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Preface

This is perhaps the first book in English on plant factories with artificial (or electric) lighting (PFAL,
pronounced “P-FAL"). PFALSs, also known as indoor plant production systems, are expected to play a
vital role in urban development, urban agriculture, and vertical farming in the forthcoming decades.

The tremendous potential of PFAL is attracting much interest among researchers, business people,
policymakers, educators, students, community developers, architects, designers, and entrepreneurs.
This book explains PFAL’s principle, concept, design, operation, social roles, pros and cons, costs
and benefits, and the possibilities and challenges for solving local as well as global agricultural, en-
vironmental, and social issues.

In the next few decades, urban agriculture and vertical farming will not be just a modified form of
existing agriculture and farming practices. This new form of indoor agriculture system will provide
entirely new social services in urban areas which are facing ecological, economic, and social con-
straints. PFALs will be used as a key component of community centers, restaurants, office buildings,
hotels, schools, manufacturing factories, supermarkets, convenience stores, resource recycling/reuse
systems, and housing in both small and large cities. PFALs provide a means for neighbors, farmers,
and growers to share the joys of nature, arts, and science and technology by providing a common plat-
form for “growing life” and “growing with life, together with plants, animals, and microorganisms.”

Nevertheless, there are various criticisms of PFALs that must be considered carefully. These in-
clude: (1) vegetable production using PFALSs could be resource consuming and environmentally un-
friendly, (2) PFAL-grown vegetables may not be nutritious or tasty, (3) PFAL-grown vegetables are not
organic and will not be accepted by health-conscious citizens, (4) PFAL businesses cannot make a
profit because of the high initial and running costs, and (5) PFAL businesses will compete with con-
ventional agriculture and farming, and so may negatively affect conventional agriculture.

Readers of this book will find answers to such criticisms as well as additional challenges to be
solved. It is important to remember that recent PFAL R&D and business are merely the start of PFAL
technology and new urban agriculture based on the concept and methodology of PFAL. Although there
are many issues to be solved, most of them can surely be solved within a decade or so. This book
explains the vision, concept, methodology, basic science and technology, current status, perspectives,
and challenges of PFAL.

There is no doubt that more and more people are becoming interested in urban agriculture, vertical
farming, city farming, and PFALSs, as evidenced by the many exhibitions and conferences held in recent
years. For example, between September 2012 and May 2015, the following international academic
meetings related to vertical farming, urban agriculture, and PFAL were held; such activities will drive
PFAL technology and its applications:

(1) Workshop on challenges in vertical farming, September 26, 2012, The University of
Maryland, USA (http://www.challengesinverticalfarming.org/)

(2) International conference on vertical farming and urban agriculture 2014, September 9-10, 2014,
The University of Nottingham, UK (http://vfua.org/)

(3) International plant factory conference, Kyoto/Osaka, Japan, September 9-11, 2014
(http://www.shita.jp/ICPF2014/)

XXV
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(4) LED symposium, February 19—-20, 2015, The University of Arizona, Tucson, AZ, USA http://leds.
hrt.msu.edu/meeting/

(5) Global forum for innovations in agriculture: Edible cities, March 9-11, 2015, Abu Dhabi
(http://www.innovationsinagriculture.com/)

(6) The 2015 high-level international forum on protected horticulture (HIFPH 2015) in Shouguang,
China (http://www.hifph2015.com/en-index.html)

(7) International congress on controlled environment agriculture 2015 (ICCEA 2015), May 20-22,
2015, Panama City, Panama (http://www.icceapanama.org/)
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CHAPTER

INTRODUCTION

Toyoki Kozai*, Genhua Niu?
Japan Plant Factory Association, c/o Center for Environment, Health and Field Sciences, Chiba University, Kashiwa,
Chiba, Japan® Texas AgriLife Research at El Paso, Texas A&M University, EI Paso, Texas, USA?

INTRODUCTION

Crop production is increasingly threatened by unusual weather, water shortages, and insufficient
available land. The world’s population is expected to grow from 7 billion in 2011 to 9.3 billion in
2050, and the urban population from 3.6 billion to 6.3 billion, a 72% increase. Due to limited natural
resources, 90% of the growth in global crop production is expected from higher yields and increased
cropping intensity, with the remaining 10% from expansion of productive land (FAO, 2009). Almost all
of the land expansion in developing countries will take place in sub-Saharan Africa and Latin America.
The availability of freshwater resources follows a similar trend, i.e., globally more than sufficient but
unevenly distributed. In order to feed the world, protect the environment, improve health, and achieve
economic growth, a new form of agricultural cultivation is required: indoor vertical farming using a
plant factory system with artificial lighting for efficient production of food crops.

The term “plant factory with artificial lighting (PFAL)” refers to a plant production facility with a
thermally insulated and nearly airtight warehouse-like structure (Kozai, 2013). Multiple culture shelves
with electric lamps on each shelf are vertically stacked inside. Other necessary equipment and devices
for a PFAL are air conditioners, air circulation fans, CO, and nutrient solution supply units, and an
environmental control unit. Stacking more culture shelves vertically increases the efficiency of land
use. Fluorescent lamps (FLs) have been mainly used in PFALS due to their compact size, but light-
emitting diode (LED) lamps are now attracting great attention in industry and among researchers.
LEDs are increasingly being used in recently built PFALSs owing to their compact size, low lamp sur-
face temperature, high light use efficiency, and broad light spectra. More information on the light
sources and advantages of LEDs is given in Chapter 7.

PFALs are not a replacement for conventional greenhouses or open-field production. Rather, the
rapid development of PFALSs has created new markets and business opportunities. PFALSs are being
used in Japan and other Asian countries for commercial production of leafy greens, herbs, and trans-
plants. Indoor vertical farms, which is another term used in North America for concepts similar to
PFALs, are also being built in the United States and Canada.

When growing plants in an open field, yield and quality are subject to weather conditions, and so a
stable and reliable supply of plant-derived food is always in danger. Greenhouse production is not
energy efficient because incident light is not regulated. Solar light intensity is often too low at dawn,
sunset, and night, on cloudy and rainy days, and throughout the winter season, while it is too high

Plant Factory. http://dx.doi.org/10.1016/B978-0-12-801775-3.00001-9 3
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4 CHAPTER 1INTRODUCTION

around noon on sunny days. The temperature and relative humidity inside a greenhouse are con-
siderably affected by solar light intensity, and thus it is difficult to optimize the environment. In order
to lower the temperature, greenhouses are often ventilated, but this allows insects and diseases inside
the greenhouse. In addition, G a greenhouse with ventilators open cannot be kept higher than out-
side. Furthermore, light quality and lighting direction are not controllable. Excessive agrochemicals are
often used in greenhouse and open-field production and fossil fuels are needed for heating and cooling
of greenhouses and for transportation of produce from production site to consumers. Fossil fuels are a
nonrenewable energy and excessive use results not only in depletion of resources but also in excessive
emission of environmental pollutants including €O

On the other hand, the PFAL is an indoor, advanced, and intensive form of hydroponic production
system where the growing environment is optimally controlled. PFAL is one form of “closed plant
production system” (CPPS), where all inputs supplied to the PFAL are fixed by plants with minimum
emission to the outside environment. If designed and managed properly, the PFAL has the following
potential advantages over the conventional production system:

a. It can be built anywhere because neither solar light nor soil is needed;

b. The growing environment is not affected by the outside climate and soil fertility;

¢. Production can be year-round and productivity is over 100 times that of field production;

d. Produce quality such as concentrations of phytonutrients can be enhanced through manipulation of
the growing environment, especially light quality;

e. Produce is pesticide-free and need not be washed before eating;

f. Produce has a longer shelf life because the bacterial load is generally less than 300 ‘C#bich
is 1/100 to 1/1000 that of field-grown produce;

g. Energy for transportation can be reduced by building PFALs near urban areas; and

h. High resource use efficiency (water, GQertilizer, etc.) can be achieved with minimum emission
of pollutants to the outside environment.

Plants suitable for PFALs are those 30 cm or shorter in height such as leafy greens, transplants, and me-
dicinal plants, because the distance between vertical tiers is typically around 40 cm, the optimum height
for maximizing the space usage. Also, plants suitable for PFAL should grow well at relatively low light
intensity and thrive at a high planting density. Staple food crops consumed mainly for calories such as
wheat, rice, and potatoes are not suitable for PFAL production because their economic value per kilo-
gram of dry mass is generally much lower and they require more time to grow than leafy greens.

In addition to commercial production of leafy greens, small PFALs with a floor area of 15-f00 m
have been widely used for commercial production of seedlings in Japan because these seedlings can be
produced in a short time at a high planting density. Grafted and nongrafted seedlings of tomato, cu-
cumber, eggplant, seedlings of spinach and lettuce for hydroponic culture, and seedlings and cuttings
of high-value ornamental plants are produced commercially in these small PFALs in Japan.

There are even smaller PFALs called micro-PFAL or mini-PFAL (m-PFAL), which are described
in detail in Chapter 5. These m-PFALSs are designed for urban residents who do not have outdoor gar-
dens or for restaurants, ¢afeshopping centers, schools, community centers, hospitals, and office
buildings. m-PFALs are mainly used for entertainment, as a green interior object, and for the hobby
of growing and harvesting plants.

Nevertheless, there are a number of challenges or disadvantages with PFALs that must be
addressed. Foremost among these are the high initial and production costs. It is estimated that currently
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the cost of constructing the outer structure is as high as the cost of installing the PFAL units inside
(Kozai, 2013). The initial investment can be reduced significantly through better design. The good
news is that production costs are decreasing every year as operational and management experience
accumulates. Electricity, labor, and materials (seeds, fertilizers, packing, delivery, etc.) account for
similar proportions of the production costs. Lighting accounts for 70-80% of the electricity cost, with
air conditioning, pumps, and fans accounting for the rest. There is great potential to reduce the cost of
lighting by designing a more efficient lighting system. Other approaches to reducing production costs
include increasing the number of vertical tiers, shortening the culture period by optimal environmental
control, properly designing the production schedule to assure year-round production with no time loss,
increasing planting density, and reducing produce loss. Other PFAL challenges include: culture infor-
mation and an optimal environmental control strategy for various types of crops, marketing of produce,
and breeding of new crops suited to PFALs. Chapter 27 describes the challenges and perspectives of
PFALSs in detail.

This book was written in response to the increasing interest and demand for information on various
aspects of PFAL and indoor vertical farming. The book is organized as shown in Figure 1.1. Histor-
ically, there have been several attempts at growing plants indoors using solely artificial light both in
Japan and North America. However, these efforts did not lead to successful commercial production
mainly because of high equipment and operational costs and fierce competition with conventional pro-
duction. However, the recent boom in PFALS is different from previous ones and is more realistic. We
hope that this book serves as a source of useful information and provides a vision for PFALS, their
diverse opportunities, and the influence on future lifestyles.
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CHAPTER

ROLE OF THE PLANT FACTORY
WITH ARTIFICIAL LIGHTING (PFAL)
IN URBAN AREAS

Toyoki Kozai', Genhua Niu?
Japan Plant Factory Association, c/o Center for Environment, Health and Field Sciences, Chiba University, Kashiwa,
Chiba, Japan® Texas AgriLife Research at El Paso, Texas A&M University, El Paso, Texas, USA?

INTRODUCTION

The increasing importance of fresh food production in urban areas is discussed and the methods for
achieving efficient production are described. Firstly, resource inflow and waste outflow in urban areas
are described. Then, it is pointed out that a large portion of urban waste can be used as an essential
resource for growing plants in urban ecosystems, thus significantly reducing resource inflow and waste
outflow. Secondly, the role of the plant factory with artificial lighting (PFAL, pronounced “P-Fal”) is
discussed, and the plants that are suited and unsuited to PFALS are described. Finally, criticisms of
PFALs are analyzed, and the methodology toward a sustainable PFAL is discussed.

INTERRELATED GLOBAL ISSUES TO BE SOLVED CONCURRENTLY

The world is facing interrelated issues concerning agriculture, the environment, society, and resources
under increasing world population and climate change (Figure 2.1). Since these four issues are closely
interrelated, they must be solved concurrently based on a common concept and methodology (Kozali,
2013a). In other words, we must find a concept and methodology for effectively producing high-quality
foods, in order to improve social welfare and the quality of life with the minimum consumption of
resources and emission of environmental pollutants.

Issues concerning agriculture or food include the dwindling number of farmers due to aging as the
urban population increases (Figure 2.2) and loss of arable land area due to urbanization and desertifica-
tion, salt accumulation on the soil surface, and soil contamination with toxic substances. The global pop-
ulation is forecast to rise to 9 billion people by 2050, 70% of whom will be living in urban areas (UN,
2009, 2011). The urban population in 2050 will require about 70% more food than the 2009 population.

Issues concerning the environment or ecosystem include the decrease in biodiversity and green
space, and increase in environmental pollution and abnormal weather (heavy rain/flood, drought,
strong wind, etc., likely due to global warming). These problems often make ecosystems less stable.

The shortage of resources including water, fossil fuels, and phytomass (or plant biomass) is becom-
ing increasingly serious. Large areas for producing staple foods are already facing insufficient

Plant Factory. http://dx.doi.org/10.1016/B978-0-12-801775-3.00002-0 7
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FIGURE 2.1

Four interrelated global issues to be solved concurrently for improved sustainability of the Earth and mankind as well
as the quality of our lives.

FIGURE 2.2
Trends of world, urban, and agricultural populations (cited and extrapolated from World Bank data).

irrigation water, and drought and/or unstable rainfall, while the demand for domestic water will con-
tinue to increase due to expanding urbanization along with the desire for a better quality of life.
Phytomass is becoming an important raw material resource for industrial products as an alternative
to fossil fuels, while the reduction in regional phytomass affects the stability of local ecosystems. The
shortage of phosphate rock as a raw material for phosphatic fertilizer (PO, , or P), which is an essential
fertilizer in agriculture, will become increasingly serious in the coming decades. On the other hand,
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excess application of P (phosphate) in crop fields is polluting freshwater rivers and lakes, causing
eutrophication (Sharpley et al., 2003).

Issues concerning society and economics include an insufficient supply of nutritious, safe and tasty
food, social welfare for building mutually supporting communities, therapeutic space and activities,
and systems for education, lifelong self-learning, and human resource development.

The so-called “food deserts” is another related issue that has recently emerged, in which people
have no access to fresh vegetables and fruits. Instead, they purchase various processed foods laden with
sugar and fat at the local convenience store. Fresh foods produced in urban or suburban areas are trans-
ported to food processing factories far from the production site, and some of the processed foods are
transported back to the production site. Thus, people living in the production area miss the chance to
enjoy fresh and healthy vegetables and fruits, while significant resources are used for food processing
and transportation.

Despommier (2010) proposed the concept of “vertical farming” to solve the four interrelated global
issues, which has had a strong impact on scientists, engineers, policy makers, and architects. Allen
(2012) proposed the “good food revolution” for growing healthy food and benefiting people and com-
munities, and started a social business aiming at local production for local consumption of
agricultural foods.

