of Horticulture

The world

Plant factories

In Japan -
history, current status and
perspectives towards a
more sustainable society

Plant factories - also known as plant factory
with artificial lighting (PFAL) - enable the
consistent and efficient year-round produc-
tion of high-quality plants in any location.
In this article, the concept and social signif-
icance, technical components and advan-
tages, history, current status, and challeng-
es associated with plant factories will be
discussed. Future perspectives towards
evolutionary, resource-autonomous and
socially integrated plant factories will be
introduced.

Concept and social significance

Aplant factory is essentially a fully enclosed
facility for plant cultivation with environ-
mental control. Its high insulation and
almost airtight structure, with environmen-
tal control, minimizes the effect of exter-
nal environmental fluctuations allowing
high-quality plants to be grown consistently
and efficiently all year round, regardless
of location, weather conditions, or season.
Plant factories hold the potential to simulta-
neously address multiple global challenges
in fields such as food safety and food securi-
ty, the environment and ecosystems, energy
and resource utilization, and human health
and quality of life. In the face of worsening
global and local issues, including climate
change, the depletion of natural resources
such as water, and the decline and aging of
the agricultural workforce, plant factories
have been gaining attention worldwide as a
sustainable form of agriculture.

Key components of
plant factories

Plant factories are designed to enable pre-
cise control of the cultivation environment,
thereby supporting stable and efficient
plant production. The core of such systems
lies in highly insulated and almost airtight
facilities, which minimize external environ-
mental fluctuations and allow environmen-

tal parameters to be precisely managed
according to specific cultivation objectives.
Within these controlled environments, arti-
ficial lighting - where light-emitting diodes
(LEDs) are the most widely used - replace
natural sunlight, with spectral quality, pho-
tosynthetic photon flux density (PPFD), and
photoperiod being adjustable to optimize
photosynthesis, morphogenesis and the
accumulation of functional metabolites
(Figure 1).

In addition to lighting, plant factories
integrate multiple environmental control
systems, including air conditioning (tem-
perature, relative humidity, airflow, CO,)
and hydroponic nutrient supply systems.
Advanced environmental control technolo-
gies coordinate these components, ideally
allowing dynamic adjustment of cultivation
conditions in response to plant traits or
phenotypes, plant developmental stages, or
production goals. Such precise and integrat-
ed control not only ensures uniform and
predictable yields, but also provides oppor-
tunities for enhancing plant quality, improv-
ing resource-use efficiency and supporting
sustainable production. Minimum ventila-
tion is necessary in the unlikely event that
volatile organic compounds (VOC) accumu-
late in the cultivation room.

Advantages of plant factories

Despite the initial capital investment
required for construction, plant facto-
ries offer several economic and agronom-
ic advantages. A closed cultivation system
with precise environmental control enables
shortened cultivation cycles, year-round pro-
duction and significantly higher productivity
per unit area, particularly when multi-lay-
er cultivation systems are employed. The
productivity of plant factories can exceed
that of conventional open-field farming by
more than one hundred times (Kozai, 2013).
Furthermore, plant factories provide oppor-
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tunities for the production of plants with
enhanced quality or functional components,
achieved through controlling environmental
factors such as light (e.g, PPFD, spectrum,
etc)and other elements of the aerial environ-
ment and nutrient solutions.

In addition to their agronomic and eco-
nomic benefits, plant factories also exhibit
important environmental and resource-use
advantages (Kozai and Hayashi, 2023). The
closed cultivation environment and recy-
cling of drainage water from air-conditioning
systems have been shown to reduce water
consumption by more than 90%. Likewise,
closed-loop management can substantial-
ly decrease fertilizer use, thereby reducing
both input costs and potentially adverse
environmental impacts as well. The exclu-
sion of external pests in plant factories elim-
inates the need for pesticides, producing
plants that are safe for consumption and can
be eaten without washing due to cultivation
in strictly controlled sanitary conditions. At
the same time, plant factories can minimize
postharvest losses, increasing the edible por-
tion of biomass (percent marketable part of
plants or merchantability ratio: the weight
of marketable product divided by the weight
of harvested plant, which is generally 80-90%
in Japan) (Kozai et al, 2018; Kai and Okabe,
2023), and contribute to a reduction in trans-
portation costs and environmental burdens
through localized production in urban and
peri-urban areas.

