Is 15 5 1as
he 2nd 4 010k A 8.5
The 2" 0 025 [ %13 0.25 > 120.2
0 - .5 9.75 = 8 10| 4
leaf layer | |g (o] Toas+ = ]22s5 lo.2s+ E 123.0 20
0.025=0.275 | +0.6=2.85 0.025=0.275 +4.1=27.1
The 31 0.0138
leaf layer l o lo27s 1 | l2.85 fo.s7 1}0.275 fo.0138 ) 27.1 1114
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Figure 7 Relative downward photon flux density (RDPFD) by wavebands at the first,
second, and third leaf layers. The RDPFD at the first layer was assumed to be 100. The
RDPFD of transmitted, reflected, and absorbed photons at each layer is also shown. See
Table 1 for the values assumed for T, R, and A of the single leaf layer.
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underside of the upper leaves, and its portion is reflected downward. As a
result, the 3D distribution of E | is considerably heterogeneous and undergoes
significant changes in P,.. On the other hand, air currents with a speed of 0.3
m/s or higher often flutter leaf blades. This leaf fluttering somewhat mitigates
the aforementioned PPFD heterogeneity, and simultaneously, the enhanced
air diffusion often increases P_and T, compared to air currents below 0.3 m/s
(Yabuki, 2004).

7 Accounting for other environmental variables in the
cultivation room

The 3D distribution of air current speed within the canopy interacts with the 3D
distribution of canopy phenotypes (P,.) (e.g. the architecture of the canopy, net
photosynthesis rate, transpiration rate, and leaf temperature). Transpiration rate
and leaftemperature interact with P, . through exchanges of energy and water at
the leaf's surface. The 3D distribution of P, interacts with that of spectral PFD,,
VPD, air temperature, and CO, concentration. The P, also interacts indirectly
with the P... There are additional interactions among (1) aerial environmental
variables E_,, light environmental variables E_ , and root system environmental
variables E, (2) P,. and P, and (3) management variables M (Fig. 4).

Simulating and analyzing the plant community's 3D distribution of E_,
PPC’
mentioned above is a challenging R&D topic that can be conducted only by an
interdisciplinary team. This team would need to discuss whether to (1) construct
mathematical models such as deterministic, statistical, and probabilistic models,
(2) handle these complex interactions using generative Al technology, or (3)
integrate both approaches. Commercial application of practical simulation
models with Al technology would bring the sustainable plant factories closer
to reality.

E,, and P, using mathematical models considering the interactions

7.1 Environmental factors within a leaf in relation to P_,

The P_ of individual leaves is directly affected by CO, concentration and
PPFD within the mesophyll in leaves. These factors are not environmental
factors around leaves (E_,) but belong to P, because they are internal factors
within the leaf. The CO, concentration around leaves as with E_, often differs
considerably from CO, concentration in the stomatal cavity and mesophylls
as with P,.. Also, leaf temperature, as with P_, is often about 1°C higher or
lower than the air temperature around the leaves (E_,). Ethyene (C,H,) gas
is a well-known phytohormone that is emitted from plant bodies and affects
the physiology of plants/fruits/flowers at a ppm-level concentration. Physical
contact/friction among plants in the community may induce the emission of
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volatile organic gases (VOCs) such as terpenes from plants and sometimes
affect the P, nearby. In such cases, the VOCs belonging to E. may interact with
Poca- Similar phenomena occur in the root systems. Thus, a minimal number of
ventilation/infiltration (0.01-0.05/h) in the CR is necessary to avoid a possible
high concentration (around 0.05 ppm) of such gases in the CR.

7.2 Physical relationships among environmental variables

Even when the water vapor partial pressure of the air remains constant, the VPD
(kPa) changes with changes in air temperature. The relationships among VPN,
air temperature, relative humidity (%), (volumetric) absolute humidity (kg/m?3),
and sensible and latent heat energy (J) per kg of dry air are well expressed by
a psychrometric chart.

T, is proportional to VPD and is also affected by air and leaf temperatures,
the stomatal and epidermal layer conductance, diffusion coefficient around the
leaf, and leaf area and shape. The T is estimated by analyzing the heat balance
of the variables mentioned above. Similar phenomena exist regarding the
water uptake rate of plants in the hydroponic cultivation unit.

While flow rates of air and nutrient solutions influence P, significantly, such
rates are often not described in the materials and methods section of papers
and cultivation manuals mainly because it is difficult to measure and control,
making obtaining and describing such data in papers a challenge.

8 Accounting for variation in spectral distribution of
white LEDs

Plant factories using white LEDs for large-scale commercial production (i.e. not
for research) were first built around 2015 (Kozai, 2022). As of 2025, most plant
factories use white LEDs as a light source because of the significant reduction
in the electricity consumption (kWh) per kg of produce compared to that of
red/blue LEDs and fluorescent tubes. In addition, using white LEDs for plant
lighting with optimal spectra contributes to improving the quality of produce
and thus the commercial value of plant factories.

