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Fixed bench i WY
3 trusses, 4 crops/y, 6blocks Y Rl o
5,400 plants |
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'| “The Fog Engineers”
~ss H.IKEUCHI & Co., LTD.

Environment control (temperature, humidity and VPD) and automatic pest control

"

A .
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Source: Website of H.lkeuchi & Co., LTD.
Copyright(C) 2024 Japan Plant Factory Association (JPFA) All rights reserved.
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with Artificial Lighting (PFALs)
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Plant Factories with Artificial Lighting (PFALSs)
ADBEY TS : SEEE - SSEN

Resource Use Efficiency (RUE) =Output/Resource Input
costs and produce, and the cost performance (CP) of the PFAL
can be estimated onllne

-Water
-Fertilizer

—5

Copyright(C) 2024 Japan Plant Factory Association (JPFA) All rights reserved.
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Changes with time in rates of net photosynthesis,
transpiration and electricity consumption

Air temperature Vapor pressure deficit

CO, supply rate

Photo taken at Chiba University

Dashboard (12 display screens) of the PFAL manage
system (SAIBAIX) developed by PlantX Corporation and

installed at a commercial-use PFAL. The power factor indicates

the electric energy use efficiency of the air conditioners.

Kozai (2020)

AX IS

Transpiration rate

Net photosynthetic rate

photosynthetic
rate [kg/h]

Date and time

Cation milliequivalent

Milliequivalent
[me/L]

K+
NH,*
Date and time

M g+2

Transpiration rate

[ka/h]

Date and time

Electric power consumption of LEDs

Electric power
consumption [kW]

; Date and time

24
Copyright(C) 2024 Japan Plant Factory Association All rights reserved.



Plant phenotype-based environmental control
taking into account business-related factors

Environment

Environmental
control

Determining optimal
environmental set points for,
maximizing multi-objective
function

Business
Objective of plant

production
Production schedule
Internal and external
factorsrelated to cost
(price) and availability
Market demand and
situation

Weather/climate

{ Virtual PFAL: Simulator } PFAL system network and data sharing

(Hayashi, 2023)

25
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Theoretical max. RUE and RUEs in PFAL and Greenhouse

RUE Max. RUE PFAL |Greenhouse
Water 1.0 0.96 0.02-0.03
co, 1.0 0.88 0.4-0.6
N, P, K, etc. 1.0 0.8-0.9 0.5-0.7
Seeds 1.0 0.95 0.8-0.9
PR energy (Q) — qua(r?t.u]r.n];/ield=1/9) 0.027 0.017
Electricenergy | 0.06 (=0.5*q) 0.007 | ------------

Ohyama et al. (2002; 2005; 2006); Yokoi et al. (2005); Kozai et al. (2012) ,

Copyvright(C) 2024 Japan Plant Factory Association (JPFA) All rights reserved i
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Select Climate Tech Innovation Hype Curve

Plateau will be reached in:

9 SAFS Reaching the Plateau
Vertical Faming e# \ Battery . 0-2 years This is when mainstream
LS .f Recycling . 2-5 years adoption of the technology
\ . 5-10 years starts. Associated risks are
/ .. Climate Fintech reduced and benefit from the
. Carbon ' . More than 10 years technology is broadly accepted.
Alternative Proteins . .
Markets .\ Market share grows.
g . Precision Agriculture
E Smart Grid _ i
g . Wave/Tidal Power I.‘ Fuel Cell Biotech Ca;rf.HM:E Wind
o Fuel Cell EVs? Stationary  Agriculture Sharing
| -.,

.Demand Response  Power? Inputs .
Alternative Pack .n.. ..._-—""""" Solar PV
#
ernative Packaging ._-. ._._‘_.