Plant Factory: An indoor Vertical Farming System for Efficient Quality Food Production describes
the technical, engineering, and scientific aspects of “vertical farming” and “local production for local
consumption” with special emphasis on PFAL, an emerging concept and technology.

RESOURCE INFLOW AND WASTE OUTFLOW IN URBAN AREAS

Huge amounts of resources are brought into urban areas, and huge amounts of waste are also produced
in urban areas. The waste is processed and produced in both urban and suburban areas (Figure 2.3). The
resources include food, water, fossil fuel, electricity, various products, raw materials for industries, and

Resource Inflows Waste outflows

l
Fossil fuel
Electricity

Raw materials 83, 831\ "Paper
%6

Food

processing,
cooking,

Business
space

Factory | Amenity
space | space

ege. garbage
Organic waste

Vehicles/Personnel

| Essential resources for plant growth |

Plastics, etc.

FIGURE 2.3

Resource inflow and waste outflow in urban areas. Most waste produced in urban areas is an essential resource for
plant growth by photosynthesis (see also Figure 2.6).
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vehicles. Additionally, large amounts of oxygen gas in the atmosphere are absorbed by humans,
animals, microorganisms, and chemical reactions in factories. The waste includes heat, CO,, wastewa-
ter, food garbage, grass clippings, pruned plant branches produced in parks, streets, and houses, organic
solid waste, and inorganic solid waste (plastics, paper, metal, glass, and so forth).

Food is roughly grouped into plant-derived food, animal meat, fish, and mushrooms. It can also be
classified into fresh (or raw), frozen, dried, and processed food. Plant-derived food can be classified
into functional food (from specialty crops such as vegetables, edible herbs, fruits, and mushrooms),
staple food (from commodity crops such as wheat, potatoes, rice, and corn) and confectionary (such
as potato chips, cookies, and pies) (Figure 2.4). Crops that can be economically and commercially
grown for sale in urban areas are basically the ones used for fresh functional food.

Fresh food with a water content of 90-95% is heavy and perishable unless cooled or frozen and
carefully packaged. In cases where fresh food is transported into urban areas from remote areas by
ordinary and small commercial trucks, the CO, emission intensity for transportation is, respectively,
0.8 kg and 1.9 kg-CO,/ton/km (Ohyama et al., 2008). The food in a supermarket in the USA travels
about 2000 km on average between its production and consumption sites (Smit and Nasr, 1992). Ad-
ditional CO, is emitted when the food is cooled during transportation. Thus, transporting perishable
fresh food over a long distance to urban areas is resource consuming and environment polluting
(Figure 2.5). On the other hand, if fresh food is not cooled and/or not carefully packaged during
long-distance transportation, much of it is lost. Thus, reduction in food mileage or “local production
for local consumption” is particularly important in the case of fresh food.

Food garbage and wastewater produced in urban areas must be processed before it is returned
to nature or recycled. Considerable amounts of fossil fuel and/or electricity are consumed for this pro-
cessing. Thus, reducing the resource inflow reduces the waste outflow and CO, emissions in urban
areas. In other words, the “throughput” of resources in urban areas needs to be reduced (Smit and
Nasr, 1992). This can be achieved by changing the current “consume-dispose open loops” into new
“consume-process-/recycle/reuse-produce closed loops” with respect to resource input (Figure 2.6).
The same concept can be applied to plant production systems, namely, changing from “open plant pro-
duction systems” to “closed plant production systems,” which are described in Chapter 4.

FIGURE 2.4
Classification of plant-derived foods.
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Transporting perishable fresh foods over a long distance to urban areas is resource consuming and environment
polluting. Furthermore, additional resources are consumed to process the food garbage.

FIGURE 2.6
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Open and closed urban areas with respect to resource input.

ENERGY AND MATERIAL BALANCE IN URBAN ECOSYSTEMS
PHOTOAUTOTROPHS (PLANTS) AND HETEROTROPHS (ANIMALS AND

MICROORGANISMS)

Plants with green-colored leaves containing chlorophyll require only light, CO,, water, and inorganic
or mineral elements to produce carbohydrates (primary metabolites) for photosynthesis (Figure 2.7),
and are called “photoautotrophs.” Photoautotrophs synthesize organic compounds such as amino acids,
vitamins, proteins, and lipids required for growth and development, using the carbohydrates, minerals,
and water absorbed from the roots. Namely, plants do not need organic nutrient elements for their
growth, although the plant roots may uptake very small amounts (less than 0.1% of the uptake of in-
organic elements) of amino acids, glucose, and others that are present in the soil around the roots.
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FIGURE 2.7

Essential resources (left) for growing green-colored plants through photosynthesis, and products obtained from plant
production system (right).

FIGURE 2.8

Animals and microorganisms need plants or plant-derived food for growth. So do humans. On the other hand, plants
need light, CO,, water, and mineral elements only to grow (see also Figure 2.6).

On the other hand, animals and microorganisms require organic elements as essential food for growth,
and are called “heterotrophs.” Some heterotrophs must take in certain kinds of inorganic elements such as
salts, in addition to organic elements. Some heterotrophs (herbivorous) eat plants as food, while others
(carnivorous) eat meat. The rest eat both plants and meat, and/or microorganisms. These nutritional re-
lationships among plants, animals, and microorganisms are often presented as the “food chain pyramid”
(Figure 2.8). In this pyramid, CO, and O, have a complementary relationship. Namely, photoautotrophs
take in CO, and produce O,, while heterotrophs take in O, and produce CO, (Figure 2.9).

WASTE PRODUCED IN URBAN AREAS AS AN ESSENTIAL RESOURCE
FOR GROWING PLANTS

The waste produced in urban areas and fish/mushroom culture systems can be used as an essential re-
source, after proper processing, for growing plants in urban areas (Figure 2.10). Figure 2.10 shows an
example of the waste recycle/reuse-bioproduction closed system shown in Figure 2.6. Technologies
have already been developed for the purification of wastewater, production of compost and fertilizer
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FIGURE 2.9
Complementarity of CO, and O, flows in urban ecosystems.

FIGURE 2.10

Waste produced in urban areas and fish/mushroom culture systems can be used as essential resources in plant
production systems.

from food garbage and fish/mushroom waste, and collection and distribution of heat energy using heat
pumps and/or heat exchangers. It is not difficult to transport CO»-enriched air produced in offices and
factories to nearby plant production systems.

The introduction of various kinds of plant production systems for efficient use of urban waste in-
volves various challenges. By using the waste as an essential resource for plant production, the cost of
waste processing and of production and transportation of fresh foods can be reduced. Moreover, recy-
cling water, CO,, heat, food garbage, and other substances in urban areas will enhance the sustainabil-
ity of food, the environment, society, and resources.

PLANT PRODUCTION SYSTEMS INTEGRATED WITH OTHER BIOLOGICAL SYSTEMS

Plant production systems for fresh foods can be roughly classified into open fields, greenhouses with or
without environmental control units, and indoor systems (Figure 2.11). Some are used for commercial
production and others are used for personal, family, and group member activities.

These plant production systems can be integrated with other biological systems (Figure 2.12). An
example of the material and energy flow in those biological systems is shown in Figure 2.13. By such
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FIGURE 2.11

Types of plant production systems. PFAL denotes “plant factory with artificial lighting,” and is precisely defined in
Section 2.3.7 of this chapter.

FIGURE 2.12

Various biological systems that can be integrated with different plant production systems for reusing waste as a
resource in urban areas.

integration, the amount of waste and environmental pollutants can be further reduced. The amount of
resources transported from outside urban areas for producing fresh foods and for processing the waste
can also be reduced.

Given that the average daily vegetable consumption is about 300 g per person in many countries
(FAOSTAT, http://faostat.fac.org/, 2009), about 1 million tons (¥40.3kg (fresh weight)/day/
person 10 million persons 365 days) of vegetables are consumed per year in a city with a population
of 10 million. It is estimated that around 25% of the vegetables purchased in urban areas goes directly
into the garbage.

If a significant percentage of the vegetables were to be produced locally, job opportunities would be
created and/or citizens could enjoy growing plants and other living organisms such as fish and mush-
rooms near their residence. Fresh food production in urban areas for local consumption minimizes the
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FIGURE 2.13
Material and energy conversion and recycling in urban agriculture.

food mileage and the loss of fresh food during transportation, and enhances communication among
residents. Furthermore, people would understand and experience the principles of circulation of ma-
terials and energy in ecosystems. In this way, the four global issues concerning food, the environment,
society, and resources can be concurrently solved step by step.

ROLE OF ORGANIC FERTILIZERS AND MICROORGANISMS IN THE SOIL

Food garbage, plant residue, fish/animal waste, and other biological waste can be converted to compost
or organic fertilizer, or bioenergy (methane gas) for generating electricity. In the future, a system will
be developed to extract valuable substances from such waste.

In soil culture in greenhouses and open fields (farmers’ fields, community gardens, city farms, and
backyard gardens), soil fertility is essential to stabilize the root zone environment and to improve the
yield and quality of crops. In general, the application of organic fertilizer improves the soil fertility,
which can be expressed and evaluated by the chemical, physical, and biological properties of the soil.

The role of organic fertilizer in plant production is indirect. Organic fertilizer is an essential element
for the growth of microorganisms in the soil, and is decomposed into inorganic fertilizer as the micro-
organisms grow. The rate of decomposition of organic fertilizer into inorganic fertilizer is strongly af-
fected by the soil temperature, water content, and pH (degree of acidity) as well as the characteristics of
the microorganism ecosystem. This is why the effects of organic fertilizer on the yield and quality may
vary. It can take considerable time for organic fertilizer to become effective in the soil and to make the
soil fertile with a high degree of stability. In any case, it should be noted that plant roots uptake the
inorganic fertilizer, not the organic fertilizer (Figure 2.14).
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FIGURE 2.14

Organic fertilizer is decomposed into inorganic fertilizer by microorganisms, and plants uptake inorganic
fertilizer mostly, not organic fertilizer. Activities of microorganisms are strongly affected by temperature, moisture,
oxygen, pH, and other factors.

Aquaponics, a combination of hydroponics and aqua (fish) culture, is becoming popular in the USA.
In aquaponics, fish waste is decomposed into inorganic fertilizer with the presence of microorganisms
(see Figures 5.11 and 5.12 in Chapter 5). An indoor aquaponics farm with a floor area of 8100 m? has
been commercially operating since March 2013 by FarmedHere (http://farmedhere.com/) in the
Greater Chicago area, USA.

STABILITY AND CONTROLLABILITY OF THE ENVIRONMENT IN PLANT PRODUCTION
SYSTEMS

Plant production systems can be characterized by their natural and artificial stability, and natural and
artificial controllability (control ability) (Table 2.1). Different plant production systems differing in
stability and control ability are needed to maintain the overall sustainability of society under changing
climate and social conditions. The plant production system to be chosen depends on its purpose under
the given social, environmental, economic, and resource conditions.

In open fields, keeping the soil (root zone) environment naturally stable is of primary importance,
because this stability compensates for the low natural and artificial controllability of the aerial envi-
ronment (weather). The application of organic fertilizer generally enhances the root zone stability with
a high buffering function with respect to water content, air porosity, pH, and temperature of the soil, and
high population density and diversity of microorganisms (not all kinds of microorganisms are benefi-
cial for plant growth, so it is important to keep the beneficial microorganisms dominant in the soil).

Indoor plant production systems can generally be characterized by their high artificial controllabil-
ity of both the aerial and root zone environment, or low natural stability and low natural controllability
of both the aerial and root zone environment. To keep the artificial stability and controllability at a high
level, an intelligent environment controller is necessary to minimize the resource consumption and en-
vironmental pollution.
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Table 2.1 Classification of Four Types of Plant Production Systems by Their Relative Stability
and Controllability, and Other Factors
Greenhouses

Open Soil Indoor
Stability and Controllability Fields Culture Hydroponics® Systems®
Natural stability of aerial zone Very low Low Low Low
Atrtificial controllability of aerial zone Very low Medium Medium Very high
Natural stability of root zone High High Low Low
Artificial controllability of root zone Low Low High High
Vulnerability of yield and quality High Medium Relatively low Low
Initial investment per unit land area Low Medium Relatively high Extremely high
Yield Low Medium Relatively high Extremely high
#High/low evaluation is valid only when the manager’s skills are fairly high.

Greenhouses show intermediate stability and controllability between open fields and indoor sys-
tems. Soil culture has a higher natural stability than hydroponic culture with respect to the root zone
environment. On the other hand, the soil in urban areas is often contaminated with heavy metals, ag-
rochemicals, and other toxic substances (Garnett, 2001). This problem can be avoided by using a hy-
droponic greenhouse where the culture beds (root zone) are isolated from the soil.

Salt accumulates on the soil surface in the greenhouse due to excessive application of chemical
fertilizer and/or livestock manure for many years, reducing crop yield. This reduction in yield can also
be avoided by using the hydroponic culture system.

The high cost of greenhouse heating is a major factor in greenhouse crop production in winter.
However, in urban areas, waste heat from industrial factories and offices can be used as a heat source
for heating (Figures 2.3 and 2.13). In a case where the heat source temperature is too low (10-20°C) but
the amount is abundant, heat pumps can be efficiently used to raise the waste heat temperature up to 40—
60°C for heating.

KEY INDICES FOR SUSTAINABLE FOOD PRODUCTION

There are three key indices for evaluating the sustainability of fresh food production systems: (1) resource
use efficiency (RUE, the ratio of resource amount fixed by produce to resource input); (2) cost perfor-
mance (CP, ratio of sales amount to production cost); and (3) vulnerability (V) or yearly deviation of yield
and unit value (quality) (Figure 2.15 and Chapter 4). Resource input at the system construction stage can
be included, if needed, by LCA (life cycle assessment, Chapter 24). In the design and operation of a fresh
food production system, its sustainability should be primarily evaluated by these indices.

WHAT IS “PFAL"?

Definition. Indoor plant production systems can be divided into two types in terms of light source:
(2) artificial light only and (2) artificial light and (supplemental) solar light. In this book, the former
is further divided into two groups. One is PFALSs used mostly for commercial production, consisting
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FIGURE 2.15

Scheme showing the (yield unit value) and its vulnerability as affected by the amount of resource input.
Increases in initial and operation resource input are justified only when the gradient of curve (both RUE and CP) increases
and V decreases. RUE: resource use efficiency, CP: cost performance, and V: vulnerability of (yield unit value).

of the essential components listed in Table 2.2. The other is the ventilated PFALs and m-PFALs
(mini- and micro-PFAL, Chapter 5) used mostly for other than commercial production.

PFALSs aim to grow high-value produce (product of the yield and unit value or quality) with max-
imum RUE and CP, minimum vulnerability of yield and quality of produce, and minimum emission of
environmental pollutants. However, PFALS are an emerging and thus technically immature production
system, so their commercial application is still very limited.