The percentage of G photons ranges between 15 and 45 depending on the
product type of white LEDs. Some types of white LEDs emit a small percentage
of UV-A and/or FR, which often significantly influence the photomorphogenesis
(e.g. flower bud initiation and leaf area reduction/expansion) and secondary
metabolite production. Thus, in addition to the photosynthetic photon flux
density (PPFD), the information on the ratios in mol or joules of UV-A, B, G, R,
and FR to the physiologically active PFD (320-780 nm) is essential to describe
the characteristics of the light environment for plants.
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Figure 8 Relative spectral photon flux distributions of different white LEDs (113) (cited
from Nozue, et al. (2018) with written permission). ‘R80’, for example, means ‘color
rendering index is 80".

Figure 8 shows white LEDs for plants with different spectral distributions
(color temperature ranging from 3000 K to 6500 K), which were made from blue
LED chips (peak wavelength: 453-455 nm) covered with various phosphors for
spectral conversions (Nozue, et al., 2018). According to Nozue et al. (2018),
white LEDs, classified as (a) and (b) in Fig. 8, show lower or equal growth
compared to reference fluorescent tubes, and those classified as (c) and (d) in
Fig. 8 show higher growth.

Human eyes are very sensitive to green photons compared to blue and red
photons. Thus, the white LEDs for lighting human space are designed to emit
higher percentages of G photons than B and R photons to save the electricity
consumption for lighting. In fact, the costs for lighting and lamps for human
spaces decreased considerably with the use of white LEDs with high G ratios.
The white LEDs for lighting plant spaces have been modified to suit plants by
modifying the spectral photon distribution.

It should be noted that the spectral distribution of the PFD below the LEDs
is somewhat different from that of the LEDs because that of the PFD is affected
not only by that of the LEDs but also by the spectral reflectivity of surrounding
surfaces such as the upper layer of canopy, the ceiling, and the side walls. The
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PPFD at the canopy surface is generally higher with higher reflectivity of the
surrounding surfaces (Akiyama and Kozai, 2016).

9 Maeasuring energy and material balances in the
cultivation room

9.1 Dataset collection

In the CR, time series datasets of R, E,, P, P,, and W, can be collected
automatically every minute, hour, or day (Figs. 2 and 3). These and other
measurements (Fig. 1) are stored in a relational database. They can be used
both to establish variable environmental setpoints and for online adjustments to
parameter values in the PFCR simulator (Figs. 2 and 3) and, e.g. for comparisons
between measured and simulated P_and W_.

9.2 CO, water and energy balances

Balances of CO,, water, and energy in the highly airtight and thermally insulated
CR are schematically shown in Fig. 9. The weight ratio of nutrient elements to
the nutrient solution is assumed to be zero, and ADW is around 5% of AFW.
‘COP_ denotes the coefficient of performance of AC for cooling.

E, and COP_can be estimated relatively accurately from E , E,, E,, and E,,
all of which can be measured using a wattmeter. C, can be measured accurately
by a mass-flow meter. In the airtight and thermally insulated CR, W, can be
estimated by (W.-W,) under steady conditions. The AFW can be estimated by
(W,-W ) )=(W -W,), assuming the weight of fertilizer is negligible compared to
the weight of water in the nutrient solution (Fig. 9).

COPc=(E\+E,)/E,

E, Ey,

Air conditioners (ACs) W,
for coolin

W;

Cultivation beds

Condensed water (= Tr)

| Nutrient solution tank | HWD

Figure 9 The balances of CO,, water, and energy under steady-state conditions in the
airtight and thermally insulated cultivation room (CR). The symbol E denotes ‘energy’, and
the symbol W denotes ‘water”.
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9.3 Exchange rates of energy, water and CO, between inside
and outside the CR

In case the rates of air infiltration and enthalpy (sum of sensible and latent heat
energy) transmission through walls, ceiling, and floor are not negligible (i.e. N>0/h
and/or K>0 W/(m?°C)), the hourly exchange rates of CO,, water vapor, and enthalpy
of the CR can be calculated as below to estimate the rates of net photosynthesis
and transpiration of plants and the energy exchange across the CR.

9.4 Air exchange and heat transmission coefficient of the CR

The number of air exchanges per hour (N) is defined as the hourly air
exchange rate divided by the air volume of the CR ((m?® h)/m?/ or 1/h). The heat
transmission coefficient (K) (W/(m? °C)) is the sensible heat energy transmission
per second, per m?, and per unit surface temperature difference between the
inside and outside of optically opaque room walls, ceiling, or floors under
steady conditions. Typical N and K of fairly airtight and thermally insulated CRs
are, respectively, 0.02/h and 0.2 W/(m? °C).