. Advanced MNuclear Synthetic
Biofuels Wabtﬂ to Fuel Eatter‘_-,-' Storage (LI)

Supply Chain
and Logistics

Innovation Trigger Peak Expectations Disillusionment Slope of Enlightenment Plateau of Productivity

The Future of Climate Tech, svb, 2022
31
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Select Climate Tech Innovation Hype Curve

CcCcus? o — Plateau will be reached in:

0-2 years
O SAFS? 2-5years

DAC‘Q
' . 5-10 years
Electric Aircraft O Battery ling yea
Hydrogen @) More than 10 years

Shipping Fuel
) O Carbon Markets
. Nuclear Fusion
O < Hyd Alternative Proteins
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Nuclear Generation + Vertical™s ) e Blotech

. \  Stationa Agriculture
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SMR O Famming 1 o ver®  Smart Battery Inputs
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Fuel Cell EVs? Precision
Demand .
Waste to Fuel Reaponae Agriculture

£
o
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@
o
i

Innovation Trigger Peak Expectations Disillusionment Slope of Enlightenment

Reaching the Plateau

This is when mainstream adoption of
the technology starts. Associated
risks are reduced and benefit from
the technology is broadly accepted.
Market share grows.

Heat
Offshore  Pumps  Wind

Geothermal

Plateau of Productivity

The Future of Climate Tech, svb, 2023
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Inflorescence dry weight {g-m‘ij
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GO0+

400+

200+

¥ =0.240 X + 86.8

R?=0.669
P < 0.0001

APPFD (umol-mZs™)

55& 1dhﬂ 1§hﬂ Zﬁhﬂ
APPFD (umol-m™.s™)
0.8+
L2
0.7+
b
L
=
£
% 0.6
@
e
14}
- =
059 = ¢ . ¥ =1.03x 10" X + 0.548
. . R*=0.350
P=<0.0001
L]
0.4 T T T ]
1] 500 1000 1500 2000

The relationship between average apical
photosynthetic photon flux density (APPFD)
applied during the flowering stage (81 days) and
inflorescence dry weight (A), harvest index (total
inflorescence dry weight / total aboveground dry
weight) (B), and apical inflorescence density
(based on fresh weight) (C) of Cannabis sativa
‘Stillwater’. Each datum is a single plant

=
=
o

C

0.13+

0.10+

Density of the apical inflorescence [g-cm™)

0.075 o .
% Y = 1.52 x 10° X + 0.0875
R’ =0.144
P<0.001
0.04 v . r
o 500 1000 1500

APPFD (pmol-m™s™)

L
2000

Rodriguez-Morrison V, Llewellyn D and Zheng Y (2021) Cannabis Yield, Potency, and Leaf
Photosynthesis Respond Differently to Increasing Light Levels in an Indoor Environment. Front.
Plant Sci. 12:646020. doi: 10.3389/fpls.2021.646020
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RESEARCH ARTICLE | AGRICULTURAL SCIENCES | & f ¥in& ﬂ

Wheat yield potential in controlled-
environment vertical farms

Senthold Asseng %, Jose R. Guarin ¥, Mahadev Raman %, +4 | and Paul P. G. Gauthier &1 Authors Info &

Affiliations

Edited by Dieter Gerten, Potsdam Institute for Climate Impact Research, Potsdam, Germany, and accepted by Editorial Board Member Hans J.

Schellnhuber June 19, 2020 (received for review February 11, 2020)

July 27,2020 117(32) 19131-19135 Grain Yield (kg/m2/y)
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https://www.pnas.org/doi/10.1073/pnas.2002655117
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Indoor hops farm run by EKONOKE \/V. BREWER
L]

QOur business model is simple: we don't want our hops to If you are such a brewer, we will set up a large-scale

travel, but we want our knowledge and technology to indoor farm next door to supply you with local top-
travel instead to every corner of the world where there is quality hops year-round for your all-natural beers, while
a brewer concerned with the reliability of their supply using your wastewater and excess CO: in the process.

chain and the sustainability impact of their sourcing.

Our locally-produced hops are 100%

climate-resilient. |
w.ekonok&®com
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*1980s 1st PFAL generation: HPS Lamp
*1990s 2"d PFAL generation: Fluorescent Lamp
* 2009~ 3 PFAL generation: LED (particularly after 2012)

A 5B HEY) TimhtissaX DHETS
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2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

https://jgha.com/wp-content/uploads/2023/03/TM06-04-bessatsul.pdf 3
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Plant Factories with automation in Japan in 1980 — 1990s

The International Exposition,
Tsukuba in 1985

Source: Mr. Nakamura, Especmic €S(p£C CRE -

37
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Seedling Production System

38
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« 2017~ 4th PFAL generation
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%, Open Data

https://technofarm.com/innovation/
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2010~2013%F
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(3)