On the other hand, PFALSs have the potential for achieving high RUE, CP, and V and will play an
important role in urban areas in the coming decades. This book primarily focuses on PFAL, except for
the m-PFAL in Chapter 5 and the rooftop plant production system in Chapter 6.

Scientific benefits of PFALSs. Growers can gain the experience of field crop cultivation once or twice
a year under changing weather and climate. As for greenhouse cultivation of fruit vegetables, the ex-
perience can be acquired one to four times a year in most cases under a controlled environment,

Table 2.2 Essential Components of a PFAL as Defined in this Book
No. Essential Component of PFAL

Airtight (no. of air exchanges is lower than 0.015h 1)

Thermally well-insulated roof and wall (heat transmission coefficient is lower than 0.15 W/m?/C)
Air shower or hot water shower at the culture and operation rooms

Multitiers with lighting system and hydroponic culture beds

Air conditioners mainly for cooling (dehumidification at the same time) and air circulation

CO, enrichment to keep its concentration at around 1000 ppm

Floor covered with epoxy resin sheet for keeping it clean

Collection and reuse system of water condensed at cooling panel (evaporator) of air conditioners
Circulation and sterilization system for nutrient solution supply

0 ~N o o1 WN -

©

Other indoor plant production systems with artificial lighting only are called “0-PFAL (open-PFAL)” or “m-PFAL (mini- or micro-
PFAL)” in this book.




GROWING SOCIAL NEEDS AND INTEREST IN PFALs 19

although the cultivation know-how depends on the season and the presence of diseases often caused by
pest insects.

In the case of PFAL cultivation of leafy greens or other herbaceous plants, growers can experience
seedling production and cultivation of seedlings until harvesting 10-20 times a year under precisely
controlled environments. Thus, experience and know-how about PFAL cultivation can be accumulated
much faster than for open field and greenhouse cultivation.

During PFAL cultivation, growers can conduct a simple experiment by changing only one factor—
for example, the light source, cultivar, or nutrient composition; other factors remain unchanged. This
enables the growers to understand the cause-effect relationship easily (see Chapter 22). Also, the results
of PFAL experiments are not affected by the weather, so PFAL experiments are more reproducible than
open field and greenhouse experiments. If researchers conduct an experiment using part of a full culture
system, there is a high probability that the results can be reproduced in a full-scale culture system. The
PFAL manager can also collaborate with researchers at universities or other organizations easily. This
is a major benefit of PFALS.

PLANTS SUITED AND UNSUITED TO PFALs

Plants suited to PFALs for commercial production have the following characteristics: (1) short in
height (about 30 cm or less) to be adapted to multitier cultivation racks with a vertical distance between
the culture beds of 40-50 cm; (2) fast growing (harvestable 10-30 days after transplanting); (3) grow-
ing well under low light intensity and at high planting density; (4) high-value product if fresh, clean,
tasty, nutritious, and pesticide-free; (5) the product value can be effectively improved by environmental
control; (6) about 85% in fresh weight of the plant can be sold as produce (e.qg., root weight ratio of leaf
lettuce should be lower than 10-15%) (Figure 2.16); and (7) any kind of transplant (Chapter 19).

Plants suited to greenhouses using sunlight rather than PFALs for improved quality and yield in-
clude: (1) fruit-vegetables such as tomatoes, green peppers, and cucumbers that contain large amounts
of functional components; (2) berries such as strawberries and blueberries; (3) high-end flowers such as
Phalaenopsis, dwarf loquats; (4) mangoes and grapes, etc. for growing in containers with trickle irri-
gation; and (5) nonwoody or annual medicinal plants such as Angelica, medicinal dwarf Dendrobium,
Asian ginseng, saffron, and Swertia japonica.

Plants that are not suitable to PFAL production are staple crops used primarily as a source of cal-
ories (carbohydrates, protein, and fats) for people and livestock, such as rice, wheat, corn, and potatoes,
plants such as sugarcane and rapeseed used primarily as a fuel (energy) source, larger fruit trees, and
trees used for timber such as cedar and pine, and others including daikon, burdock, and lotus. These
plants require large areas for growth and have a harvest cycle of several months to ten or more years, but
they have a low ratio of value (price) to mass.

GROWING SOCIAL NEEDS AND INTEREST IN PFALs

While PFALSs are currently limited primarily to the production of leafy vegetables, they are expected to
help alleviate the following social concerns and demands (Kozai, 2013c):
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FIGURE 2.16

Percentage of fresh weight of salable portion to the total plant weight should be 85% or higher to minimize the
electricity consumption per kilogram of the salable portion.

(1) Concerns over the safety, security, consistency of supply, and price stability of fresh vegetables,
particularly the rising demand for purchasing consistency in the catering (restaurants, etc.) and
home-meal replacement industries (prepared food and bento retailers) for the elderly and people
living alone;

(2) Demand for highly functional fresh vegetables and medicinal plants arising from concerns about
health and improved quality of life;

(3) Demand for consistent all-year-round production of fresh salad vegetables in cold, hot, and arid
regions;

(4) Demand for greater local self-sufficiency of fresh vegetables to increase employment opportunities
for the aged, disabled, and unemployed (PFALSs provide a safe and pleasant work environment and
enable year-round employment);

(5) Demand for changes in lifestyle and social population structure in conjunction with convenience
stores, supermarkets, restaurants, hospitals, and social welfare facilities, apartment flats, and
so forth.;

(6) Demand for new business development in the electrical, information, construction, health care, and
food industries;

(7) Demand for efficient use of vacant land, unused storage spaces, shaded areas, rooftops, and
basements in urban areas (Hui, 2011);

(8) Demand for high-quality transplants for use in horticulture, agriculture, reforestation, landscaping,
and desert rehabilitation; and

(9) Demand for water-saving culture systems in regions with insufficient or saline irrigation water and
urban areas (PFALSs require only around a fiftieth of the irrigation water required by greenhouses
(Kozai, 2013h)).

Recent technical advances have helped to start the PFAL business, which include improvement of elec-
tric energy efficiency, cost performance of lighting, air conditioning, and small information control
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FIGURE 2.17

Example of an ongoing project on urban agriculture development in Kashiwa, Japan, located 30 min by train from
central Tokyo.

systems with cloud computing, thermal insulation, electrical energy storage, and generation using nat-
ural energy such as solar light, wind, biomass, and geothermal energy (Komiyama, 2014).

Considering the social concerns and demands described here, a social experiment on the introduc-
tion of PFALSs as part of urban agriculture is underway in accordance with the Smart City Project in
Kashiwa-no-ha district, Kashiwa, Chiba, Japan (Figure 2.17). This city has been built since 2003 to be a
sustainable city.

CRITICISMS OF PFALs AND RESPONSES TO THEM

Community interest in PFALS has grown in recent years as described previously. On the other hand,
PFALSs have also attracted considerable criticism and concern. We should accept and analyze the crit-
icism earnestly, study the issues from all sides and search for solutions. When criticisms are based on
misunderstandings and immature technology, we should clearly explain the true situation based on the
facts, and should also improve the technology.

Some typical criticisms of PFALs and urban agriculture (Garnett, 2001; Martin, 2013) are discussed
in this section. The numerical data given in the following sections is representative of the PFALS in
Japan as of 2014.
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INITIAL COST IS TOO HIGH

In 2014, the initial cost of a PFAL building with all the necessary facilities including 15 tiers with a
vertical distance between the tiers of 50 cm was about US$4000/m? (land area, one US$%2120 yen) in
Japan. This initial cost is about 15 times that of a greenhouse with heaters, ventilators, thermal screens,
and other equipment. The wholesale price of leaf lettuce in 2014 was about US$0.7-0.8 per head in
Japan, so its maximum annual sales/m? is US$2100-2400 (3000 0.7-0.8)/m? compared with
the initial cost of US$4000/m?.

On the other hand, annual productivity/m? (land area) of an existing PFAL was about 3000 leaf
lettuce heads/m?/year (80-100 g fresh weight per head) compared to that of open fields (32
(v416 2 harvests) heads/m?/year). This productivity of PFALS is about 100 times that of the open field
and about 15 times that of the greenhouse (200 heads/m?/year).

Thus, the initial cost per unit production capacity of the PFAL is more or less the same as that of the
greenhouse, although this estimation is rough and varies with many factors. It is difficult to compare the
initial cost of the PFAL with that of open fields, which is highly variable. Also, the size and weight of
field-grown leaf lettuce heads are often two to three times larger than PFAL-grown ones. On the other
hand, the retail prices of field- and PFAL-grown lettuces do not differ significantly in Japan, regardless
of the large difference in weight between the two.

The annual PFAL production capacity given above can be calculated as follows: 20 plants/m? (cul-
ture bed area) 15 tiers 20 harvests/year) 0.9 (ratio of salable plants to transplanted plants) 0.5
(effective floor ratio of tiers to the total floor area). The other 50% of the floor area is used for the
operations room, walkway, seedling production, and equipment. The number of days from transplant-
ing to harvest (80-100 g/aerial part of plant) is 12-15, and from seeding to seedlings ready for trans-
planting is 20-22.

This annual productivity of PFALs will be improved based on “kaizen” and the PDCA (plan-do-
check-action) cycle (Chapter 22) by around 20% within 5-10 years based on the improvements of en-
vironment control, cultivar suited to PFAL, layout of tiers, and culture methods. The initial cost of
PFALs is expected to continue decreasing by a few percent every year in Japan.

PRODUCTION COST IS TOO HIGH

The component costs for electricity, labor, depreciation, and others in Japan account for, on average,
25-30%, 25-30%, 25-35%, and 20%, respectively. The economic life period for calculating the de-
preciation differs from country to country. In Japan, it is 15 years for the PFAL building, 10 years for
the facilities and 5 years for the LED lamps.

Figure 2.18 shows an example of the production cost by components of a PFAL with daily produc-
tion capacity of about 7000 leaf lettuce heads (80 g fresh weight/head) (Ohyama, 2015). Electricity,
labor, and depreciation are the three major components of the production cost. This PFAL is located
in a local city far from any large cities, so the packing and delivery costs account for 12% of the
production cost. If the PFAL is located in or near a large city, the packing and delivery cost would
be 6-8%. Most routine manual operations in PFALS are conducted by part-time workers whose hourly
take-home pay is around US$7-10.

The wholesale price per head was 80-100 yen (US$0.67-0.83, one US$%2120 yen) and the retail
price was 150-200 yen (US$1.25-1.67) in Japan, while it was US$0.39-0.46 and 0.67-3.5, respec-
tively, in Taiwan (Chapter 3, Section 2).
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FIGURE 2.18

Production costs by components of a PFAL with a daily production capacity of about 7000 leaf lettuce heads
(80 g fresh weight/head).

Ohyama (2015).

The wholesale price of leaf lettuce and basil in Japan is, respectively, around US$8 and $23/kg. The
price of rocket (Eruca sativa), watercress, parsley, and low-potassium leaf lettuce (for patients with
kidney problems) is around US$35/kg. The wholesale price is about US$40/kg for coriander and about
US$70/kg for peppermint and spearmint.

It should be noted that, in Japan, the monthly basic charge for electricity is US$10-12/kW and the
consumption charge is US$0.10-0.12/kWh. Namely, the electricity price in Japan is one of the highest
in the world. The costs associated with construction, lighting, and culture tiers are also high in Japan
compared with those in many other countries.

In PFAL production cost management, weight percent of the edible or usable part to the total plant
weight is an important index for improving the CP (Figure 2.16). In PFAL, electric energy is converted
to light energy and further converted to chemical energy in plants. Thus, in the case of leafy greens
production, electric energy contained in the plant residue (roots and trimmed leaves) needs to be min-
imized. This is the opposite from the case of field cultivation—in general, the larger the roots, the better
the growth and quality (Figures 2.19 and 2.20).

On the other hand, the roots are indispensable for the intake of water, inorganic fertilizer, and
oxygen to support and grow the aerial part. Controlling the root weight to a minimum but not restricting
the growth of the aerial part is a key cultivation technique in PFAL production cost management.

ELECTRICITY COST IS TOO HIGH, WHEREAS SOLAR LIGHT IS FREE

Electricity cost accounts for 25-30% of the total production cost (Figure 2.18). The electricity
consumption of produce per kilogram can be reduced by 20-30% relatively easily, and by 50-80%
theoretically. Figure 2.21 shows the energy conversion process in a culture room of a modern
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FIGURE 2.19

Left: Crisp head lettuce plant grown in a PFAL and harvested before head formation at a fresh weight of about
130 g. Ninety-two percent of the total weight is salable. Right: Crisp head lettuce plant grown in the open field
and harvested after head formation at a fresh weight of 500 g. Only 40% of the total weight is salable.

FIGURE 2.20

Left: Chinese cabbage grown in a PFAL and harvested before head formation at a total weight of 250 g for a fire-pot
meal. Right: Chinese cabbage grown and harvested in the open field after head formation at a total weight of 5 kg.

energy-efficient PFAL. The electrical energy fixed in the salable part of plants as chemical energy is 1—
2% at the highest, and less than 1% in most conventional PFALs. The remaining (98-99%) electric
energy is converted into heat energy in the culture room (this is why the heating cost of a thermally
well-insulated PFAL even on a very cold winter night ( 40°C) is 0).

The electricity cost can be reduced by: (1) using advanced LEDs to improve the conversion factor
from electric to light energy; (2) improving the lighting system with well-designed reflectors to in-
crease the ratio of light energy emitted by lamps to that absorbed by plant leaves; (3) improving
the light quality to enhance growth and the quality of plants; (4) optimally controlling temperature,
CO, concentration, nutrient solution, humidity, and other factors; and (5) increasing the percentage
salable part of plants by the improvement of culture method and selection of cultivars. Once solar light
is partially used, all the controllable factors in PFALSs become unstable and unpredictable, so this is not
a wise choice.
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FIGURE 2.21

Energy conversion process in current representative PFALs. The value at each step indicates the percentage of
the electrical energy consumed. The electrical energy not converted to chemical energy becomes heat energy.
[This is why the heating cost of a thermally well-insulated PFAL is 0 even on very cold winter nights ( 40°C)].

LABOR COST IS TOO HIGH

Labor cost accounts for 25-30% of the total production cost in a PFAL, because most PFALS are small-
scale, and most handling operations are conducted manually. Itis estimated thata 15-tier PFAL with a floor
areaof 1 haneeds more than 300 full-time employees, if most handling operations are conducted manually.
In this sense, even small-scale PFALS create a significant number of job opportunities and promote local
industries. Most manual operations are safe and light work performed under comfortable environmental
conditions, and are suited to all persons regardless of age, gender, and whether handicapped or not.

On the other hand, in the Netherlands, most handling operations in a greenhouse complex with a
floor area of 10 ha or more for production of leafy greens, bedding plants, and transplants are auto-
mated, and so need only several employees per ha. Unfortunately, however, those automatic handling
systems are too large to be installed in current PFALS.