Integrating technology
and research

Plant factories operate within highly insulat-
ed and almost airtight facilities, theoretically
enabling precise control of environmental
parameters. A distinguishing feature of these
systems is their capacity for simple and accu-
rate acquisition of time-series data, allowing
real-time monitoring of plant growth, or visu-
alizing and analyzing interactions between



Figure 1. Interior view of cultivation room of plant factory.

Source: Japan Plant Factory Association.

plant phenotypes and the environment and
cultivation management, thereby improving
resource-use efficiency (Hayashi et al, 2022;
Kozai and Hayashi, 2023). These data-driven
capabilities facilitate predictive production
planning, enable detailed analysis of produc-
tivity dynamics, and provide unique opportu-
nities to conduct fundamental plant science
research in parallel with commercial plant
cultivation. Furthermore, its application in
selection of seedlings for grading and breed-
ing is also anticipated (Hayashi et al,, 2022).
Collectively, these characteristics under-
score the dual role of plant factories: they
function not only as innovative agricultural
production systems that enhance food secu-
rity and sustainability, but also as experimen-
tal platforms for advancing knowledge in
plant physiology, environmental control and
systems science.

History and current status

Research on plant responses to environmen-
tal conditions in environmentally controlled
facilities began in the 1950s and in Japan in
the 1960s, utilizing environment-controlled
chambers known as phytotrons (Mitchell,
2022). Since then, various research institu-
tions, universities and private companies in
Japan have continuously advanced plant fac-
tory research and development with com-
mercial applications in mind (Hayashi, 2024).
In the 1980s, Japanese commercial plant
factories primarily employed high-pressure
sodium lamps with single layer cultivation
systems, followed in the 1990s by fluores-
centlighting with multi-layer cultivation sys-
tems. Since the 2010s, LEDs have become the
standard for the cultivation of leafy greens
in commercial plant factories in Japan.
Broadband white LEDs, incorporating red,

Figure 2. Automation of transplanting in plant factory. Source: Shinnippou.

green and blue wavelengths, have become
increasingly common since 2015, enhanc-
ing the flexibility and efficiency of plant
growth management (Hayashi, 2024). Today,
over 80% of the plant factories employing
LED lighting for commercial production use
white LEDs exclusively (JGHA, 2025).
Currently, there are approximately 200 com-
mercial-scale plant factories of varying sizes
operating in Japan. In commercial produc-
tion, approximately 90% of factories culti-
vate lettuce varieties (JGHA, 2025). The other
crops commercially cultivated on a large
scale in Japanese plant factories include
herbs like basil, and, in some cases, straw-
berries. Experimental cultivation of root
vegetables, tubers, grains and wasabi is also
underway, alongside ongoing research and
limited commercialization of genetically
modified plants for pharmaceutical applica-
tions (Goto, 2011; Hayashi, 2024).

In Japan, large-scale facilities producing up
to 10 tonnes of lettuce per day have become
quite common. Automation and mechaniza-
tion are progressively being implemented
with the expansion of these facilities. In
highly automated plant factories produc-
ing lettuce, approximately 70% of the pro-
duction processes have been automated,
including the primary transplanting of seed-
lings (Figure 2). In Japanese plant factories
engaged in the commercial production of
lettuce, more than 50% of the total labor
hours are devoted to harvesting and post-
harvest operations, including trimming and
packaging (JGHA, 2025). Unlike baby leaf let-
tuce, which is relatively amenable to auto-
mation, each head of lettuce - typically
weighing 100 to 250 g - requires postharvest
adjustment and trimming after harvesting.
At present, these operations are predomi-
nantly performed manually in Japanese com-
mercial plant factories.