9.5 Loss of water vapor and latent heat energy

Water vapor loss (W) to the outside can be estimated by (NxV_ x10¢x(VPD,_
-VPD_,)) where VPD, and VPD_ are, respectively, VPD inside and outside the CR.
Latent heat energy loss (E) to the outside is estimated by the product of W, and
the heat energy of the vaporization of water (2454 kJ/kg at 20°C and 0.1 MPa). To
keep the VPD, higher than about 0.5 kPa even during the dark period, 8-h sifted
lighting of three lamp groups is required, as described in Section 9.8. Around
90% of water absorbed by plantroots (W) is transpired, and the remaining water,
around 10%, is kept in plants and increases the fresh weight of plants. The weight
increases in the dry mass and the water in plants account for, respectively, 5-10%
and 90-95% of the fresh weight increase (AFW in Fig. 9). In case the evaporation
from the substrate (supporting materials) and the floor/walls is not negligible, W,
atthe cooling panels of the AC in Fig. 9 is the evapotranspiration rate, namely the
sum of the rates of transpiration and evaporation.

The condensed water at the cooling panels of the AC is fairly clean if the
cooling panels and return piping are clean. The surface of the substrate is
better kept dry to prevent the growth and propagation of algae on and inside
the substrate. Besides, the prevention of evaporation reduces the latent heat
cooling load of AC.

9.6 Net photosynthetic rate under unsteady conditions

When N>0/h, the net photosynthetic rate of plants in the CR under
steady conditions during the photoperiod (h) (P ) is expressed by
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(C—NxV.x10¢x(C_-C_)) where "10° is a conversion coefficient from ppm to
kg/kg, and C,_and C_ (around 420 ppm) are, respectively, CO, concentration
inside and outside the CR.

When C, at the start of the photoperiod is different from the end of the
photoperiod,the P duringthe photoperiod is expressed by (C-NxV_x10°x(C, -
Cout)+(vcx1Oéx(Cm(stan)'Cin(end))) where Cin(start) and Cm(end)
concentration at the start and the end of the photoperiod. Daily P_in the airtight
CR equals daily C in case that C, =C. . and the CO, exchange between
the nutrient solution and room air is negligible. CO, fixed by net photosynthesis
is first converted to photosynthates (mostly carbohydrates) in plants. Its portion,
together with minerals, is further converted to secondary metabolites. Then,
the dry mass and its chemical energy (E_; about 20 MJ/kg) in plants increase.

are, respectively, CO,

9.7 Loss of nutrient solution from the cultivation beds

In conventional plant factories, a portion (10-20%) of the nutrient solution is
often intentionally drained (W) from the hydroponic cultivation unit to avoid
the imbalance of ions and possible accumulation of pathogens, algae, organic
acids, and allelopathic substances. This water loss needs to be minimized to
reduce the environmental pollution outside the plant factories. Water is also
used for washing/cleaning the floor, cultivation beds, panels, trays, and others
(not shown in Fig. 3), which can be reused after proper disinfection.

9.8 Alternate lighting cycle for preventing VPD = 0 kPa during
the dark period

The VPD approaches 0 kPa (relative humidity: 100%) within around half an hour
after the start of the dark period in the CR containing transpiring plants, which
often causes stem elongation and physiological disorders of plants, fungi
propagation, etc.

To increase the VPD during the dark period, it is becoming popular to
divide the LEDs into three groups by cultivation shelves or racks. Two out of
three LED groups are alternated being turned on and off for about 16 h a day,
namely 8-h shifted lighting. Then, 2/3rd of the AC in the CR are operated for
cooling and dehumidification 24 h a day, always keeping the VPD higher than
0.5 kPa. In this way, the maximum electricity consumption of LEDs, AC, and the
cooling capacity of AC are reduced by 2/3rd, respectively, although their daily
electricity consumption remains the same (Kozai and Hayashi, 2023).

A weak point of the above lighting schedule is that the air temperature
setpoints during the photoperiod and dark period must be the same. Even so, the
actual air temperature in the cultivation bed is a few degrees higher during the
photoperiod than the dark period, due to the heat and radiation energy emitted
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by the LEDs. The differences in temperature between leaves and the surrounding
air are influenced by the wattage of the LEDs, the air current speed around the
leaves, stomatal conductance of leaves, and a few other factors. In an increasing
number of plant factories, both sides of the cultivation beds are partially covered
with light reflectors to get higher uniformity of PPFD over the canopy and less
electricity consumption by the LEDs and AC. The above reflectors increase the
difference in air temperature between inside and outside the cultivation beds
and the air temperature difference between leaves and the surrounding air. The
transpiration rate generally increases with increasing LAl and VPD. A detailed
numerical/thermo-dynamical analysis and control is awaited considering the
relationship between the temperature and heat transfer coefficient at cooling
panels (evaporators) of AC and the transpiration rate of plants.