In recent PFALs with a production capacity of over 10,000 leafy green heads, automation of han-
dling operations is becoming essential to reduce the production cost and to collect and analyze various
data automatically. The data includes the environment, plant growth, transplanting, harvesting, re-
source consumption and the costs, shipping, and sales. PFALSs are being automated by using advanced
robotic technologies including remote sensing, image processing, intelligent robot hands, cloud com-
puting, big data analysis, and 3-D modeling.

PFAL-GROWN VEGETABLES ARE NEITHER TASTY NOR NUTRITIOUS

Taste and nutrition of fresh vegetables are affected by the genetic properties of plants, time courses of
physical, chemical, and biological environments encountered by plants, culture systems and methods,
and postharvest treatment. It should be theoretically easier to control the taste and nutrition of PFAL-
grown vegetables.
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FIGURE 2.22
Factors affecting the quality and economic value of vegetables.

In reality, however, the cause-effect relationship between the environment and taste/nutrition in a
PFAL for a particular vegetable is still unclear, so PFAL managers do not know exactly how they
should control the environment to improve the taste, nutrition, and growth of plants; the environmental
control of PFALs is still at the trial and error stage. This is the main reason why the taste and nutrition of
PFAL-grown vegetables are sometimes unstable.

On the other hand, an increasing number of researchers at universities and public institutions as well
as private companies are accumulating experimental results and know-how on the cause-effect rela-
tionships to improve the taste and nutrition of PFAL-grown vegetables and medicinal herbs by envi-
ronmental control. Once the cause-effect relationships are revealed, PFALS can reproduce the tasty and
nutritious vegetables all year round regardless of the weather. In terms of knowledge and experience of
plant production using PFALSs, research toward commercialization is still at the initial stage.

One advantage for PFAL researchers is that they can obtain clear cause-effect relationships with
less research funds, time, and manpower. It takes time to identify the cause-effect relationships regard-
ing the environment and the taste/nutrition of field-grown vegetables under uncontrollable weather and
seasonal changes, even when the cultivar, cultivation system, and postharvest treatment are the same.

The quality and economic value of the vegetables are influenced not only by the taste and nutrition,
but also by their safety, which needs to be guaranteed through traceability (Figure 2.22). The traceabil-
ity of PFAL-grown vegetables is almost 100% and can mostly be done automatically.

Another issue is that taste and preferences are affected by many factors including social and family
cultures, personal history, health conditions, and brand image. Thus, it is natural that many people pre-
fer field-grown vegetables to PFAL-grown vegetables.

MOST PFALs ARE NOT MAKING A PROFIT

According to a survey in February 2014 by the Ministry of Agriculture, Forestry, and Fishery of Japan,
among 165 PFALs, only 25% made a profit, 50% broke even, and 25% lost money.

Visits to the PFALSs that were losing money revealed that the PFAL managers did not know that
plants need CO, for photosynthesis and they were not aware of the necessity of CO, enrichment in
an airtight PFAL. This lack of knowledge is not surprising because farmers never supply CO, gas
to their fields and only a limited number of growers supply CO, gas in their greenhouses by opening
the ventilators. These findings suggest the importance of human resource development and training for
PFAL managers to improve their skills.
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In order to make a profit, over 90% of PFAL-grown vegetables must be sold at a reasonable price. In
reality, however, the production of vegetables is too poor to do so at the PFALS that are losing money.
Also, in order to sell all the produce, a “market-in” strategy is more important than a “product-out”
strategy. In other words, there is still considerable room for improving the production cost, productiv-
ity, and sales strategy.

LAND PRICE IS TOO HIGH

The price of land is generally very high in urban areas, while PFALS can be built with little disadvan-
tage in shaded, nonfertile soil and idle land areas. They can be built with little difficulty in empty build-
ings, office rooms, and industrial factories. PFALS need around 1% and 10% of the land area compared
with open fields and greenhouses, respectively, for obtaining the same number of leaf lettuce heads and
other leafy greens.

WATER CONSUMPTION FOR IRRIGATION IS TOO HIGH

As described in detail in Chapter 4, the net water consumption for irrigation in a PFAL is about 2% of
that of a greenhouse, because about 95% of the transpired water vapor from plant leaves is condensed as
liquid water at the cooling coil panel (evaporator) of the air conditioners, which is collected and
returned to the nutrient solution tank after sterilization.

Drained nutrient solution from the culture beds is also returned to the nutrient solution tank after
sterilization. Thus, the amount of water to be added to the tank is almost equal to the amount of water
kept or held in harvested plants and the amount that escaped outside as water vapor through air gaps.
Similarly, the amount of nutrients to be added is almost equal to the amount of nutrients absorbed by
harvested plants. Thus, the efficiency of water and nutrient use is over 0.95 and 0.90, respectively, in
most cases.

In addition, there is no need to wash the PFAL-grown vegetables before eating, because they are
free of pesticides, insects, and foreign substances, so a considerable amount of water can be saved com-
pared with greenhouse- and field-grown vegetables, which must be washed with tap water, electrolyzed
water, and/or hypochlorite-added water. Furthermore, since PFAL-grown vegetables are packed in
plastic or paper bags immediately after harvest, the loss of vegetables due to water loss and bacteria
growth is minimized. Overall, the total water consumption for irrigation and washing of PFAL-grown
vegetables can be reduced by 99% compared with that of greenhouse-grown vegetables.

PFALs CAN ONLY PRODUCE LEAFY GREENS—MINOR VEGETABLES—ECONOMICALLY

Currently, most PFALSs only produce leafy greens including herbs (Figure 2.23), because they are easy
to grow and there is strong demand for PFAL-grown leafy greens. Approximately 50,000 leaf lettuce
heads are produced daily in PFALs (18 million heads/year) in Japan as of 2014, which is only 1% of the
field-grown leaf lettuce consumption. Commercial production of spinach in PFALS for fresh salads is
currently almost 0 but will increase within several years. Thus, the total production of leafy greens in
PFALs is expected to increase sharply as the cost of production falls.

Small rooted vegetables and medicinal plants have recently started trial production. Examples are
turnips, carrots, miniradishes, Panax ginseng, and Angelica acutiloba (Figure 2.24). They are all 30 cm
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FIGURE 2.23
Leafy vegetables/herbs commonly produced in PFALSs.

FIGURE 2.24

Small root vegetables and medicinal plants being produced in modern PFALS. Both shoots with leaves and roots are
edible, tasty, and nutritious.

in plant height and both the shoots with unfolded leaves and the roots are edible or salable. These plants
can be harvested within several weeks after seeding or a few weeks after transplanting. At this growth
stage, the shoots are soft and tasty and make a nice side dish to the main course. These kinds of small
roots with shoots cannot be produced in open fields, thus eliminating competition with field-grown
vegetables.

Tuberous root vegetables generally grow faster than leafy vegetables under optimal environmental
conditions, especially at high CO, concentration. This is because the carbohydrates (called “source”
produced in the leaves by photosynthesis can be efficiently moved through sieve tubes in the stem
(translocation) into the tuberous roots (called “sink™). Photosynthesis is enhanced as the amount of
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Table 2.3 Range of Uses of PFAL-Grown Plants in the Coming Decades
No. Expected Uses

(Fresh salads and cut (sliced) vegetables)

Frozen vegetables and dried vegetables

Paste, sauce, soft drink, drink additives, jam, and juice
Pickles, salted vegetables, and kimchi (Korean pickles)
Vegetables for fire-pot meal, fried and soup vegetable dish
Cosmetics, dyes, aromatics, and spices

Medicinal plants for herbal medicine and supplements
Functional foods and pharmaceuticals (e.g., vaccine)
Transplants of all kinds, mother plants for propagation
Strawberry, blueberry, raspberry, and blackberry
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carbohydrates in the leaves (source tank) tends to be 0 due to the enhanced translocation to the
tuberous roots.

If PFAL-grown vegetables are used commercially not only for fresh salads but also as raw materials
as shown in Table 2.3, their market size would increase dramatically, creating “a new branch of urban
agriculture” or “a new field of food industries.” If the PFAL is well designed and well managed: (1) the
production cost per kilogram can be reduced by 20-50%; (2) the economic value per kilogram can be
increased by 10-50%; and (3) the initial cost can be easily reduced by 20-40%.

If we could achieve these targets, PFALs could be used at any local and/or rural area to grow high-
value crops for processed food materials. The harvested plants would be dried (after boiling), powdered
in some cases, and stored there for 1-6 months. Then, they would be taken to a food factory for further
processing. In this way, PFALSs could be used in any area far from urban areas, where people living in
cold, hot, or dry areas could work inside the PFAL under comfortable conditions.

TOWARDS A SUSTAINABLE PFAL
REQUIREMENTS FOR A SUSTAINABLE PFAL

PFALs must be improved to build a sustainable plant production system. A systematic and scientific
methodology to realize sustainable PFALS is proposed in this book, although the methodology requires
continuous revision and refinement. For PFALSs to be sustainable, they must satisfy the following
requirements:

(1) They should make simultaneous and parallel contributions to solving global food, environment,
resource, and social issues;

(2) The entire plant supply chain from production to consumption should be resource saving and have
low CO, emissions. In particular, PFALs should dramatically cut the use of water and
petrochemicals by greatly reducing the direct use of oil-based products and completely eliminating
the use of pesticides and fossil fuels for heating even on very cold winter nights;
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(3) They should contribute to protecting the environment by minimizing the release of environmental
pollutants;

(4) They should maximize the use efficiency of resource investment (ratio of utility value or rate of
conversion of resources to products to the amount of resources committed) and maximize the
efficiency of using natural energy;

(5) They should increase the stability of the production system in the face of abnormal weather
patterns and the presence of contaminants, and deliver planned high quality and high yield all
year round,;

(6) The systems should be safe and pleasant for the operators and local residents, and contribute to
creating an industry in which environmental health and welfare can coexist;

(7) They should expand employment opportunities and give meaning to life for a broad range of
people, including the aged and disabled;

(8) The system as a whole, including its operators, should evolve appropriately with changes in the
natural environment and the diverse social environment; and

(9) They should facilitate international technology transfer through the development of standardized
systems.

The scientific and engineering aspects of PFALS are described in Chapter 4.

FACTORS AFFECTING THE SUSTAINABILITY OF PFALs

Positive aspects affecting the environmental, resource, social, and economic sustainability of PFALS as
well as issues to be solved to improve the sustainability of PFALSs are summarized in the following
sections.

Positive aspects affecting environmental, resource, social, and economic sustainability

A. Environmental and resource sustainability
(a) Reductions in: (1) water for irrigation; (2) water for washing products; (3) pesticide
application; (4) fertilizer leaching to drains; (5) unusable and/or unsalable parts of plants; and
(6) distance for food transportation.
(b) Promotion of recycling use of: (1) drained water and nutrient solution.
(c) Improvements in: (1) resource use efficiency (RUE).
B. Social sustainability
Increase in local employment.
C. Economic sustainability
(a) Increases in: (1) yield and quality of products and their vulnerability; (2) local fresh food
production and sales; (3) local food security and safety; (4) fresh leafy greens edible without
washing; and (5) longer shelf life.
(b) Reductions in: (1) land area per yield (more amenity space for exercise and recreation)
(Figure 2.25); (2) loss of produce; and (3) working hours for plant production per yield.

Factors to be solved to improve sustainability

a) Reductions in: (1) electricity consumption for production and product cooling and (2) materials and
energy consumption for building construction.
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FIGURE 2.25

Productivity of leafy greens using a PFAL is 100 times that of open fields which is more sustainable with respect to the
environment, resources, society, and economy: A or B?

b) Increases in: (1) recycling use of organic waste including plant residue for composting, biofuels,
and other purposes; (2) biodiversity around PFALS in urban areas; (3) amenity space around PFALS
for exercise and recreation; and (4) aesthetic value.

c) Promotion of: (1) active community participation; (2) social inclusion: providing fresh food to the
poor; (3) education; and (4) software development for design and production management.

SIMILARITIES BETWEEN THE EARTH, SPACE FARMS, AUTONOMOUS CITIES,
AND PFALs

In the design and operation of the PFAL with other biological systems toward a sustainable system, the
Earth and a virtual residence with space farms on the moon are good natural and artificial models, re-
spectively (Figure 2.26). Both are closed systems with respect to materials, while they are open systems
with respect to radiation energy—receiving solar (shortwave) radiation and emitting thermal (long-
wave) radiation. All of the systems require plant production systems with high yield and quality in
a limited space using minimum resources with minimum emission of environmental pollutants. Con-
trolling the balance of materials and energy flows within the system and between the system and its
environment is essential to create a sustainable system. There is an urgent need to minimize the con-
sumption of fossil fuels without reducing the yield and quality of crops both in soil and in PFALSs by
using natural energy more efficiently.
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FIGURE 2.26

The Earth and virtual residence with space farms on the moon are both closed systems with respect to materials
and are open systems with respect to radiation, receiving solar radiation, and emitting thermal radiation. They are
models of PFALs with other biological systems and autonomous (local production for local consumption) urban areas.
All the systems require plant production systems with high yield and quality in a limited space using minimum
resources and emitting minimum environmental pollutants to be sustainable. There is an urgent need to minimize
the consumption of fossil fuels without reducing the yield and quality of crops both in soil and in PFALSs by
using natural energy more efficiently.

CONCLUSION

This chapter discussed the reasons behind the increasing importance of fresh food production in urban
areas, and presented examples of how efficient production could be achieved. Firstly, resource inflow
and waste outflow in urban areas were shown. Then, it was pointed out that a large portion of urban
waste can be used as an essential resource for growing plants in urban ecosystems, thus significantly
reducing resource inflow and waste outflow. The criticisms that urban agriculture is not economically
viable and that PFALSs make heavy use of electricity, have high production costs, and are not financially
viable were also addressed. It was shown that PFALSs can produce value-added plants at high yield with
minimum resource consumption and environmental pollution, and can contribute to partially solving
several important issues occurring in urban areas by producing fresh foods using PFALSs in combination
with other biological systems.
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CHAPTER

PFAL BUSINESS AND R&D IN
THE WORLD: CURRENT STATUS
AND PERSPECTIVES

INTRODUCTION

This chapter describes the history, current status, and perspectives of plant factories with artificial lighting
(PFAL) in Japan, Taiwan, China, North America, and Europe (England and The Netherlands), including
research, development, and business. The governmental subsidy for PFAL research and development
(R&D) and business in Japan are introduced. Taiwanese companies have started to export and build
turn-key PFALSs abroad. The Chinese Academy of Agricultural Sciences started a national project on in-
telligent plant factory production technology in 2013 supported by the Ministry of Science and Technology,
and the project was joined by 15 universities, institutes, and private companies. In Korea, the Ministry of
Knowledge Economy (MKE) started a research project named “Development of major components for IT-
LED based plant factories” in 2009. The annual domestic market of the PFAL business in Korea is worth
nearly US$600 million. Inthe USA, several large-scale commercial facilities were recently built to produce
pharmaceutical protein products (antigens and antibodies). More recently, large commercial PFAL facil-
ities were built close to large cities such as Chicago. In The Netherlands, two relatively large PFALSs were
built in 2014 and 2015 for research and development by private companies, aiming to commercialize
PFALSs on a large scale. The perspectives of the PFAL business and R&D in the world are discussed.