Hygiene management is also prioritized in
the operational management of plant fac-
tories in Japan (Figure 3). Consequently, the
demand for vegetables produced in plant
factories - which require no washing - is
expanding, especially in the food processing
and food service industry for use in salads,
sandwiches, rolls and in restaurants. Lettuce
grown in plant factories and sold in super-
markets is typically packaged, and in some
cases, it is explicitly stated that they do not
require washing and are pesticide-free.

In the United States, plant factories, also
known as indoor vertical farms, produce
cherry tomatoes and Japanese strawberries
using solar power on a large scale. Those
products are available for purchase from
mass retailers in multiple cities. More-
over, cultivation and research on cannabis
(Cannabis sativa L.) for medical or regulated
recreational use is expanding across North



America, Europe and other regions in the
world. In Japan, recent legal amendments
now permit regulated cultivation of can-
nabis for research and approved purposes
(Nakaoka and Hayashi, 2025).

Key challenges

Current plant factories still have substantial
room for improvement. The productivity of
plant factories can be characterized in terms
of resource inputs, including materials, elec-
tric energy, labor hours and cultivation area,
as well as financial viability. Table 1 presents
the estimated productivity of major com-
mercial plant factories operating in Japan
(Kozai et al, 2022). These estimates repre-
sent the volume of marketable products
(lettuce), as most large-scale commercial
plant factories in Japan produce and pack-
age whole heads of leafy lettuce rather than
precut products. Further improvements in
resource productivity and financial viability
are required.

In large-scale commercial production,
achieving uniform plant growth is critical,
maintaining desirable plant morphology
and preventing physiological disorders such
as tip burn, while ensuring consistent quali-
ty by cultivating plants that meet customers’
requirements under hygienic conditions.
Although plant factories - with thermal
insulation and almost high airtightness -
offer advantages such as reproducibility,
predictability, observability, traceability and
controllability, a major challenge remains
in that these benefits have not yet been
fully realized for research and commercial
production (Kozai and Hayashi, 2023). In
addition, issues related to system scalability
persist, particularly from the perspective
of the social implementation of research
outcomes.

A critical area for future research is the elu-
cidation of interactions between plant phe-
notypes and the cultivation environment,
including the microenvironment, and cul-
tivation management (Hayashi et al,, 2022;
Kozai and Hayashi, 2023). Beyond the con-
struction of scalable cultivation systems,

Figure 3. Hygienically managed cultivation room of plant factory. Source: Shinnippou.

there is a need for more precise environ-
mental measurements, considering two- or
three-dimensional variations, and standard-
ization of measurement methodologies, as
well as the development of non-destruc-
tive, non-invasive time-series phenotyping
techniques that can be applied under plant
factory cultivation conditions (Kozai and
Hayashi, 2023).

Future perspectives

It is expected that plant factories will make
optimal use of artificial intelligence (Al)
technologies to enable non-destructive,
non-invasive and continuous phenotyping
throughout plant growth processes for envi-
ronmental control (Hayashi, 2024). This will
facilitate the elucidation of complex inter-
actions among plant phenotypes, microen-
vironments - including the surrounding con-
dition of individual plants - and cultivation
management practices. Such knowledge will,
in turn, contribute to environmental control
systems that incorporate business factors
and ultimately enable precise phenotype
control.

As illustrated in Figure 4, the utilization
of digital-twin-based simulators within

cyber-physical systems (CPS) can accelerate
the research and development of cultiva-
tion environment simulations, automated
systems and robotics. These approaches also
hold promise for enhanced training and edu-
cation, mental health and even for fostering
plant-based entertainment, such as digital
games and other media connected with the
physical cultivation system. The implemen-
tation of decentralized, resource-autono-
mous and evolutionary plant factory sys-
tems interconnected through the internet
would enable simultaneous, high-speed, and
reproducible plant production and research,
while promoting data sharing across facili-
ties. Furthermore, such systems could facil-
itate on-site selection and breeding during
production. In 2012, a trial project using a
well-designed small plant factory system
was launched in the Kashiwa-no-ha residen-
tial district of Kashiwa city, Chiba prefecture,
Japan. Vegetables grown in household spac-
es are connected through a network linking
people’s homes, sharing information and
communicating, receiving advice, and devel-
oping the community (Kozai, 2013). This can
be extended to networks that link schools,
local communities, hobby growers’ groups,

M Table 1. Estimated resource productivity of commercial plant factories in Japan (Kozai et al., 2022).