2014~20174F

2018~20214F
55%
(24)

https://jgha.com/wp-content/uploads/2024/04/TM06-05-bessatsul.pdf
40
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S0J)J7—LABKH JU—2J (ENEOSZ)L—2)

e Large-scale PFAL with automation

e Started operation in June, 2021

* Production: 30,000 heads (4 t) of leafy
Lettuce/day

, * Land area: approx. 8,000 m

N e+ Cultivation floor area: 2,500 m

“t— e« Solar panel installation (300 kWh)
 Effective use of idle land of ENEOS group
* Global GAP certified

https://www.spread.co.jp/files/news_20210701.pdf !
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' « Automation in cultivation room
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e 70% automation of the whole process
(sowing, seedling, transplanting x 2,
growing, harvesting, trimming,
packaging)
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https://www.spread.co.jp/files/news_20210701.pdf b
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Techno Farm Fukuroi thapE

* Production capacity:

10 ton lettuce/day
e Automated PFAL

https://tc-farm.co.jp/
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= BO8FACTORY s rim 014t
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= 2SI - F—ImiE
" -Original NFT system

% -Automation

== -Solar Panel

e 53
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Data-Driven Operations: 808 Factory

Source : Shinnippou

Copyright(C) 2024 Japan Plant Factory Association (JPFA) All rights reserved.



Data-Driven Op

Source: Shinnippou

erations: 808 Factory

Sensing/Monitoring

Resource Use Efficiency

Hygiene & Process Management

YV V V V

~
Food Safety

Clean: No Need to Wash

Consumer Awareness
Consistent Supply

Copyright(C) 2024 Japan Plant Factory Association (JPFA) All rights reserve
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Creation of standard operating procedures based on data

Phenotype

Source: Shinnippou

https://jgha.com/wp-content/uploads/2023/03/TM06-04-bessatsul.pdf

Copyright(C) 2024 Japan Plant Factory Association (JPFA) All rights reserved.
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BURLEIGH DODDS SERIES IN AGRICULTURAL SCIENCE

Advances in plant
factories

New technologies in indoor vertical farming

Edited by Emeritus Professor Toyoki Kozai, Chiba University, Japan
and Dr Eri Hayashi, Japan Plant Factory Association, Japan

https://shop.bdspublishing.com/store/bds/detail/workgroup/3
-190-125660

burleigh dodds
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808 Factory: Products

Green Leaf Frill Lettuce Silk Lettuce Romaine Lettuce

808 F 808 FACTORY

B .
© - ® @
Hrrrnen ,,i"’, 111111 Feshiissinnin

'e
fei i

&M%

feveivireiiiind

https://www.808factory.jp/
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Planet Farms
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https://www.planetfarms.ag/en/ 60
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Planet Farms (4~ U7)

B TSR\ EEALERZ ~

https://www.verticalfarmdaily.com/article/9636715/planet-farms-launches-pesto-line/
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AGRICOLA
MODERNA

Agricola Moderna (U 77)

COLTIVATA IN ITALIA COLTIVATO IN LOMBARDIA D=

R o BASILICO

TUTTA LABONTA @ .
@ @ NICKEL FRESCA oL PESTICIDI FREE FINO A 95 % DI ACQUA
PESTICIDI FREE A LUNGO )

COLTIVATA IN ITALIA

#EIENAE = MODERNA

TUTTA LA BONTA

NICKEL FRESCA DELLAGRICOITUMA

@ SENZA
PESTICIDI FREE ALUNGO

Lo

COLTIVATO IN ITALIA

TTUGHINO
%'?‘ONDO MODERNA

@ @ NICKEL FRESCO
PESTIC|DI FREE NGO

INSALATA
CROCCANTE

@ @ NICKEL FR CA
PESTICIDI FREE LUNGO
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Frill Lettuce Green Leaf Lettuce Red Leaf Lettuce Half Head Lettuce lce Plant

A " 3 N Y sy
P, e -.\K"ﬁ““
Py Yemm— = —
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— - - e
Radish Shiso chrysanthemum greens

Spinach Mitsuba

https://www.especmic.co.jp/download/pdf/ENG_PlantFactory.pdf
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JPFA