JAPAN
Toyoki Kozai

Japan Plant Factory Association, c/o Center for Environment, Health and Field Sciences, Chiba Uni-
versity, Kashiwa, Chiba, Japan

The history and current status of the PFAL business as well as R&D in Japan are briefly described.
Then, the governmental subsidy for PFAL R&D and business, which was introduced in 2009, is
explained. Finally, recent public service activities for PFAL are outlined.

BRIEF HISTORY AND CURRENT STATUS OF PFAL BUSINESS

In Japan, the first commercial PFAL, Miura Nouen in Shizuoka Prefecture, was established in 1983.
This was followed in 1985 by a PFAL at a vegetable sales area in a shopping center in Chiba Prefecture.
By the mid-1990s, high-pressure sodium lamps were being used as the light sources. Since the surface
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temperature of the lamps is over 100 °C, the lamps must be located beyond 1 meter from the plant
community.

In the late 1990s, fluorescent lamps became preferred mainly due to their higher PAR (photosyn-
thetically active radiation; wavelength, 400-700 nm) output per watt. Then, PFALS consisting of multi-
tiers (4-15 racks) with a vertical separation of about 40 cm between tiers became available. PFALs
using LEDs as their light sources began to be commercialized in 2005 in Japan.

As of March 2014, the number of PFALSs used for commercial production was 165 and is estimated
to exceed 200 by the end of 2014 in Japan, and the number will continue to increase in 2015 and beyond.
There were 34 PFALs in March 2009, 64 in March 2011, 106 in March 2012, and 125 in March 2013. In
addition, closed plant production systems with artificial lighting (CPPS) units with a floor area of 16.2 m?
for transplant (seedlings and plantlets from cuttings) production were in commercial use in 2014 at
around 300 locations throughout Japan, and some in Australia and China (see Chapter 19, Section 1).

The largest PFAL with fluorescent lamps, which is operated by Spread Co., Ltd. in Kyoto, produces
23,000 leaf lettuce heads daily (see Chapter 26, Section 2). A PFAL with all LEDs producing 10,000
leaf lettuce heads daily was built by Mirai Co., Ltd. in Tagajoh, Miyagi Prefecture in March 2014 (see
Chapter 26, Section 3). Figure 3.1 shows the PFAL with 3000 fluorescent lamps (each 1.2 m long) built
in June 2011 at Kashiwa-no-ha Campus, Chiba University, operated by Mirai Co., Ltd. On the same
campus, a new PFAL was built in September 2014 by Japan Dome House Co., Ltd. (see Chapter 26,
Section 4). In the campus of Osaka Prefecture University, a PFAL with all LEDs was built in September
2014, which can produce 5000 leafy greens daily (see Chapter 23).

FIGURE 3.1

PFAL at Chiba University built in 2010, operated by Mirai, Co., Ltd. Total floor area: 406 m?; Floor area of
culture room: 338 m?, 10 tiers, nine rows. Mainly leaf lettuce and Romaine lettuce. 3000 heads per day
(1 million heads/year or 2800 heads/m?/year).
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The size of the current PFAL business market is still very limited, and was probably worth about 12
billionyen (1 US$¥4120yen) in 2014. According to a survey by the Ministry of Agriculture, Forestry and
Fisheries (MAFF) published in March 2014, (1) 75% of PFALSs are operated by private companies
(the rest are operated mostly by incorporated agricultural organizations); (2) 55% of PFALS have a floor
area of less than 1000 m? including the operation room and office; (3) 75% of PFALSs have annual sales
of less than 50 million yen; (4) 75% of PFALSs use fluorescent lamps as the light source; and (5) 35%
of PFALSs received both a subsidy and loan, 30% received neither subsidy nor loan, 20% received a loan,
and 15% did not answer. The initial and operation costs are given in Chapter 2, Section 6.

RESEARCH AND DEVELOPMENT

Research in Japan on plant production under artificial light aiming at commercialization was begun
in the mid-1970s by Takakura et al. (1974) and Takatsuji (1979). The Japanese Society of High
Technology in Agriculture, which was established in 1989 focusing on plant factory research, was
merged in 2005 with the Japanese Society of Agricultural, Biological and Environmental Engineers
and Scientists. This academic society has been organizing one-day symposiums (the “SHITA
Symposium”) on plant factories in January every year since 1990. Takatsuji was a group leader of
PFAL R&D at the Numazu Campus of Tokai University from 1991 to 2007.

In 2000, a CPPS was built for R&D at Matsudo Campus, Chiba University (Kubota and Chun, 2000;
Chun and Kozai, 2001) (Figures 3.2 and 3.3). This PFAL was designed and operated based on the con-
cept of the CPPS (Kozai and Chun, 2002; Kozai et al., 2006). In this PFAL, handling of culture plug
trays and operation of the precision irrigation system were automated (Ohyama et al., 2005). Using the
PFAL, the production of disease-free sweet potato transplants, tomato seedlings, and medicinal plants
were studied (Afreen et al., 2005, 2006; Zobayed et al., 2006, 2007) (Figure 3.4).

FIGURE 3.2

The closed plant production system (CPPS) with seven tiers for disease/pest insect-free transplant production, built in
2000 at the Matsudo Campus of Chiba University. An automatic tray handling/transportation system, automatic
precision irrigation system and distributed intelligent control system were installed.
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FIGURE 3.3

Operation room next to the culture room. Disease-free, pest insect-free, and pesticide-free sweet potato transplants
were propagated. The substrate was autoclaved before use.

FIGURE 3.4

Production of medicinal plants in the CPPS. Left: St. John’s wort (Hypericum perforatum L.) (Zobayed et al., 2006,
2007). Right: Glycyrrhiza uralensis (Afreen et al., 2005, 2006).

Based on this research, CPPS units with fluorescent lamps for transplant (seedling) production were
commercialized in 2004 (Kozai, 2007). The same concept was used to develop the sugar-free medium
(photoautotrophic) micropropagation system (Kozai et al., 2005).

In 2009, the Ministry of Agriculture, Forestry and Fisheries (MAFF) and Ministry of Economy,
Trade and Industry (MITI) started the national project “Plant factory with artificial light and/or solar
light” with a total budget for 5 years of 15 billion yen (1 US$%4120 yen). The former provided subsidies
for demonstration, training, extension, and publicity, and the latter provided subsidies for basic re-
search. Private-sector companies could apply for a 50% subsidy from the above budget to build PFALs
for commercial use.
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Osaka Prefecture University and Chiba University received budgets for PFALs from both MAFF
and MITI. Meiji University, Shinshu University, and Shimane University received budgets for PFALS
from MITI. The National Agriculture and Food Research Organization (NARO) received a budget for
PFALs from MAFF, which covered the construction of the PFAL building and basic infrastructure,
while expenses for facilities inside the building were covered by the consortium members (private
sector) of each project site.

Apart from these projects, Tamagawa University, Yamaguchi University, and Kyoto University and
several other universities have been conducting R&D on PFALSs since 2010. Also, many private com-
panies started investigating the PFAL business using their own budgets.

In March 2011, the Great East Japan Earthquake struck the northeastern coast of the main island of
Japan, and the ensuing tsunami hit the Pacific coast of Fukushima, Miyagi, and lwate prefectures
(destroying three nuclear power plant units in Fukushima). Since agriculture and horticulture are
important industries in those areas, the Japanese government provided subsidies to build new green-
houses and PFALs in 2012 and 2013.

In November 2014, the International Plant Factory Conference was held in Kyoto and Osaka attract-
ing 160 participants including 60 overseas participants (http://www.shita.jp/ICPF2014/).

PUBLIC SERVICE

In June 2010, the Japan Plant Factory Association (JPFA), a nonprofit organization, was established in
the Kashiwa-no-ha campus of Chiba University. The number of JPFA corporate members was 60 in
2010 and 98 in 2014. JPFA has two roles: one is collaboration with Chiba University and the other is
collaboration with national and international organizations, offering monthly half-day seminars,
monthly 2- or 3-day training courses, consulting services, guided tours for visitors to the campus,
and collaborative R&D with the corporate member companies (see Chapter 25). In 2012, an association
for PFAL managers was newly established, consisting of 58 corporate members and having its office
within the JPFA’s office.

There are several exhibitions and conferences related to the PFAL business, including: (1) Agro-
innovation held at Tokyo Big Sight every year (http://www.jma.or.jp/ai/en/) organized by the
Japan Management Organization and (2) Greenhouse Horticulture & Plant Factory Exhibition/
Conference held at Tokyo Big Sight every 2 years (http://www.gpec.jp/english/) supported by the
Japan Greenhouse Horticulture Association.

TAIWAN
Wei Fang

Department of Bio-Industrial Mechatronics Engineering, National Taiwan University, Taipei, Taiwan

STATUS OF PFAL IN TAIWAN

Whereas the global population will increase from 7 to 9.6 billion in less than 40 years, Taiwan’s
population is shrinking. It is also estimated that 70% of the global population will live in cities com-
pared with the current 50% (Kozai, 2014), and the trend is the same in Taiwan. As a result, urban
agriculture will increase, and so PFALs will play an important role. As mentioned by Glaeser
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(2011), cities should develop upwards not outwards, and the same is true for urban agriculture: PFALS
are the answer. Many people in Taiwan agree, and consider that PFALs can make us richer, smarter,
greener, healthier, and happier.

There are 45 organizations engaged in leafy green production using PFALs in Taiwan as of
September 2014, and 56 PFALS of various sizes have been built and operated in the last 4 years. Among
these 45 organizations, there are 2 research institutes, 4 universities, and 39 private companies in-
volved, as shown in Figure 3.5. The PFALSs built by universities and research institutes are financially
supported by their own funds and from the government; the government provides no support to private
companies.

Among those 56 PFALS, 73%, 20%, and 7% are located in northern, central, and southern Taiwan,
respectively, as shown in Figure 3.6. The scale of PFALS is shown in Figure 3.7: they are categorized
into six sizes based on the amount harvested daily, assuming a cropping density of 25 plants per
square meter of culture bed. In between the smallest (<100 plants/day) and the largest (>10,000),
the size categories are 100-500, 500-1000, 1000-5000 and 5000-10,000. Half of all PFALs are small
with daily production of less than 100 plants and only one PFAL with daily production of more
than 10,000 plants, which is probably the world’s largest PFAL with daily production of 60,000
plants (2.5 tons of leafy greens). Over 90% of PFALs are located in one room on one floor of an
office building, typically on an empty floor or basement inside a building in an industrial park in
the Taipei area.

Some companies have started to export and build turnkey PFALSs abroad, mainly in China as
shown in Figure 3.8. To date, there have been 11 such projects, of which two have not been
completed (shown by dashed line), one in Beijing and one in Xiamen. These two were suspended
due to financial reasons. In 3 out of the 11 projects, the company built the PFAL in its own branch
located in China.

FIGURE 3.5
Distribution of PFALSs in Taiwan categorized by organization before September 2014.
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FIGURE 3.6
Geographical distribution of PFALSs in Taiwan before September 2014.

FIGURE 3.7
Number of PFALs in Taiwan categorized by daily production before September 2014.

PFAL EXPO IN TAIWAN

To promote PFALS, various technical books have been translated (Kozai, 2009, 2012; Takatsuji, 2007;
Fang, 2011a,c, 2012), and booklets for the general public (Fang, 2011b; Fang and Chen, 2014) have
been written. Exhibitions and conferences have been held by the Photonics Industry & Technology
Development Association (PIDA) of Taiwan. PIDA has held a photonics festival in Taipei for 23 con-
secutive years. It is an NPO established by the Taiwan Government to assist the country’s optoelec-
tronics industry. Apart from serving as an exhibition organizer, they also provide services such as
industry research, consulting, promotion, and communication in the industry and market. 2014 was
the third year in which they included PFALSs within the festival. Another two NPOs, the Taiwan Plant
Factory Industrial Development Association (TPFIDA, founded in 2011) and the Chung-hwa Plant
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FIGURE 3.8
Export of turnkey PFALs from Taiwan to China.

Factory Association (CPFA, founded in 2012), were major co-organizers. The number of booths related
to PFALSs increased from 36 in 2012 to 108 in 2014.

Among the PFAL booths of the 2014 Expo, most of the companies demonstrated hardware used in
PFALs. Several of them exhibited various spectrums and controls of LED tubes and panels, while
others showed locally developed or imported nutrient control systems. One booth was that of Mirai
Co., Ltd., Japan, which showed its PFAL turnkey capabilities. Also, several local companies promoted
their ability to set up PFALSs abroad. At least five companies demonstrated home appliance-style plant
growth desktop devices and three showed growth benches for shops, restaurants, and supermarkets with
or without environmental control capability. One company showed an LED illuminated green wall that
cleans the air, another exhibited an aquaponics system, and another showed various by-products from
PFAL-grown vegetable ingredients.

PFAL RESEARCH

Cost comparison of PFALs

Crops grown in PFALS can be classified into four types: RTC (ready to cook), RTE (ready to eat), CAW
(cook after wash), and EAW (eat after wash). The retail price of RTE lettuce and CAW Pak-Choi varies
widely, from NT$500 to 2000 and from NT$200 to 300 per kg (1 USD¥431.46 TWD), respectively.
Table 3.1 shows the average retail price and cost of lettuce produced in PFALSs in Japan and Taiwan
with the same daily production of 1000 plants.
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Table 3.1 Comparison of Retail Price and Cost of Lettuce Produced in PFALs in Japan and
Taiwan

Lettuce Japan Taiwan
Retail price® ¥150 200 ¥81 420°
Cost? ¥80 100 ¥a7 56°

@Japanese yen per 70 g fresh mass produced.
PExchange rate at 1 NT$Y43 Japanese yen.

There are some fundamental reasons for this dramatic difference in production cost. In particular,
the high cost of construction and equipment, especially LEDs, leads to high depreciation cost, while the
high cost of labor and electricity leads to high operating cost.

Spectra of LEDs used in PFALs

Figure 3.9 shows spectra of artificial light used in PFALSs in Taiwan. Assuming the same size of culture
bed (1.8 1.2 m), the light efficiency of various lights is compared in Table 3.2. The row with the
shaded background shows that LED panels are less efficient than LED tubes with reflective film be-
tween the tubes. Also, the longer the tube, the higher the overall quantitative efficiency measured in
micro-mole per joule.