Resources applied

Range of resource productivity

Range of monetary productivity

Range of production cost

(kg USD?) (USD kg?)
Electric energy 0.11-0.14 kg kWh? 0.645-0.755 1.09-1.28
Labor hours 7.7-10.0 kg h? 0.591-0.770 1.18-1.63
Cultivation area (per day) 0.25-0.33 kg m2d* 0.482-0.645 1.28-1.72
Other resources - 0.609-0.827 1.00-1.36
Total - 0.166-0.219 4.55-5.99

In 2019,1USD and 1 Euro were 110 and 130 JPY, respectively. Note that wages ($ h?) are around two times higher in the USA and some European
countries thanin Japan as of 2021.



Figure 4. Integrated framework for environmental control based on plant phenotyping, incorporating business factors,
phenotype control, and cohort studies on human health and environmental impact. Source: Revised from Hayashi (2024).

restaurants, hotels and hospitals, accumulat-
ing and utilizing data.

Plant factories can also serve as compre-
hensive educational tools that integrate
biological, chemical, physical and engi-
neering perspectives, while encompassing
energy, environmental and resource consid-
erations. As part of plant cohort research,
studies and analyses examining the impacts
of both plant factories and factory-grown
plants on human physical and mental health,
as well as on the environment, are becom-
ing increasingly important. The traceabili-
ty inherent in environmentally controlled
plant production offers opportunities for
integration with medical, life sciences and
agricultural research, as plant production
processes including time-series phenotypes,
environment and management, along with
genotypes, can be visualized and shared to
subsequently assess plants’ medical impact
on humans.

In the coming years, the realization of
resource-autonomous, circular and evolu-
tionary plant factories is anticipated to pro-
mote diversification in both the application
of factory-grown plants and the use of plant
factory technologies. Consequently, plant
factories are expected to play a key role as
part of the social infrastructure in sustain-
able and smart societies. The use of such
technologies will extend beyond commer-
cial producers and researchers to include
citizens, who may engage in plant factories
as part of citizen science, thereby fostering

community development across cyber and
physical spaces - from local to global scales
-and eventually space farming as well (Kozai
et al, 2025).

With the multidimensional expansion of
Al-driven plant factories, the focus will
shift from simply “how to cultivate plants”
towards “how to design plants.” Given their
multidisciplinary nature, plant factories
not only function as comprehensive learn-
ing tools, but also exhibit strong affinities
with fields such as sports, design and arts.
For plant factories to become more deeply
embedded in society, it will be essential
to adopt an artistic or rather, aesthetic
and creative approach in order to create
beautiful plant factories that inspire hope
in people.

In the future, plant factories may serve as
essential instruments for integrating aca-
demic, industrial and civic activities, giving
rise to new business models such as social
enterprises capable of addressing multiple
social challenges simultaneously. Ultimate-
ly, integration with human cyber-physical
systems is envisioned, considering the devel-
opment and dissemination of humanoids or
digital humans, as well as the advancement
of the digital society. Beyond solving glob-
al issues such as poverty, food insecurity
and health disparities, resource-autonomous
and aesthetically designed plant factories
are expected to contribute meaningfully to
human well-being, community development
and sustainable regional planning.

About the author

Eri Hayashi

Dr. Eri Hayashi is President of the Japan
Plant Factory Association (JPFA), a non-
profit organization devoted to aca-
demic and business advancements in
plant factory/controlled environment
agriculture (CEA) (https://npoplantfac-
tory.org/en/). She has a keen interest
in technological advances, including
phenotyping, in plant factories. She is
an Associate Member of the Science
Council of Japan, and a Member of the
Agricultural Academy of Japan. E-mail:
ehayashi@npoplantfactory.org /



https://npoplantfactory.org/en/
https://npoplantfactory.org/en/
mailto:ehayashi@npoplantfactory.org

> References

Goto, E. (2011). Production of pharmaceu-
tical materials using genetically modi-
fied plants grown under artificial light-
ing. Acta Hortic. 907, 45-52. https://doi.
0rg/10.17660/ActaHortic.2011.907.3

Hayashi, E. (2024). The present and future of
plant factories: towards the social and
cultural dissemination of sustainable
plant factories. Bulletin of the Agricultur-
al Academy of Japan 42 (in Japanese).