10 Measuring resource use efficiency, productivity, and
profitability

10.1 Resource use efficiency

Resource use efficiency (RUE) is defined as the amount (mol, kJ, or kg) ratio
of a resource fixed in plants or produce to the resource supplied to the CR
(Kozai, 2013). Thus, the RUE is a dimensionless variable ranging between 0
and 1. The unit of resource supplied/fixed is mol, kg, or number. For example,
photosynthetic photon use efficiency is defined as the ratio of photosynthetic
photons fixed in plants to the photons received by the leaves. Its value in
existing plant factories is 0.05 at its highest (Table 2; Kozai, 2013). Thus, the
photosynthetic photon use efficiency can be improved considerably in next-
generation plant factories.

Table 2 Theoretical maximum use efficiencies (the theoretical maximum ratio of the resource
fixed in plants to the resource supplied to the CR) and representative use efficiencies of existing
plant factories and greenhouses (revised from Kozai (2013)). The unit of resource supplied/
fixed is mol, kg, or number. The resources include electricity (E, _ E +E,+E, ), water (W), CO,
(C,), nutrient elements (chemical fertilizer), seeds/seedlings, and substrate (or supports)

Theoretical Existing plant
Use efficiency maximum value factories Existing greenhouses
Photosynthetic photons ~ 0.12 0.027 0.017
Electricity for lighting (E))  0.05 0.007 e *
Water for irrigation (W) 1.00 0.96 0.02-0.03
CO, for enrichment (C,) 1.00 0.88 0.4-0.6
Fertilizer (mol for each 1.00 0.8-0.9 0.5-0.7
ion)
Seeds/seedlings 1.00 0.96 0.8-0.9

*Note: No use of electricity for lighting in the greenhouse is assumed.
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It is relatively easy to accurately estimate the resource use efficiency (RUE)
in a highly airtight and thermally insulated CR (Kozai et al., 2025).

Water use efficiency (W, -W_)/W,) can be estimated online because
the rates of water supplied to the hydroponic cultivation unit (W,) and water
drained from the hydroponic cultivation unit (W) can be measured online.
CO, use efficiency (P /C,) can also be estimated online because C, and P,
can be measured online. Seeds/seedlings use efficiency is 1.0 when all the
seeds/seedlings are grown to marketable produce. Substrate use efficiency is
1.0 when all the substrate is sold with the produce and is zero when all the
substrate is discarded as waste.

The theoretical maximum photosynthetic photon use efficiency (PP )
is expressed graphically as an initial slope at PPFD=0 pmol/(m? s) of PPFD-P_
curve (Fig. 12). The inverse of the PP__ for C3 plants is around 8, meaning that
a leaf requires 8 mol of photosynthetic photons to fix 1 mol of CO, (McCree,
1972). Then, the inverse of the PP__ =1/8=0.12 as shown in Table 2.

The photosynthetic photon and electricity use efficiencies in the existing
plant factories are much lower than those of theoretical maximum values
(Table 2). In other words, the use efficiencies in the existing plant factory could
be doubled or even tripled by improving E,, Pp, M, G_, and the cultivation
shelves (Fig. 4).

When all seeds are sown or all seedlings are transplanted in the CR
at the same time on the same day, RUEs are obtained by a function of days
after sowing or transplanting and by a function of hours after the start of the
photoperiod or dark period. This batch cultivation method will bring about
higher RUEs and P_ than the method of ‘pushing-in and pushing-out the plants
every day to and from the cultivation bed". This is because the plant growth
stage in the CRis almost uniform in the ‘batch cultivation method’ so that cause-
effect relationships are easier to analyze. On the other hand, the hourly and
daily time courses of RUEs in the ‘batch cultivation method’ vary with the days
after seeding/transplanting.

10.2 Reduction in resource consumption per kg of produce in
plant factories relative to plant production in open fields

The reduction in the amount of resource consumption per kg of produce in
plant factories relative to the plant production in open fields can be roughly
estimated as follows:

1. Land area to about 1/100% (=1/20t%"x1/2%x1/1.25%x1/1.25%"%1/1.5%)
in the 20-tier (cultivation shelves) racks, because the cultivation period
per year is 2 times, increase in yield of one cropping under controlled
environments (with no damage by harsh weather) is 1.25 times, and
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the increase in yield of one cropping is 1.25 times due to almost no
damage caused by pest insects, harmful birds/animals, harsh weather
(drought, heavy rain, strong wind, hail, etc.), and planting density per
land area is 1.6 times due to higher planting density (around 1.2 times)
per the cultivation shelf area and shorter width between cultivation
racks compared to the ridge width of open fields.

. Water for irrigation to about 1/10" by recycling use of the transpired

water collected by AC for cooling. Around 90% of transpired water is
condensed at the cooling panels of the AC, which is used for recycling.
The rest of around 10% of water absorbed by plant roots is keptin plants
(resulting in their fresh weight increase). Around 15% of water supplied
to the hydroponic cultivation unit is drained from the hydroponic
cultivation unit in current plant factories as of 2025.

. Agrochemicals to around 1/1000%. Almost no use of pesticides and

herbicides. Seeds of wild plants, insects, and small animals with or without
pathogens do not enter the airtight CR. Workers wearing disinfected
cloth, caps, and boots enter the CR through the air shower room.