HERICETHEVNITEOARNEEES LU

STRES 4 E 0 E T
 BARTOEY | AFEEHoRHEM SMEEMORHEMA | £EIRX MOKEAM
(kg/1000M) (V4D

BRIRINF— 0.11 - 0.14 kg/kWh 7.1 - 8.3 120 - 141

ERR 7.7 -10.0 kg/h 6.5 -7.7 130-179

IS EiE 0.25 - 0.33 kg/m2/d 53-7.1 141 - 189

. TORDERE - 6.7 - 9.1 110 - 150

IRAEE = 1.5-20 501 - 659

D24, HEMt, FER|, MG (2019) ATABEY TIHICETIEEMIEEDRE. E&. 518X
BEVEFR EXEHKIUVEZE. Vol. 94 No.8 p661-672

Copyright(C) 2024 Japan Plant Factory Association (JPFA) All rights reserved.
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Oishii Farm in the US

67
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— HANDLE WITH CARE —

==—The

Omakase

“Omakase Berry”

$50/pack (8-11)

$20/pack in 2022

$9.99/pack in 2024

Copyright(C) 2024 Japan Plant Factory Association All rights reserve
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INFO:
INFO:

as

New scan beginning! Closing file
apture ready

:Received captured data

:Unable to connect to db. Please check for errors or restart this service!
:Deleted captured data

:Received event with timestamp

:Publishing matched image with timestamp

Message delay in seconds
ack tracking enabled

:Rack index changed

:Bad location.

:Sending detections: with 3 detections
:Processed message. Result, Metadata

eceived pointcloud

esetted pointcloud and poses
aw pointcloud

rouping pointcloud

nput clusters

vest robot starting.
nly recording in specified nam

eceived captured data
<t to db. se check for errors or restart this service!
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Monetary productivity (yearly sales/yearly cost)

Factors

Leaf

lettuce

of selected crops

Rice

Straw-
berry

Cherry-
tomato

Whole sale price (JPY/kg) 1,200 300 1,600 500
No. of cropping/y 23 3.8 1 1
Yield (kg my) 69 3.8 20 100
Yearly sales (JPY/m?/y) 82,800 1,150 32,000 50,000
Electricity cost (JPY/m?/y) 11,730 58,650 23,460 34,500
Production cost (JPY/m?/y) 58,650 293,250 117,300 172,500
Yearly sales/Yearly costs 1.4 0.0039 0.27 0.29

Kozai, T., E. Hayashi and Y. Amagai (2020) Plant factories with artificial lighting (PFAL) towards sustainable plant Production. Acta
Horticultuare 1273 (IHC 2018, Istanbul, Turkey). 251-259.

Copyright(C) 2024 Japan Plant Factory Association All rights reserved.
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https://www.hokusan-kk.jp/news/pdf/20200207mono.pdf
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AXATEOTEERODOOF > A5 A A1  (MucoRice-CTB)
MucoRice-CTB

ILSBRRIROFUATE

MucoRice-CTB
FRBEEREEFIELT
PBSHRICTBNLTIRD TRMECRIERL

b 2 E——) SRR

https://www.ims.u-
http://s-park.wao.ne.jp/archives/1144 tokyo.ac.jp/imsut/jp/about/press/page_00104.html
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Optimal PPFD for photosynthesis affected by other
environmental factors

N W
ol O

D
wd
(qv]
S
O
S 20
s £
S 515
@ o
(qv]
€ 210
i -
- 5
I
=
0

A: Temperature
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Optimal PPFD
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PPFD (arb. units)

150 175 200
Kozai (2020)
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PFALs can achieve relatively simple and accurate data acquisition,
time-series analysis, and plant growth or phenotypes prediction,
Including resource use efficiency or productivity with a unit of

time in PFALS

PFALs : highly airtight and thermally insulated

Resourcel.

Input
-CO,
-Electricity
-Water

== -Fertilizer
’-Seeds

-etc.

Production in PFALs % Research

actory Association All rights reserved.