Hayashi, E., Amagai, Y, Kozai, T, Maruo, T,
Tsukagoshi, S, Nakano, A, and Johkan, M.
(2022). Variations in the growth of coty-
ledons and initial true leaves as affected
by photosynthetic photon flux density at
individual seedlings and nutrients. Agron-
omy 12 (1), 194. https://doi.org/10.3390/
agronomy12010194

Japan Greenhouse Horticulture Association
(JGHA). (2025). Large-Scale Greenhouse
Horticulture and Plant Factories Survey
of Actual Conditions and Case Studies (in
Japanese).

Kai, K, and Okabe, M. (2023). Data-driven
operations for a productive and sustain-
able plant factory. In Advances in Plant
Factories: New Technologies in Indoor
Vertical Farming, T. Kozai, and E. Hayashi,
eds. (UK: Burleigh Dodds Science Publish-
ing), p.453-465.

Kozai, T. (2013). Plant factory in Japan - cur-
rent situation and perspectives. Chronica
Hortic. 53 (2), 8-11.

Kozai, T, and Hayashi, E. (2023). Advances
in Plant Factories: New Technologies in
Indoor Vertical Farming (UK: Burleigh
Dodds Science Publishing), pp.482.

Kozai, T, Lu, N, Hasegawa, R, Nunomura,
0. Nozaki, T, Amagai, Y, and Hayashi,
E. (2018). Plant cohort research and its
application. In Smart Plant Factory: the
Next Generation Indoor Vertical Farms,
T. Kozai, ed. (Berlin, Germany: Springer),
p.413-431. https://doi.org/10.1007/978-
981-13-1065-2_26

Kozai, T, Nakaoka, H, Lu, N, Nguyen, DTP,
and Hayashi, E. (2025). Research and
development challenges faced by plant
factories to solve global problems: from
the perspectives of civilization and cul-
ture. Horticulturae 11 (7), 793. https://doi.
org/10.3390/horticulturae11070793

Kozai, T, Uraisami, K., Kai, K., and Hayashi, E.
(2022). Productivity: definition and appli-
cation. In Plant Factory Basics, Applica-
tions and Advances, T. Kozai, G. Niu, and
J. Masabni, eds. (Amsterdam, The Neth-
erlands: Elsevier), p.197-216. https://doi.
org/10.1016/B978-0-323-85152-7.00009-4

Mitchell, C.A. (2022). History of controlled
environment horticulture: indoor farm-
ing and its key technologies. HortScience
57,247-256.

Nakaoka, H., and Hayashi, E. (2025). Perspec-
tives and revision of the law regarding
the cultivation of Cannabis sativa L. Agric.
Hortic. 100, 299-303 (in Japanese).

(D

¥ 2026 Kyoto

IHC August 23isun-28ifril, 2026

Kyoto International Conference Center; ICC Kyoto

Chronica Horticulturae

ISHS S,

International Society
forHorticultural Science



https://doi.org/10.17660/ActaHortic.2011.907.3
https://doi.org/10.17660/ActaHortic.2011.907.3
https://doi.org/10.3390/agronomy12010194
https://doi.org/10.3390/agronomy12010194
https://doi.org/10.1007/978-981-13-1065-2_26
https://doi.org/10.1007/978-981-13-1065-2_26
https://doi.org/10.3390/horticulturae11070793
https://doi.org/10.3390/horticulturae11070793
https://doi.org/10.1016/B978-0-323-85152-7.00009-4
https://doi.org/10.1016/B978-0-323-85152-7.00009-4