Wireless sensor networks in PFALSs

A wireless sensor network (WSN) is used to evaluate the uniformity of air temperature, humidity, and
light intensity horizontally in a layer and vertically within layers of a PFAL (Chang et al., 2011; Juo
et al., 2012). Each wireless sensor module is equipped with temperature, relative humidity, and light
sensors, hanging from the tops of crops in each layer of culture beds to measure the uniformity of dis-
tribution of light and air. As shown in Figure 3.10, the temperature distribution is clearly related to the
distribution of the fresh weight harvested. This means that greater uniformity of temperature reduces
the variation in final fresh weight, and so a smart fan system has been developed to increase the uni-
formity (Lee et al., 2013).

lon-selective sensors for nutrient detection

Traditional ion-selective sensors are expensive and have a short usable lifespan. New ion-selective
sensors for detecting macro-elements in nutrient solutions have been developed. Figure 3.11 shows
the sensing responses of screen-printed ion-selective electrodes (ISEs) for Ca®*, K*, Mg?*, NH**,
and NO® .

Nondestructive plant growth measurement system

A measurement system with cameras attached to a sliding rail on each layer of the culture bed accom-
panied by weighing devices for each plant was developed for continuous and automatic measurement
of plant growth. The system takes images at preset time intervals and stitches all images across the
culture bed to form a panoramic image of the entire bed using a computer with image-processing
capability. In the recording process, the cameras move across the whole culture bed and capture
images. Temperature and humidity sensors are also integrated with the imaging system to acquire



44 CHAPTER 3 PFAL BUSINESS AND R&D IN THE WORLD

FIGURE 3.9
Spectra of various artificial lights used in PFALs (Fang, 2014).

spatial-temporal environmental information during the plant growth period. The image-processing
algorithms, which calculate geometric features such as projected leaf area, plant height, volume
and diameter, have been developed and incorporated into the automated measurement system (Yeh
et al., 2014). The accompanying automatic weighing system using load cells was also developed to
record the fresh weight of individual plants throughout the growth period. The weighing system
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FIGURE 3.10

Table 3.2 Comparison of Efficiency of Various Light Sources Used in PFALs (Fang, 2014)
Comp_Spec of | Reflectors | No. of Tubes | PPF PPFx Area” | Power Efficiency,
Light Sources | on Top or Panels molm?2s?* | mol &t Consumption, W | mol J?*
S Cwi1s8 Y 6 Tubes 3349 86.6 723.4 172.97 4.2
TV Y 9 Tubes 281.6 59.4 608.4 195 31
H_CW Y 9 Tubes 2739 798 73.9 212 31
TA Y 9 Tubes 2258 49.1 487.8 189 2.6
E CW Y 9 Tubes 263.8 64.2 569.8 228 2.5
TA No need 12 panels 4115 103.2 888.9 432 2.1
T_N Y 9 Tubes 186.7 39.3 403.2 196 2.1
E_WW Y 9 Tubes 2108 51.0 455.3 229 2.0
T_N No need 12 panels 3784 954 809.6 428 1.9
T M Y 9 Tubes 168.0 39.1 326.9 193 1.9
T M No need 12 panels 387.3 994 836.5 442 1.9
TY Y 9 Tubes 168.3 34.7 363.5 188 1.9
S R No need 12 panels 291.0 713 628.6 334 1.9
T5FL_CW Y 9 Tubes 250.0 575 540 283 1.9
“Measured at a distance of 10 cm under light except the TSFL treatment (at 20 cm).
PArea of culture bed on bench layer%1.8 m 1.2 m%2.16 m%
Light
sensor
T, RH
Sensors
32
31
30
29
c3 28
c 27
E Cc2 26
3 25
C1 24
R3 R4 R5 R6 23
row 22
21
20
FW :30.9 g

Wireless sensing nodes in PFAL.
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FIGURE 3.11

Sensing responses of screen-printed ion-selective electrodes (ISEs) for Ca?*, K*, Mg?*, NH**, and NO® .
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can also be used to measure plant growth as an independent system. Figure 3.12 shows a schematic
diagram of the plant growth measurement system. For the weighing system, the load cell signals
are calibrated, acquired and displayed in real time. The data are analyzed in correspondence with
the plant geometric features obtained from the imaging system, enabling a plant growth model to
be developed for various controlled environmental conditions. This plant growth measurement system
provides a nondestructive, real-time processing approach over the traditional measuring methods. Fur-
thermore, because it is automated, the system can gather a large number of plant measurements easily.
Hence, the system is an efficient, practical tool for optimizing the parameters of the growing environ-
ment and plant factory environment.

BUSINESS MODELS OF PFALs IN TAIWAN

PFALs are eye-catching and new to the general public, and are attractive to consumers who are
concerned about the environment and health. However, without a proper business model and careful
planning, a PFAL business may fail. There are various business models being tested in Taiwan.

FIGURE 3.12
The nondestructive plant growth measurement system. (a) Schematic diagram of the system,

(Continued)
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FIGURE 3.12—CONT'D

(b) the imaging system integrated with temperature and humidity sensors, (c) the plant weight measurement devices.

The product can be the plant itself such as whole plant, loose leaf, or baby leaf. The way to present
the productis very important, such as using a sealed soft plastic bag, a soft plastic bag with tiny holes, or
a sealed hard plastic box for the packaging. Different packaging methods express different concepts to
the customer. Is it a product that does not need to be washed before eating, or like products grown in a
greenhouse? Itis important to emphasize that the product is locally made, not imported. Some products
are provided with salad dressing, so the taste of the dressing is also important. One common matter is
that the packaging bags and boxes be well designed to give a better appearance than traditional agri-
cultural products.

The sales channels can be membership based, through a web site, within the company, or within the
local community. It is important to limit the amount sold through third parties. The products can be sold
through supermarket chains (owned by others) only temporarily, since the shelf charge is normally too
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high. Thus, for PFAL products, B2C (business to consumer) is much more favorable than B2B (busi-
ness to business). C2B is even better and will be the direction to go.

If the company cannot sell all its products, other product lines may be considered. One company
in Taiwan has developed more than 10 kinds of processed products such as ice cream, egg roll, bread,
noodle, face mask, and skincare soap. The products can also be used as a nutritional additive in various
forms such as juice, powder, and tablet. Different kinds of vegetable additives have different prices
for the same product. For example, noodles with butter-lettuce and with ice-plant differ in price.

One construction company combined the PFAL concept in its community construction plan. Each
family will have a home appliance style device for growing vegetables at home, and the community
will have a service division that provides seeds, seedlings, stock nutrient solutions, and other needed
supplies to community residents, thus promoting a green lifestyle.

Shops with a PFAL in the back or to one side, and with a restaurant or stand selling organic products
in front, are a popular business model in Taiwan. Such shops are normally chain stores and are located
throughout a city.

Several companies focus on the development and sale of home appliance style plant production
units and indoor green walls for home use. One company produces aquaponic units for hobby growers
and home owners.

Some companies are capable of constructing PFALSs for others, and most of them have a demon-
stration site that potential customers can visit for further consideration. Some successful companies
will have a demonstration site with a more convincing scale, with a daily production of no less than
100 plants, and need to be operated smoothly for more than several months. An established marketing
channel is a great advantage. Unfortunately, few companies meet these requirements, and so are less
convincing.

Many PFAL-related hardware providers such as LED providers, clean room constructors, air
conditioning system providers, hydroponics system providers, power supply providers, and thermal
insulation providers have started to build PFAL demonstration rooms and are learning how to grow
plants. Their common goal is to become a turnkey provider of PFALSs.

In short, there are several distinct business models in Taiwan:

1. The PFAL produces leafy greens for their own usage. For example, restaurant owners and
corporations with more than 1000 employees.

2. The PFAL produces leafy greens for internet customers and members. Some companies are quite
flexible, and even exchange membership with other health-related organizations such as
yoga clubs.

3. The PFAL produces leafy greens and processed products as vegetable additives.

4. The PFAL produces leafy greens as an eye-catching sales point, but profit is made by other means

such as the construction of chain stores selling organic dry foods.

Home appliance style PFAL module providers with a demonstration room.

6. Home appliance style PFAL module providers having alliances with the construction industry.

7. PFAL related hardware providers which build PFAL demonstration rooms to sell their products and
which plan to become turnkey providers.

8. PFAL turnkey builders and consultants with or without a PFAL demonstration room.

m

As described above, PFAL companies in Taiwan are still small in scale but are flexible and willing to
try various business models. Some look promising, some have failed. Even with the same business
model, some companies succeed while others fail, as in any emerging industry.
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CONCLUSIONS

The PFAL business is booming in Taiwan. The number of booths attending the PFAL Expo has tripled
in 3 years. Without financial and policy support from the government, private companies are entering
this new industry with great zeal. PFAL-related NPO organizations have been established, enabling the
horizontal and vertical connection and integration of companies.

At present, there is no private agricultural organization involved in the PFAL business in Taiwan.
Several farmers’ associations have considered converting unused warehouses to PFALSs, but finally
abandoned the idea. The high initial cost is the first concern, followed by the difficulty of finding skilled
workers and managers to run the PFAL. At present, there are not enough skilled, qualified managers and
workers in the PFAL industry in Taiwan. Besides academic training in undergraduate and graduate
schools of Taiwan, our team also runs 30-h workshops twice a year and has trained more than 400 people
so far, but less than 10% of them have gone into the business afterward. To capture worldwide business
opportunities, it is crucial to train skilled managers and workers for the PFAL industry.

Many companies have become involved with a view to the business opportunities of turnkey projects.
However, some failed to prove that their system can grow quality plants efficiently. Unfortunately, some
companies saw PFALS as a quick way to make money, resulting in law suits and public distrust. Of the
11 international turnkey PFALS built by Taiwanese companies so far, are all in China.

Some consumers question the use of artificial lights and hydroponics, and there were complaints
about the non-natural use of chemicals 3 or 4 years ago. Public awareness, food safety problems,
environmental problems, and frequent media reports about PFALSs help consumers to learn about
the technologies, appreciate them and be willing to pay extra to buy PFAL products. Nevertheless,
it is necessary to reduce the cost, increase the value, and increase the varieties that can be grown in
PFALs. PFALs will coexist with organic agriculture and traditional agriculture, and will also play a
key role in urban agriculture in the smart cities of the future.

KOREA
Changhoo Chun

Department of Plant Science, Seoul National University, Seoul, South Korea

PFAL INDUSTRY, A COMMITMENT TO THE FUTURE

The convergence of information and communication technology (ICT) in the farming business has
been considered to be one of the measures for mitigating climate change, heralding a paradigm shift
in agricultural production, and creating new growth in Korea. In 2013, the Korean government an-
nounced its “Plan for promotion of agri-food and ICT convergence” in order to apply ICT technologies
to the production, distribution, and consumption of agricultural products. One of its major projects
which is already being implemented is the supply of smart greenhouse systems that support the
monitoring and control of plant cultivation environments via smart phones, by providing high-tech
sensing, monitoring, and controlling equipment to farms. PFAL, the most advanced type of farming
system, has gained general acceptance as a highly successful application of ICT-converged smart
farming systems.
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In 2009, the Ministry of Knowledge Economy (MKE) started a research project named “Development
of major components for IT-LED based plant factories.” Several national policy support projects such
as “Construction of business ecosystems based on plant factories” (2012, MKE) and “Demonstration
support project for promoting the plant factory business” (2013, Ministry of Agriculture, Food and
Rural Affairs) were also implemented along with some support projects funded by local governments.
These policy support projects have been created because PFALS are recognized as a promising export
to foreign countries even though this high-tech equipment industry was seldom economically feasible
in the domestic market at the time.

RESEARCH AND TECHNICAL DEVELOPMENT

Korea has developed various technologies for vegetable breeding, hydroponics, greenhouse structure,
as well as hardware and software for environmental control in greenhouses, which can easily be
diverted to vegetable production in PFALSs. Even though many element technologies for PFALS have
been developed and related research results have been published, no commercialized PFAL was intro-
duced until 2009, whereas vegetable production in greenhouses has become crucial to Korea’s agri-
culture sector. Universities and national and prefectural research agencies were the main agents for
research and technical development (RTD) in the area of controlled environment agriculture (CEA)
that enables the grower to manipulate the cultivation environment to the desired conditions and that
is useful for isolating specific environmental variables for more precise studies on plant responses
to modified sets of environment. There is obvious commonality in research areas between PFAL
and CEA with artificial lighting.

Prior to 2009, most practical research studies on PFAL (or CPPS) were performed using fluorescent
lamps as the artificial light source. Some representative samples of related RTD in those days were
CPPS for producing plug transplants of seed-propagated vegetables for the nursery industry; CPPS
for producing vegetatively propagated strawberry transplants for consolidating the national prolifera-
tion program; CPPS for producing a monocotyledonous vegetable as a raw material for an instant ra-
men company; and CPPS for producing a salad vegetable for a restaurant chain, a fast-food chain, and a
vegetable processing and distribution company. Total solutions were developed for each system and
delivered to contracted enterprises, which included the cropping system, cultivar selection, seed ster-
ilization, seed germination, raising transplants, transplanting, planting density, temperature settings for
air and nutrient solution, setting of photo and dark periods, PPF setting, harvest scheduling, and so on.

The biggest change in RTD between the time before and after the year 2009 was the use of LEDs as the
sole light source of PFALSs. Of course, the physiological and morphological responses of plants grown
under red, blue, green, or even far-red monochromic light sources and under combinations of those
monochromic sources were studied scientifically from the late 1990s. Due to the low luminance and high
cost of LEDs, however, they were not widely used as a light source for PFALSs until 2009 in Korea.

Research and development of PFALs with LEDs dramatically increased from 2009. The trigger was
the adoption of a “Low-carbon, green growth campaign” as a national policy and “Development of
major components for IT-LED based plant factories” was selected as one of the smart projects in that
year. Four other major research projects funded by the government relating to PFALs with LED light-
ing were: “Development of LED-IT based plant production techniques for environment-friendly hor-
ticultural products,” “Development of lighting techniques using LEDs that have a particular spectra
promoting plant growth,” “Commercialization for exports of plant factories,” and “Development of
urban-type PFAL technology.”
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As various types of LED chips with different wavelengths and wattages and LED lighting fixtures
with different shapes, combinations of spectra, and luminance have become available in the market,
research on PFALs with LEDs has sharply increased not only at universities and public research agen-
cies but also private companies. A large number of research results on the photosynthesis, growth, and
morphology of various vegetables in response to different PPF ratios of blue and red LEDs have been
published in international and domestic journals including Horticulture, Environment, and Biotechnol-
ogy, the Korean Journal of Horticultural Science & Technology, and Protected Horticulture and Plant
Factory. And as the PFAL business has expanded, private companies have started accumulating their
own confidential research data on lighting equipment such as white LEDs having different spectra,
productivity, cropping systems, cultivation methods, specialized quality, and even profitability.