. Working hours are reduced to around half because the moving distances

of workers and machines are reduced. Most of the plants with or without
cultivation trays and panels are transported by vehicles to the workers
who are standing or sitting in the same position.

. Nitrogen (N) and phosphate (P) fertilizers to around half. In the open

field, more than 50% of N and P fertilizers are adsorbed by the soil and
accumulated as salts there, or leached with the rainfall and irrigation
water to the lower soil layer or to the outside. In plant factories, around
15% of the fertilizer supplied to the hydroponic cultivation unitis drained
from the hydroponic cultivation unit in current plant factories as of 2025.

. Fossil fuels to 100%. Instead, electricity is required to operate the

machines in the CR. However, fossil fuels are often used to generate
electricity for lighting and air conditioning. Electricity generation using
local renewable energy only is expected.

. The distance between production and consumption sites to around

90% because of the plant production in a city or nearby.

10.3 Resource productivity and monetary productivity

Resource productivity (P.) is the amount ratio of the product and the resource
supplied or applied to the CR. The P is calculated for each resource supplied.
Monetary productivity (P,,) is expressed by P x(U./U_), where U, is the selling
unit price of the product and U is the purchase unit price or cost (Kozai et al.,
2019: Chapter 2 of Kozai and Hayashi (2023)). The P,, is calculated for all the
costs and the selling price of the product.
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P, of plant factories in Japan for ready-prepared fresh leaf lettuce used in
sandwiches, mixed fresh salads, and delicatessen has an electricity productivity
of 0.11-0.14 kg/kWh, working hours productivity of 8.0-10.0 kg/h, and
cultivation area and period productivity of 0.25-0.33 kg/(m? d) (ljichi, 2024). P,
and P, are affected by E_, G_, and M by workers and machines, and the type of
cultivation units.

10.4 Cultivars suited to plant factories

Most cultivars currently used in plant factories were bred for cultivation in
greenhouses or open fields. Then, efforts had been made to breed cultivars
resistant to disease and environmental stresses. In the plant factories, however,
such resistances are not required because the environment in the CR is
controlled and clean (almost pathogen free).

Instead, for example, breeding is required for a cultivar with keeping
stomata open at VPD of around 0.5-1.0 kPa. Then, the cultivar is expected to
show a high net photosynthetic rate, P, under a CO, conc. of around 1,500
ppm, an air current speed of around 0.5 m/s, and a PPFD of 150-250 pmol/
(m? s) around leaves in the canopy (not above the canopy), resulting in a lower
electricity cost for lighting and air conditioning to achieve a high P_.

10.5 Cost percentages of labor, electricity and depreciation

In Japan, the production cost percentages of labor, electricity, depreciation
(initial investment), and others per kg of produce in plantfactories are accounted
for about 35%, 20%, 25%, and 20% in 2023; the costs for wage per hour,
transportation, and depreciation will continue to increase in the forthcoming
years (ljichi, 2024). Then, multi-functional robots and flexible automation will
be increasingly introduced to plant factories to reduce the above costs and
improve the P, and P, with a sacrifice of increased initial investment costs.

On the other hand, the percentage of electricity costs has been decreasing
and accounts for around 20-25% in 2023 in spite of the rise in electricity price per
kWh due to the rise in natural gas and other fossil fuels (ljichi, 2024). In the long
run, the cost per kWh generated by renewable energy will continue to decrease.

11 Dynamic determination of variable environmental
setpoints in cultivation rooms

One of the objective functions of plant factories for commercial production
is to optimize the P, and/or P,, under given conditions. Since U, U and
the demands for the produce change with time and location, the optimal
environmental variable setpoints vary with time and location. In addition, the
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1) Vision, mission, and goals
of plant production under
given conditions

2) Resource supply

5) Harvesting and
postharvest
treatment

L)

4) Plant phenotyping at
each stage of growth
and development

Plant factory CR
simulator (Fig. 2)

3) Environmental control
of the CR

Figure 10 Scheme showing the dynamic determination of environmental variable
setpoints of the CR based on interactive steps 2, 3, and 4, and non-interactive steps 1 and
5 of the plant production process

effects of environmental variables on plant growth and development vary as
plants grow due to the enzyme activities, translocation, hormonal balances,
stomatal conductance, etc. of plants.

Furthermore, the environmental variables above the canopy also differ
from those within the canopy, and the nutrient solution variables at the inlet of
cultivation beds differ from those around the root systems. This is because the
environments around leaves and root systems interact with the phenotypes of
leaves and root systems, respectively. Also, optimal values of environmental
variables such as VPD, air current speed, and CO, concentration during the
photoperiod differ considerably from those during the dark period.

Recent advancements in information and sensing technologies (including
loT, digital twins, artificial intelligence, image and sound processing) and
simulations using mechanistic, statistical, stochastic, and surrogate (or behavior)
models now allow more precise and flexible environmental control to meet
multiple objectives. Figure 10 shows the dynamic or successive determination
of environmental variable setpoints for improving the P, and P,.