Visual (and hopefully other) sense of Plants 1???

https://xn--tv-asahi-lc4gyeo159g.co.jp/doraemon/story/0501/
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Agricola Moderna \jsion Based Modeling of Plants Phenotyping

{&1E1%7~28H {&1E1%21 - 23 - 25 - 28H
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Franchetti, B.; Ntouskos, V.; Giuliani, P.; Herman, T.; Barnes, L.; Pirri, F. Vision Based Modeling of Plants Phenotyping in Vertical Farming under

Artificial Lighting. Sensors 2019, 19, 4378. https://doi.org/10.3390/519204378|Z /N
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Scgmentation

Gozzovelli R., Franchetti B., Bekmurat M., Pirri F. (2021). Tip-burn stress detection of lettuce
canopy grown in plant factories, in Proceedings of the IEEE/CVF International Conference
on ComDUter ViSion (Montreal, BC: IEEE, ), 1259_1268 Copyright(C) 2024 Japan Plant Factory Association (JPFA) All rights reserve%o.
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- Plant density?

- Spectral reflectance of
cultivation space (panels/system)
- Human/machine intervention

Interaction

Single leaf

Individual plant

“I..

- Seed processing

Plant community

- etc. e Phenome (P
Management (M):‘ (Plant traits() ) (shoot/root)
Phenotyping : Genotyping
oo Interaction.- ‘,‘?‘ “
| Environmental (micro)Environment (E) | | Genotype (G)
setpoints |
Cultivation room Above
. Plant cano
Environment Air i) Within
Light Above :
Root-zone Plant COmmunity Revised from (Kozai, in press) .

Within,,l
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https://doi.org/10.3390/agronomy10111663

Methodology of phenotyping and Al-based
environmental control and breeding for PFAL

P =f (G, E, M, etc.)
P: Phenotype, G: Genotype

E: Environment, M: Management
~. OMICS data
////\\Q?\\\ HEMIR— MR
: Plant cohort research

== with continuous, non-invasive
. measurement of individual
plants

Plant growth

Copyright(C) 2024 Japan Plant Factory Association (JPFA) All rights reserved.
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21 )91 D3R5 %AW EERBIDFESFIFRE(GT) DIETE
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~HEY) TZ(CH TS IAR— MAFK~

«—pre-germination Germination post germination—

Uncoated | ' '

Seed (U) -“ _“
Coated '
seed (C) %

~ sowing GT (h) > 48 HAS

Hayashi et al. Phenotypic Analysis of Germination Time of Individual Seeds Affected by Microenvironment and Management Factors for
Cohort Research in Plant Factory. Agronomy 2020, 10, 1680. https://doi.org/10.3390/agronomy10111680

86
Copyright(C) 2024 Japan Plant Factory Association (JPFA) All rights reserved.



GT £LU SST DEEE

1) ZEHSATEVPNS 86%, 2) ZENVPNSESAT 20°C
#300{Ed IFJ— ~EF (UB) &—hMEF (CB)

Uncoated seed (U) - 86% Selpoinrair Coated seed (C) - 86%
temperature, B
501 SAT(°C) 50 1 ‘
g = 40 g g y i
~ 401 & v \/ 36 40+ &
8 % ¢ £ 2 ; § |
) u ’ f : : ] : ‘ :
£ 30- ] . 28 =30 - «
< \ g (12 & L o
S : 5 A 20 ) 3 3
220 12 ; ¥ O 16 201 o % c
£ 16 20 # 0 12 20 g =
3 107 24 32 10+ 24
. ' : . ' . . 28
5 10 15 20 25 30 35 5 10 15 20 25 30 35
Seed surface temperature, SST (°C
; W > SST(C)
U -20°C Volumetric percentage C-20C
of nutrient solution in 50
50 1 seed tray, VPNS 6%
A 86% _ g
401 o 82% 40
O 77%
£ 301 £ 301
= G
4 20 1 ;
20 82% %
10+ 82% 01
E 1'0 1'5 2'0 2'5 3'0 3'5 5 10 15 20 25 30 35
SST(C)

QT (°CY Cobvricht(C) 2024 Jaban Plant Factorv Association (JPFA) All richts reserved

SAT (°C)

40
36
32
28
24
20
16
12

VPNS
A\ 86%

0 82%
O 77%

(Hayashi et al., 2020)

87



Time-course increasing changes in projected areas
of the cotyledon (Ap-c) and true leaves (Ap-t) of individual seedlings
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Hours after sowing, HAS (Hayashi, 2022)
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Shoot dry weight, Wd (mg/plant)
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AIPPFD &t FEfFeYIE (Wd)
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Fig. 6. Sensor density for bulk parameter measurements. For discrete production entities such as plants, parameter values may differ substantially between in-
dividuals (A) as shown here for light intensity (shades of gray). Accordingly, a single sensor (orange) is unable to represent the parameter distribution (B) and a
sensor network will provide more relevant data (C). In contrast, if a continuum such as liquid extract or fertilizer is handled (D), a single sensor (E) can provide
enough information for process control and a complex sensor network (F) s not required.