PFALs for research by national research agencies have been installed at the Antarctic King Sejong
Station (55 m?) of the Korea Institute of Ocean Science; the National Academy of Agricultural Science
(446 m? in Suwon-si, and 1506 m? in Wanju-gun) of the Rural Development Administration (RDA);
Protected Horticulture Research Station (142 m? in Haman-gun) of RDA; National Institute of Horti-
cultural and Herbal Science (55 m? in Umseong-gun) of RDA; and Korea Institute of Science and
Technology (33 m? in Gangneung-si). Meanwhile, PFALSs of prefectural research agencies have been
installed in the Agricultural Research & Extension Services of Gyeonggi-do (115 m? in Whaseong-si);
Chungcheongbuk-do (413 m? in Cheongju-si); Gyeongsangbuk-do (132 m? in Daegu-si); and
Gyeongsangnam-do (198 m? in Jinju-si). PFALs for research by universities have been installed at
Seoul National University in Seoul-si and Suwon-si; Chungbuk National University in Cheongju-si;
Gongju National University in Yesan-gun; Gyengsang National University in Jinju-si; and Jeonbuk
National University in Jeonju-si and Iksan-si.

PRIVATE COMPANIES AND FARMS IN THE PFAL BUSINESS

As mentioned above, several private companies have entered the PFAL business since 2009 and cur-
rently about 30 companies are operating PFALS for demonstration and/or production. They have also
installed PFALSs for their customers in Korea and other countries including Japan, China, Mongolia,
and Qatar, the customers being local cities and boroughs, agricultural research centers of local govern-
ment bodies, universities and schools, cafes and restaurants, hospitals, mega marts and department
stores, community centers in apartments, farms, and others.

Most of the companies which have installed PFALSs for research, demonstration, and/or production
and are currently operating them can mainly be classified as small and medium-sized enterprises.
These include Paru (20 m? in Suncheon-si), Insung Tec (165 m? in Yongin-si), Taeyoun Eco &
Agro-Industry (165 m? in Seoul-si), KAST Agricultural System & Technology (132 m? in Gumi-
si), Korea Refrigerated Foods (50 m? in Gimhae-si), Yuyang DNU (9 m? in Hwanseong-si), Cham
Farm (50 m? in Goseong-gun), Jinwon Farm (330 m? in Gwangju-si), Wise Control (33 m? in
Yongin-si), Refresh Hamyang (1694 m? in Hamyang-gun), Vegetechs (661 m? in Goyang-si), Future
Green (50 m? in Suwon-si), Miraewon Farm (604 m? in Pyeongtaek-si), Happy Enjoy Farm (200 m? in
Gyeongsan-si), Maxfor (115 m? in Yongin-si), and Eum Farm (226 m? in Gimpo-si). Some of the com-
panies classified as large-scale enterprises such as Dongbu Lightec (9 m? in Bucheon-si), Nongshim En-
gineering (230 m? in Anyang-si), Lotte Mart (9 m? in Seoul-si), and Lotte R&D Center (17 m? in Seoul-
si) are operating PFALs mainly for research.
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ACHIEVEMENTS AND CHALLENGES

The PFAL and related industries in Korea have grown dramatically in just 5 years. A recent report from
RDA (Lee, 2014) estimated that the market size of the domestic PFAL business is about US$577
million per year; with US$77 and 500 million as added values from the PFAL itself and industries with
forward/backward linkages, respectively.

All the element technologies for PFALSs have been successfully developed from a series of system-
atically designed joint researches among multidisciplinary experts. In practice, the lighting technology
for PFALSs in Korea skipped the stage of fluorescent lamps and LED technology was directly applied,
causing serious problems such as high initial investment and difficulties in cultivation due to lack of
information. Nevertheless, the Korean PFAL industry has had a great opportunity to confidently com-
pete against other PFAL-advanced countries (Chun, 2014).

Policy support projects prepared by the government were also efficient for the early stage of devel-
opment of PFALSs in Korea. Further investment from the private and public sectors is needed to achieve
stable growth of this industry in terms of networking of minor PFALS for ensuring successful marketing
of their products, and the development of high value-added products by meeting the various demands of
today’s aging, health-aware society. Unlike in Japan, PFALS in Korea are not subsidized by national or
provincial governments. The PFAL industry would develop further if a subsidy program were to be
introduced as PFAL-related technologies approach successful deployment on a commercial scale.

CHINA

Qichang Yang

Institute of Environment and Sustainable Development in Agriculture, Chinese Academy of Agricul-
tural Sciences, Beijing, China

Yuxin Tong

Institute of Environment and Sustainable Development in Agriculture, Chinese Academy of Agricul-
tural Sciences, Beijing, China

Ruifeng Cheng

Institute of Environment and Sustainable Development in Agriculture, Chinese Academy of Agricul-
tural Sciences, Beijing, China

DEVELOPMENT OF PFAL IN CHINA

In China, studies on PFAL technologies began in 2002 and mainly focused on hydroponic technologies
and their control systems, supported by the Ministry of Science and Technology of China. Since then,
R&D on PFAL in China has advanced rapidly. By 2013, about 35 plant factories had been built, as
shown in Figure 3.13 (Table 3.3), distributed in nine cities or provinces, including Beijing, Shandong,
Shanghai, Nanjing, Changchun, and Guangdong. The PFALSs in China are mostly located in research
institutes and parks and are used for research and demonstration.
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FIGURE 3.13
Regional distribution of PFALs in China (2013).

Table 3.3 Supplementary Table of Figure 3.13

No. City/Province Floor Area (m?)
1 Harbin, Heilongjiang 12
2 Jilin 200
3 Beijing 3069
4 Inner Mongolia 100
5 Shouguang, Shandong 200
6 Gaoging, Shandong 616
7 Ningyang, Shandong 729
8 Xian, Shanxi 200
9 Nanjing, Jiangsu 300
10 Changxing, Zhejiang 800
11 Zhuhai, Guangdong 30
12 Jianjiang, Guangdong 12

CASE STUDY OF TYPICAL PFALs

PFALs in the Chinese Academy of Agricultural Sciences

Since 2002, researchers in the Institute of Environment and Sustainable Development in Agriculture
(IESDA) at the Chinese Academy of Agricultural Sciences (CAAS) have been studying PFAL tech-
nologies. In 2005, a PFAL with fluorescent lamps, a PFAL half with LED lamps, and a PFAL with
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FIGURE 3.14

PFAL labs built in CAAS in 2005 (Left: fluorescent lamps, 20 m?); in 2009 (Middle: half with LED lamps, 100 m?);
and in 2013 (Right: LED lamps, 100 m?).

all LED lamps were built in turn at CAAS (Figure 3.14). The research conducted at CAAS focused on
energy-saving technologies, LED energy-saving technologies, nutrient solution management, and
vegetable quality control technologies for PFALSs.

In 2012, a PFAL with a floor area of 80 m? was built in a greenhouse complex in the demonstration
center of CAAS, which has a total floor area of 40,000 m? (Figure 3.15). The demonstration center is
operated by Beijing IESDA Protected Horticulture Co., Ltd., which manages more than 10 PFALS in
China (Table 3.4). The demonstration center is divided into seven function halls for exhibiting new
PFAL technologies, new cultivation methods, and new ideas on urban, household and/or office horti-
culture. Recently, a three-layer vertical farming model was built in the demonstration center, which has
an underground layer for mushroom production, a middle layer for leaf vegetable production with ar-
tificial light, and a top layer for fruit vegetable production with sunlight.

PFAL of Beijing Kingpeng International Hi-Tech Corporation

In 2010, Beijing Kingpeng International Hi-Tech Corporation, belonging to the Beijing Agriculture
Machinery Institute, built a PFAL with a total area of 1300 m? (Figure 3.16). The PFAL includes a
tissue culture room, seedling room, artificial light culture room with solar light generation technolo-
gies, vegetable storage room, etc.

Plant factory of Zhejiang University

The plant factory of Zhejiang University was built in 2013 in Changxing Agricultural Station. The total
area of the plant factory is 1600 m? (area of PFAL: 800 m?), and it has 10 layers of movable cultivation
beds to increase the efficiency of land use (Figure 3.17). Many research teams of Zhejiang University,
including control science and engineering, light engineering, computer science and technology, agri-
cultural engineering, biological engineering, and horticulture and plant nutrition, are working together
to improve PFAL technologies.
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FIGURE 3.15

(a, b) Demonstration center of PFAL built in 2012 in CAAS.
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Table 3.4 PFALs Built by Beijing IEDA Protected Horticulture Co., Ltd

Name of PFAL Area (m?) Year City or Province
Changchun 200 2009 Jilin
Zhuhai 30 2010 Guangdong
Nanjing Tangshan Cuigu 300 2010 Jiangsu
National Agricultural Technology Demonstration Park 60 2011 Beijing
Kanjiangislets 12 2011 Guangdong
Ningyang 73 2012 Shandong
Qinlan 9 2012 Shanxi
Bayannur 73 2012 Inner Mongolia
Beijing 76 2012 Beijing
Haerbin 12 2012 Heilongjiang
Fengdong 40 2013 Shanxi

FIGURE 3.16

PFAL built by Beijing Kingpeng International Hi-Tech Corporation in 2010. Left: external appearance of the PFAL,

1300 m?; Right: internal appearance of the PFAL.

FIGURE 3.17

PFAL built in Zhejiang University in 2013. Left: Bird’s eye view of the PFAL, 1600 m?; Middle and Right: Movable

cultivation beds with LED lighting.
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PFAL with LED in Shouguang

Shouguang city plays a very important role for developing protected horticulture in China, as it hosts
the China International Vegetable Fair every May, attracting more than 2 million visitors. New tech-
nologies for protected horticulture are exhibited at the fair. In 2009, a PFAL with LEDs (40 m?) was
first exhibited at the 10th China International Vegetable Fair, and this new plant production system
attracted the attention of millions of visitors. The area of the PFAL was enlarged to 200 m? at the
11th Fair in 2010. New technologies for LED energy saving, hydroponics, multicultivation of fruit veg-
etables and leaf vegetables, intelligent control systems, and so forth were demonstrated at the PFALS
(Figure 3.18).

RESEARCH PROJECTS ON PLANT FACTORIES IN CHINA

In 2013, the National High Science & Technology Project on intelligent plant factory production tech-
nology (2013-2017; 46 million yuan (1US$v46.27 yuan)), organized by CAAS, was supported by the
Ministry of Science and Technology of China. Fifteen universities, institutes, and companies joined the
project (Table 3.5).

FIGURE 3.18

PFAL in Shouguang city. Left: PFAL with LED lighting, 200 m?; Middle: multi-cultivation of fruit vegetables; Right:
multi-cultivation of leaf vegetables.
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Table 3.5 National High Science & Technology Project on Intelligent PFAL Production

Technology

Item Key Technologies

1 Energy-saving LED light source and intelligent
light environment control

2 Equipment of multilayer cultivation system

3 Energy-saving environmental control based on
light and temperature coupling

4 Nutrient solution management and vegetable
quality control

5 Intelligent control system based on the network
management

6 Integrated technology demonstration of solar
light plant factory

7 Integrated technology demonstration of PFAL

Participating Universities, Institutes
or Companies

CAAS

Institute of Semiconductors, Chinese Academy
of Sciences

Zhejiang University

Beijing IEDA Protected Horticulture Co., Ltd.
Beijing Agriculture Machinery Institute

China Agriculture University

Beijing Kingpeng International Hi-Tech Corporation

Lhasa National Agricultural Science and Technology
Demonstration Park

Tech. Top Photoelectric Technology Company
Nanjing Agricultural University

CAAS

Northwest A&F University

China Agriculture University

Beijing University of Aeronautics and Astronautics

The National Engineering Research Center for
Information Technology in Agriculture

Vegetable Research Center of Beijing Academy of
agriculture and Forestry

China Agriculture University

Jilin University

Dushi Green Engineering Company
Shanghai Jiao Tong University
Tongji University

Zhejiang University

IEDA, CAAS

NORTH AMERICA

Chieri Kubota

School of Plant Sciences, The University of Arizona, Tucson, Arizona, USA

HISTORY

The United States introduced PFAL for crop production in the 1980s. Those earlier facilities were pro-
ducing leafy crops using deep flow technique (DFT) hydroponic systems under high-intensity dis-
charge (HID) lamps inside a building. Among them, a commercial lettuce production facility
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located in Dekalb (west of Chicago) in Illinois operated for many years before their closure in the early
1990s. In the early 2000s, production of plant-made pharmaceuticals (AKA molecular farming) be-
came a viable application of PFAL. In fact several large-scale commercial facilities were built in
the US and Canada to produce pharmaceutical protein products (antigens and antibodies) using genetic
modification or transient expression of plants. Then more recently, coinciding with the increasing in-
terest of local food production, several large commercial PFAL facilities were built within close prox-
imity to mega cities (such as Chicago). In addition, as a unique application, a small PFAL was
developed to produce fresh vegetables in the US South Pole Station. This 22 m? footprint facility pro-
duced over 30 different types of crops (several at one time) including tomatoes, lettuces, and herbs
for the crew year-round (Patterson et al., 2012). The facility also has an adjacent room (9 m?) separated
by a glass wall for research station personnel to experience the bright plant growing environment. This
human psychological support by providing green plants was critical in such an isolated environment as
the South Pole.

CONTRIBUTION OF SPACE SCIENCE

It should be noted that many key technologies employed in plant-growing systems in PFAL originated
from the US. The most significant technological contributions are hydroponics/soilless culture tech-
nique and use of light emitting diodes (LEDs) for plant production. Hydroponic systems were invented
as a research tool of plant nutrition and later implemented as a leafy crop production system to provide
fresh vegetables for US troops stationed on several islands in the western Pacific during World War 11
(Jones, 2000). Around 1980, the US National Aeronautics and Space Administration (NASA) initiated
its Controlled Ecological Life Support System (CELSS) Program (Wheeler, 2004), where plants were
grown hydroponically under artificial (electric) lighting. The production efficiency was a key focus
area in NASA'’s life support research. An efficient lighting system based on LEDs was first developed
for NASA’s life support applications by a group of scientists and engineers in Wisconsin (Bula et al.,
1991). Much of our knowledge regarding light quality requirements was the outcome of many research
groups in US land grant institutions funded by NASA. For example, the necessity of adding a small
amount of blue light to red light was first reported by Bula et al. (1991) followed by others, establishing
the general understanding of light qualities required to grow plants using monochromatic light sources.