Some more details for each step in Fig. 10 are:

e Step 1: Multi-objective function with given conditions and constraints.
Objective functions include minimum emissions of environmental
pollutants. Constraints include demands and market prices, weather,
cultivar, date of seeding/transplanting, planting density (number of plants
per cultivation area), and resource availability.
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e Step 2: Resource supply. Resource supply based on environmental
variable setpoints considering resource availability and costs of electricity,
water, fertilizer, CO,, seeds, substrate, cultivation areas, work hours for
cultivation management, hours required for management (human and
machine/equipment operations), etc.

¢ Step 3: Control of environmental variables at their setpoints:

* Aerial: spectral photon flux density, air temperature, CO, concentration,
VPD, and air current speed and

* Nutrient solution: temp., dissolved O, concentration, pH, flow rate,
composition, and strength of nutrient elements, micro-organisms, organic
acids, algae, allelopathic substances, and others

e Step 4: Plant phenotyping at each stage of growth and development:

e |eaf area, shape, angle, color, and fresh weight;

¢ physiological disorders such as tip-burn and yellowing;

¢ biochemical composition and concentrations in leaves and roots;

* root fresh weight; and

e flower bud formation and development, if any.

e Step 5: Harvesting, measurement, and postharvest treatment. Counting,
weighing, and classifying each plant, trimming, estimating market price
and costs for packaging and waste treatment, and pre-cooling before
shipping.

12 Achieving 3D environmental monitoring and
control in cultivation rooms

Stable and reproducible P, and/or P,, is an essential feature of plant factories
(Kaiser etal., 2024). However, it does not necessarily mean stable, reproducible,
and repeatable 'highest-possible’” P, and/or P,. In fact, most existing plant
factories show stable but lower P and/or P, than expected. This is partly
due to the non-uniform or non-optimal 3D distributions of environments
and phenotypes in the canopy and root systems. On the other hand, it is
not known whether a uniform 3D distribution of the environment within the
canopy gives maximum P_and/or P, or not, because a uniform 3D distribution
of environments does not necessarily give a uniform 3D distribution of the
highest-possible phenotype quality.

12.1 Environmental control in existing plant factories

In most existing plant factories, the above-canopy environments (E,) are
controlled using aerial and light environment sensors installed in environmental
control units or above the canopy. This is because E, is relatively independent
of the environmental variables within the canopy (E.). In fact, E, is often
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significantly different from E_, which directly affects or interacts with P,.. The
difference between E, and E_ increases when LAl increases. The purpose of
the aerial and light environmental control is to achieve the desired canopy
phenotype (P..). It is also noted that the favorable environmental conditions for
people working in the CR might be different from E, and E_.

In most existing plant factories, sensors for nutrient solution control are
installed in the nutrient solution tank or at the inlet of the nutrient solution to the
cultivation bed. However, the nutrient solution environment in the cultivation
bed (E,) is significantly different from that at the inlet or the nutrient solution
tank. The spatial heterogeneity of E. and P, increases with increasing the
density (kg/kg) of root systems. Thus, next-generation plant factories require
new methods to control P,. and E; more directly than current methods in
existing plant factories.

The 3D distributions of environmental variables within the canopy and
cultivation beds are not uniform. Many workers, managers, and researchers have
noticed the presence of boundary layers around the plants and the interactions
between the phenotype and nearby environments in the plant community.
However, measurement, analysis, and control of such phenomena are too
difficult to implement in conventional environmental control units. This is why
an interdisciplinary initiative to understand 3D distributions of environmental
variables within the canopy and cultivation beds is necessary.

12.2 3D control of interactions between the phenotype and
the environment

One of the challenges of environmental control in next-generation plant
factories is to develop the methodology for 3D control of interactions between
phenotype and the environmental variables in the canopy. The E. setpoint
and the position of the environmental sensors within the canopy need to be
carefully determined. Alternatively the E_ setpoints need to be changed and
additional E_ environmental sensors need to be implemented. For example, an
auxiliary environmental control unit such as movable inter-plant lighting and
airflow enhancement subunits can be installed in the canopy to improve the
E.. The same applies to the relationship between E; and P,.. Then, simulation
models that mimic the phenotypes and environments under the control of the
auxiliary environmental control units could be developed for next-generation
plant factories.

12.3 Lighting units in next-generation plant factories
Horizontally averaged PPFD and P decrease exponentially when the relative

height of the canopy decreases (Fig. 9, solid line). In case the PPFD is optimal
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(e.g. 75% of saturated PPFD of PPFD-P_ curve) regardless of the relative height
of the canopy (dotted line in Fig. 9, left), P would be nearly optimal regardless
of the relative height of the canopy (dotted line in Fig. 9, right), where ‘optimal’
means the highest economic/social value of target phenotypes per cost. To
keep the optimal PPFD throughout the cultivation period, a dynamic lighting
unit combined with 3D environmental and phenotype sensors together with
plant growth simulation models needs to be developed. The setpoints are
changed with the plant growth stage and changes in production costs with time,
for example. Similar control units need to be developed to optimally control air
current speed, CO, conc., VPD, air temperature, and pH, dissolved O, conc,,
flow rates of air and nutrient solution, and strength/composition of nutrient
solution. All the models for simulating the environmental and phenotypic
variables are integrated and connected by a multi-objective function.