Fig. 8. Cultivation facility operation, investment costs and plant growth. (A) In a greenhouse, plants exposed to direct sunlight can exhibit leaf temperatures that
substantially higher than the ambient air temperature (dashed black line) or of plants growing in the shade under otherwise identical conditions. The leaf t
perature in the light appears bimodal, representing leaf areas exposed to sunlight and leaf arcas shaded by other leaves. (B) Asymptotic models (y = a-b x ¢*) fi
cost and productivity data for greenhouse (GH) and vertical farm (VFU) facilities. Coordinates for a single-tier in door farming (1DF) facility are shown for o
parison. (C) The height of tobacco plants increases rapidly when sown at the beginning of spring (day 90 in a calendar year, green line) compared to the overall
growth corridor (gray area) observed in a greenhouse. (D) In contrast, seeding plants in late summer (day 240 in a calendar year, orange line) results in less height
gain. (For interpretation of the references to color in this figure legend, the reader Is referred to the web version of this article.)

J.W. Huebbers, J.F. Buyel, On the verge of the market — Plant factories for the automated and
standardized production of biopharmaceuticals,
Biotechnology Advances, Volume 46, 2021. https://doi.org/10.1016/j.biotechadv.2020.107681. 90
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Light simulation Software  (C) MTI Ltd.
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Plant phenotype-based environmental control
taking into account business-related factors

Environment

Environmental
control

Determining optimal
environmental set points for,
maximizing multi-objective
function

Business
Objective of plant

production
Production schedule
Internal and external
factorsrelated to cost
(price) and availability
Market demand and
situation

Weather/climate

{ Virtual PFAL: Simulator } PFAL system network and data sharing

(Hayashi, in press)
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PFALs can achieve relatively simple and accurate data acquisition,
time-series analysis, and plant growth or phenotypes prediction,
Including resource use efficiency or productivity with a unit of

time in PFALS
PFALs : highly airtight and thermally insulated
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Development of LCA-Multidimensional Map (LAMP): A Platform to Support Information
Sharing and Formulate CO,-Level-Reduction Plans toward Zero Emissions

Information of light quality, radiation flux, life-span,
electricity consumption of lighting facilities in a Data on secondary metabolites
greenhouse and plant factory. i

C _~ 490 CGA 20 r
! 2
)
x 5D 30 | X a a 15
b
= 10 |
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S ap 10t 05 |
o &
O~ o | B 00

Cont. L15 L20 L25 Cont. L1565 L20 L25

Leafy vegetables | Lettuce, Spinach, Komatsuna,
Chinese leaf vegetables,
Eruca vesicania (Arugula),
Corchorus olitorius (Molokheiya),

Brassica oleracea var. acephala (Kale)
Fruit vegetables | Tomato, Cucumber, Strawberry

Other vegetables | Radish, Broccoli sprout

it Fieldcrops | Rice, Soybean .
Develop of LCA-Multidi ional Map (LAMP): A Medicinal plants | Glycyrrhiza, Red perilla, Japanese mint,
Platform to Support Information Sharing and Formulate COx Hypericum perforatum (St. John's wort),
Level-Reduction Plans toward Zero Emissions Japanese honeysuckle, Ophiorrhiza pumila
Flower plants Phalaenopsis, Eustoma grandiflorum
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; : The application software interface
Shading material  (API) of various simulation models

Coconuts, Rice husk

Hikosaka, S.; Hayashi, E.; Nakano, A.; Kasai, M.; Yamaguchi, T.; Kozai, T. Development of LCA-Multidimensional Map (LAMP): A Platform to Support >
Information Sharing and Formulate CO,-Level-Reduction Plans toward Zero Emissions. Sustainability 2023, 15, 16066. =
https://doi.org/10.3390/su152216066
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Smart City Plant Factory-based Well-being

Multi-crop tailored production, based on big data analysis of phenome, genome, environment,
resource inputs/outputs and management

Open Data
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