The optimal P_shown in Fig. 11 is affected by other environmental variables
such as shown in Fig. 12. The P_of a single leaf is considerably different from P_
of a plant community, but the shape of the two curves is similar to each other
and of a saturation type. The initial slope and saturation P_in Fig. 12 vary to some
extent with phenotype, genotype, previous environments, and management.

12.4 Hydroponic cultivation unit

Most conventional hydroponic cultivation units consist of cultivation beds,
piping for recycling the nutrient solution, a nutrient solution tank, a treated
(filtered, sterilized, etc.) raw water tank, two or three stock solution tanks, and
a pH agent container. Hydroponic cultivation units in next-generation plant

Maximal Pn

o 100 Optimal PPFD i
| \.OptimalPPFD Optimal P
a a
g 50 250
= B |lzeoPn___ S .
8 7]
Q [
c 5 0

100 50 0 100 50 0

Relative height Relative height

Figure 11 Left: Schematic showing the exponential decrease (solid line) in horizontally
averaged PPFD with decreasing relative height of a densely populated canopy in the
CR. Optimal PPFD would be more or less constant regardless of the relative height of
the canopy. Right: Exponential decrease (solid line) in horizontally averaged P with
decreasing relative height of the canopy. Optimal P (dotted line) generally appears
somewhere below the top level of the canopy, and the P_is generally negative (dashed
line) near the bottom of the canopy.
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Figure 12 Schematic showing the increase in net photosynthetic rate (P,) of a single
leaf (or a plant community) as a function of PPFD and as affected by other environmental
variables (Liebig's law of the minimum) (revised from Kozai, et al. (2020)).

factories require improvements that create a simpler hardware structure and
minimum volume consumption of nutrient solution per kg of produce.

To minimize the nutrient solution volume per kg of produce, the amount
of nutrient solution drain from the hydroponic cultivation unit needs to be
minimized. By eliminating the piping for recycling use of the nutrient solution
between the nutrient solution tank and cultivation beds, the amount of drain
of nutrient solution from the hydroponic cultivation unit can be reduced
considerably. The reduction can be realized by hydroponic cultivation units
with one-way nutrient solution flow (Fig. 13).

In the one-way flow unit, the treated raw water and stock solution are
delivered from mother to daughter raw water and stock solution tanks,
respectively (Fig. 13). Then, they are mixed and adjusted to meet the
requirements at each cultivation bed. This method prevents the risk of the
spread of pathogens, algae, and allelopathic substances across the cultivation
beds, and plant damage caused by nutrient solution supply issues due to
malfunctions in the main pump.

The above idea comes from the commercial hydroponic cultivation
unit named ‘napperland™" (https://www.mc-agri.co.jp/en/product/napper
-land/) developed by a private company for leafy vegetable production in
greenhouses. The ‘napperland™' is often installed with ‘Nae Terrace™" (https://
www.mc-agri.co.jp/en/product/nae-terrace/) for transplant production under
artificial light. The cultivation period of greenhouse leaf lettuce plants from
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transplanting to harvest in Japan is around 4 weeks in the winter and 3 weeks
in the summer resulting in 10 harvests a year. Its transplant production period
is around 2 weeks throughout the year.

Shallow cultivation beds with a nutrient solution depth of about 1 cm
(e.g. Nutrient Film Technique) reduce the volume of nutrient solution per kg
of produce considerably compared to deep cultivation beds with a nutrient
solution depth of around 10 cm. The lack of substrates (supports) reduces its
cost and the cost for recycling or disposal, although the reduction in nutrient
solution volume per kg of produce is not significant. In this case, the cultivation
panels or trays in the cultivation bed support the plants.

By stopping the supply of all the nutrients and by supplying treated
raw water for around only one day before harvest, most of the nutrients in
the hydroponic cultivation unit are absorbed by plants when using shallow
cultivation beds. Then, the drain, if any, contains few nutrients, which reduces
the amount of discharge of environmental pollutants to the outside and the
cost of fertilizer. In addition, cutting off the supply of nitrate (NO,), ammonium
(NH,*"), and potassium (K*) ions around one day before harvest lowers the
NO,"ion concentration and improves the bitter taste of fresh leaf vegetables.

Imbalance of nutrient ions in nutrient solutions often occurs in cultivation
beds because the monovalent ions (NH,*, NO_, K*, and H,PO,’) are absorbed
more rapidly than the divalent ions (Mg?*, SO,*, Ca?*) (Liu et al., 2022). To keep
the concentration of each ion in the nutrient solution constant over time, the
ratio of the ion uptake rate to the water supply rate (called ‘n/w’ ratio) must be
kept constant over time. This means that the n/w ratio needs to be dynamically
controlled to meet the changes in the n/w ratio for each ion added due to plant
growth and the objectives of plant production (He et al., 2024).

13 Conclusion

The productivity of the CR in next-generation plant factories is expected to be
more than double the productivity of the existing plant factories. To double
productivity, 3D distributions of environmental factors and plant phenotypes
(consisting of leaf canopy and root systems) need to be optimal. This spatial
uniformity and optimization can be achieved using recentadvanced technology,
such as artificial intelligence, microsensors, data collection and analysis, and
advanced modeling and simulation.

Productivity is expected to be further improved by introducing cultivars
suited to cultivation in plant factories, improving the structure and function
of hydroponic cultivation units, and using advanced software connected
with global and local networks. It is also expected that the above concepts
and methodologies be applied to recycling energy, water, nutrients, and
other resources in next-generation plant factories and other neighboring
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bioproduction and energy conversion facilities to minimize waste and gas
emissions in the locality.
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15 List of abbreviations
15.1 Abbreviation meanings

AFW Increase in fresh weight of plants (kg)

ADW Increase in dry weight of plants (kg)

y Specific weight of humid air (1.19 kg/m? at 20°C and 0.1 MPa)
A Absorptance of a leaf

AC Air conditioners (or heat pumps)

Al Artificial intelligence

A, Total area of side walls, roof, and floor

B Blue light

C, CO, loss to the outside (mol or kg)

C, CO, supplied to the CR (mol or kg)

COP_ Coefficient of performance for cooling of AC (dimensionless)

CR Cultivation room of a PFAL

E, Aerial environment

E, Electricity (or electric energy) consumption of AC (1 kWh=3.6 MJ)

E,; Above-leaf canopy boundary layer

E. Chemical energy fixed by photosynthesis in plants (kJ or kWh)

effic. Photosynthetic photon efficacy of lamps (umol/J)

E, Heatenergy (E +E,+E, ) removed to the outside by ACs for cooling

E, Latent heat energy removed to the outside by ACs for dehumidification/
cooling

E/h,. (=W ) is the transpiration rate in case of no evaporation

E, (1) Leaf canopy (leaves, stems, branches, etc.) environment

E, (2) Electricity consumption of lamps (kJ or kWh)

E,; Leaf/stem/shoot boundary layer

E,, Electricity consumption of water pumps, fans, etc. (kJ or kWh)

E, PAR energy emitted by lamps (kJ or kWh)

Es Sensible heat energy removed to the outside by ACs for cooling (kJ or
kWh)

E,, Sensible heat and thermal radiation energy released by lamps (kJ or

kWh)
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E, Electricity consumption of (E +E,+E, =E) (kJ or kWh) of thermally
insulated CR

E,, Hourly heat transmission rate of the CR (kWh/h)

EN Sum of sensible and latent heat energy

E, Cultivation room environment

E, Root system environment

E,; Root system boundary layer

FR Far-red light

G Green light

G, Genotype

GWG Global warming gas (CO,, dinitrogen oxide (N,O), methane (CH,), etc.)

h,. Heat of water condensation (2454 kJ/kg at 20°C and 0.1 MPa)

loT Internet of Things

K Heat transmission coefficient of walls/ceiling/floor (W/(m? °C))

LAl Leaf area index (area ratio of leaves to the cultivation bed)

LCA Life Cycle Assessment

M Management (human or machine intervention)

N Number of air changes per hour (1/h)

PFAL Plant factory with artificial lighting

PFD,, Photon flux density by waveband (pmol/(m?s))

P, Monetary productivity

P Net photosynthetic rate (umol/s)

P, Product output

P, Plant phenotype

P.. Leaf canopy phenotype

PPF Photosynthetic photon flux of lamps (mol/s)

PPFD Photosynthetic photon flux density (pmol/(m? s))

P.s Root system phenotype

P. Resource productivity

R (1) Red light

R (2) Reflectance of a leaf

R, Dark respiration

RH Relative humidity (%)

R Resource input

RUE Resource use efficiency (dimensionless)

STEM Science, technology, engineering, and mathematics

T Transmittance of a leaf

Tr Transpiration rate/evapotranspiration rate (kg/h)

3D Three dimensional

U, Unit production cost

U, Unit sales price

UV-A Ultraviolet A (320-399 nm)
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V. Air volume of the CR (m?)

VPD Water vapor pressure deficit (kPa)

W, Water drained from the cultivation beds (kg)

W, Water condensed at the cooling panels of ACs (kg)

W, Waste output (kg)

W, Water or nutrient solution supplied to the cultivation bed (= AFW+W,)
(kg)

W, Water transpired from plants, and evaporated from substrate and floor
(kg). W, =El/h

W, Water or nutrient solution absorbed (taken-up) by root systems of
plants (kg)

XR Crossed reality (fusion of virtual and augmented realities)
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