CURRENT STATUS AND FUTURE PROSPECTIVE

As of 2014, there were a small number of commercial PFALs for food production in North America.
For transplant production, there is at least one company producing grafted tomato seedlings using
PFAL. More PFALSs could be reported as being operated if statistics included medicinal crop produc-
tion (such as medicinal Cannabis spp. or plant-made pharmaceutical production). However, finding
the actual number and production capacity is challenging as there are no statistics generated by reliable
organizations. Typical crop species grown in North American PFALS include leaf lettuces, basil, and
micro/baby greens. Baby greens and microgreens definitions are often vague, but generally micro-
greens are at the beginning of first true leaf expansion and baby greens include a few true leaves. Be-
cause of the limited shelf life of these small greens, PFALs are well suited for such applications.
Typically many different leafy crops are produced in the same growing facility. Some facilities are
certified organic producers and/or implement aquaponics.
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Regarding facilities, many of these utilize a multitiered production system with LED, induction or
fluorescent lamps installed in each tier. The distance between tiers is relatively large (1 m) compared
with what is commonly seen in Japan and other Asian countries, presumably primarily considering
logistics and accessibility to the plants instead of space use or energy use efficiency. CO, enrichment
is not a common practice as the production systems are often located inside the voluminous space of
warehouse buildings. Such buildings often have air handling systems with minimum ventilation to as-
sure human health and the growing space is often shared with CO, emitting workers who are engaged in
activities such as transplanting, harvesting, and mixing nutrient solution. As a result the CO, concen-
tration inside the growing facility is, anecdotally, not at problematic low levels such as we may expe-
rience in a truly contained environment. Use of automation is limited. Logistical improvement of
workers moving plants from seed to harvest may be a critical area for future R&D.

It is hard to generalize the business model of North American PFALs. However, one prominent
trend among the commercial PFALS in North America may be the strong support from high-end retailers
(grocery stores) that promote local food production and organic produce. Another trend is collaborations
with resort hotels and restaurants. For example, there seem to be a few projects planned to build PFALs
in the Las Vegas area to provide the fresh produce consumed by visitors and tourists. Given that the
traditional supply chain in North America is driven by a small number of large-scale produce industries
with a limited number of production regions (open field) selected based on the production scale and costs
(mainly in California), local production of fresh produce is expected to continuously attract American
consumers. For example, California (spring to fall) and Arizona (winter) together supply more than 90%
of lettuces and other leafy crops consumed in US and Canada. PFAL will not replace this traditional
open-field production currently going in California/Arizona but could be a sustainable alternative of spe-
cialty crops in the future. It is also critical to have academic research capacity to support this emerging
industry sector. Forming industry associations may help but may not work as it does in Asian countries
due to the competitive nature of venture capital in North America. The potential immediate role of
academia may be providing opportunities for information exchange as well as needed education and
training for those PFAL practitioners and planners. Increasing the number of online course oppor-
tunities in the area of controlled environment agriculture may help meet such needs.

EUROPE (ENGLAND, THE NETHERLANDS, AND OTHERS)

Chungui Lu

Head of Centre for Urban Agriculture, Centre for Urban Agriculture, University of Nottingham,
Leicestershire, United Kingdom

BACKGROUND

Urban agriculture refers to agricultural practices in urban areas and their surrounding regions (peri-
urban), and is a centralized operation involving horticulture, animal husbandry, aquaculture, and other
practices for producing fresh food or other agricultural products. There are many different approaches
to urban agriculture, including ground-level farming, rooftop farming, hydroponics, greenhouses and
other new technologies. Urban agriculture has the potential to produce food for local consumption,
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especially perishables and high-value horticultural crops. Also, there is increasing interest in
commercial-scale cultivation of nonfood crops in urban areas, such as flowers, green walls, and the
like. Urban agriculture plays a key role in food security and is found in smart cities, which are a phe-
nomenon closely related to urban economies, culture, science, and technology; urban agriculture
indicates that a city’s economic development has reached a higher level. Compared with other agri-
cultural practices, urban agriculture makes intensive use of capital, facilities, technology, and labor.
It is also an industrialized, market-oriented agriculture, and can take advantage of the developed mar-
kets, information and transportation networks of international cities to boost agricultural production
and interregional trade.

Greenhouses were introduced several decades ago to protect plants from weather conditions.
Initially they were used by farmers in farming areas as alternative ways to protect production. More
recently, greenhouses including plant factories and roof gardens have been built in cities. An increasing
number of companies and researchers have become involved in urban farming, successfully producing
fresh food and other products in a sustainable way. Urban agriculture is being seen as an emerging
business opportunity in urban areas.

PRESENT STATUS OF PLANT FACTORIES IN THE EU

Agriculture in the European Union faces some serious challenges in the 21st century that include:
changes in climate, significant increase in urbanization, competition for water and vital resources, ris-
ing costs, decreasing growth in agricultural productivity, competition for international markets, and
uncertainty about the effectiveness of current European policies (EGTOP/6/13). Plant factories (pro-
tected cultivation) have the potential to address some of the upcoming challenges.

The EU is one of the main global producers by glasshouse, particularly in countries such as the
Netherlands, Spain and Italy. Global production in greenhouses is growing, currently with an estimated
area of 800,000 ha, of which 20% (160,000 ha) is situated in Europe (EuroStat, 2011). This production
system is characterized by the ability to change climatic conditions using various technologies and
practices for greenhouse vegetable production.

Plant factory technologies have developed remarkably in the past decade in the EU, including
computer-integrated systems for optimizing the growing conditions and efficiently using water, nutri-
ents and energy (Morimoto et al., 1995; Vénninen et al., 2010). In a controlled environment, precise
control over light quality, light intensity, photoperiod, humidity, carbon dioxide concentration, nutrient
solution, pH, and temperature can all be achieved (Stutte, 2006; Kozai, 2013) to improve productivity
and quality. In terms of lighting applications, new LED technology has made it possible to build plant
factories.

Philips’ Horticulture LED Solutions Group in the Netherlands has been developing LED lighting
solutions for horticultural applications for more than 7 years, has proven the commercial feasibility of
LED lighting for horticulture, and has recently started working on plant factories with artificial lighting
(PFAL). Working in farming, which is defined as multilevel horticulture in a controlled environment,
with an open innovation structure with both academic and commercial partners, Philips has developed
commercial-scale solutions for city farming that are currently in operation and is working on several
more. Examples include Green Sense Farms in the USA, Osaka University in Japan, and National
Urban Park in the CAAS in China. The company also has a high-tech research facility at Stockbridge
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Technology Centre in the UK, which conducts trials on the optimum light recipes to save energy and
make production more profitable for future upscaling.

PlantLab, a privately owned Dutch company that specializes in controlled environment agriculture,
was founded in the Netherlands in 2010. PlantLab’s new international research center was officially
opened by King Willem-Alexander on 30th September 2014 (Figure 3.19a). The company built its first
commercial plant production units (PPU) in March 2010, and is currently investing over $22 million in
a 200,000 square-foot headquarters and research facility, which will allow optimization of crop pro-
duction and further improvements in its technology and expertise. PlantLab developed a patented tech-
nology to grow crops in plant production units, which are completely closed climate chambers without
daylight. The opening of the new facility marks the start of a large-scale roll-out of the PlantLab

FIGURE 3.19
PlantLab new headquarters and R&D center (a) and plants growing under LED light (b).
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concept with international partners in various industries. PlantLab launched an important first partner-
ship with the Swiss breeding company Syngenta last year. PlantLab’s method can be applied in many
industries, ranging from the processing and production of vegetables, fruit and flowers, to the produc-
tion of ingredients for children’s food, medicines, flavors, fragrances and cosmetics.

By utilizing the advanced technology of PPUs and proprietary mathematical models, which have
been developed over the past 25 years by the founders of PlantLab, as well as state-of-the-art LED
systems (Figure 3.19b), air control technologies and optimum water control solutions, PlantLab’s in-
novations remove the typical variables that hinder crop growth and delivery. This means it is now pos-
sible to accurately control crop yields, growing times, nutritional content, and other factors such as taste
and appearance. In 2015 PlantLab will build a Dutch-based PPU for the production of fresh herbs and
lettuces as a showcase for urban farming.

The Netherlands is the most advanced country regarding plant factories and protected glasshouse
cultivation in the EU. In other parts of Europe, some small-scale vertical farms have been built, while
construction has begun on some large-scale ones. In 2012, the Swiss company UrbanFarmers, a spin-
off of the Zurich University of Applied Sciences (ZHAW), built a 260 m? greenhouse farm on an
industrial rooftop in Basel (Graber et al., 2014). Together with the research team at ZHAW, this
aquaponic farm was planned and built, and is now operated and monitored. In Sweden, Plantagon’s
Greenhouse, which will be a 17-story vertical farm that integrates sustainable growing systems, energy
solutions and recycling, is approaching the start of construction (HortiDaily, 2014). Meanwhile, roof-
top greenhouses (RTG) with an area of 250 m? are being built on rooftops for food production in Bar-
celona, Spain. Two small-scale land-based cyprinid fish farms that divert recirculating water into a
closed-loop system with hydroponic beds have been developed in Slovenia. Such closed-loop systems
could contribute to urban food production and higher sustainability by reducing the usage of water and
chemicals while minimizing nutrient losses.

OUTLOOK FOR PLANT FACTORIES IN THE UK

Alongside the many challenges, the UK is becoming a world leader in agricultural technology, inno-
vation and sustainability. The vision of the government’s new UK strategy for agricultural technologies
(www.gov.uk/government/publications/uk-agricultural-technologies-strategy) is to exploit opportuni-
ties to develop and adopt new and existing technologies, products and services to increase productivity,
and thereby contribute to global food security and international development. To achieve this, the
government is investing £70 m in a new Agri-Tech Catalyst. The government will invest £90 million
over 5 years to establish a small number of Centers for Agricultural Innovation to support advances in
sustainable intensification.

The University of Nottingham (UoN) is a leading academic institution in the agrifood industry; its
School of Biosciences is the largest group of plant and crop scientists in any UK university. In order to
improve food security, a Center for Urban Agriculture (CUA) has been established. Interestingly, a
multidisciplinary group of staff from biosciences, engineering, environmental technology, and eco-
nomics has been formed, with great potential to deliver research results; the group led by Dr. Chungui
Lu has successfully organized two international conferences on urban agriculture and vertical farming.
Two research projects on smart LED lighting systems (£1.5 m) and smart glasshouse LEDs (£0.5 m) at
UoN have recently received funding under the Innovation UK Agri-Tech Strategy. Four PhD research
projects in this area funded by EPSRC and CFFRC have begun. Through the projects, CUA has
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established a strong multidisciplinary team on sustainable agriculture. The Smart LED Lighting Sys-
tem uses sensors in precision farming to optimize horticultural crop yield, quality, and resource use
efficiency in real time, providing light energy tailored to the demands of the plants. The Smart Glass-
house project provides a sustainable solution to the inherent problems of the greenhouse industry by the
introduction of a low-cost energy saving and climate control system. Innovative technologies including
effective heat-insulating solar glass, vacuum insulation panels, windcatchers, and LED lights will be
used to reduce the heating and cooling load of commercial greenhouses, thereby reducing carbon emis-
sions and improving the cost effectiveness of greenhouse production.

CambridgeHOK is a leading designer and constructor of glasshouses and control systems for
academic and commercial growers with an annual turnover of £8-12 m. The company is already
providing turnkey conventional glasshouse projects around the world, working at the forefront of pro-
duction technologies. Its recent projects include those for the University of Nottingham, Stockbridge,
and Cornerway’s Nursery. In 2012 CambridgeHOK won the BCIA award for a control system at The
Eden Project.

Stockbridge Technology Centre has built a new multitier LED4CROPS facility with LED lighting
for studying the production of a wide range of crops from all sectors of the horticulture industry in-
cluding ornamentals. The energy and cost price model varies widely according to each situation, so
it is important to identify key “first to market” products and countries.

Paignton Zoo is currently experimenting with a high-density vertical growing system with a Ver-
tiCrop technology. VertiCrop is an experimental vertical irrigation system (Figure 3.20) designed to
grow food for the animals of the zoo. In the summer of 2009, 11,900 plants were simultaneously grown
on a set of rotating structures with 8 levels, 3 m high, covering a total ground area of 70 m?. The system
gives five times the yield of a typical field (Bayley and Yu, 2010), and can still be used during the
winter months, demonstrating the adaptability of the system with minimal energy inputs.

In the UK, plant factories are still at the developing stage, and hence the scientific community is
highly involved. While many small city farms already exist and are being developed, we believe that a
truly commercial-scale alternative to conventional growing is yet to be developed. There are many

FIGURE 3.20
The VertiCrop growing production system in Paignton Zoo, UK.




66 CHAPTER 3 PFAL BUSINESS AND R&D IN THE WORLD

companies in the UK developing products for plant factories. One such pioneer in the UK’s hydropon-
ics industry is HydroGarden, which is developing the latest technologies in hydroponic systems and
LED lighting, and is moving products to market.

The development of plant factories not only involves “close to market” urban farm solutions but
also creates networks of researchers to discuss current ideas, technologies, potential businesses and
research. Recently, an International Vertical Farming and Urban Agriculture Conference (VFUA)
was held in September 2014 in Nottingham, UK (http://VFUA.org). The conference successfully eval-
uated the benefits, opportunities, risks and challenges of urban farming and provided a forum for estab-
lishing research collaboration and networking among academic researchers and companies. The
conference kicked off with Dickson Despommier, who is a pioneer of the VF movement. Jack Ng from
Skygreens talked about his commercial vertical farm, which was the world’s first. Other keynote
speakers from China (Qichang Yang), Japan (Toyoki Kozai) and South Korea (Jung-Eek Son) presented
their excellent works on urban agriculture and plant factories. Many companies from the UK, EU,
USA, and other countries, including HydroGarden, Phillips, Illumates, PlantLab, and The FarmHere,
showcased their products for plant factories and the new technologies they have used.
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CHAPTER

PLANT FACTORY AS A RESOURCE-
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LIST OF ABBREVIATIONS

COP  coefficient of performance for cooling
CPPS closed plant production system
CTPS closed transplant production system

EC electrical conductivity of nutrient solution
FL fluorescent lamp

LAI leaf area index

LCA life cycle assessment

LED light emitting diode

PAR photosynthetically active radiation
PFAL plant factory with artificial lighting
RUE resource use efficiency

SPPS  sustainable plant production system
VPD water vapor partial pressure deficit

LIST OF SYMBOLS, VARIABLE AND COEFFICIENT NAMES, UNITS AND
EQUATION NUMBERS

Aax (MIm?2h%Y) Electricity consumption of air conditioners (heat pumps) (Equations 4.9, 4.11, 4.12)
AL (MIm?2h2Y Electricity consumption of lamps (Equations 4.8, 4.11, 4.12)

Am (MI m22h%?h Electricity consumption of water pumps, air fans, etc. (Equations 4.11 and 4.12)
Ar (MIm22h2? Total electricity consumption (Ax+A, +Ay) (Equation 4.11)

CUE CO, use efficiency (Equation 4.3)

COP Coefficient of performance of heat pumps for cooling (Equations 4.9 and 4.12)

Cin ( mol mol??) CO, concentration of room air (Equations 4.4 and 4.13)

Cout ( Mol mol? 1) CO, concentration of outside air (Equations 4.4 and 4.13)

CL ( molm?2h??Y) CO;, loss to the outside (Equations 4.3 and 4.4)
Cp ( molm?2h2?Y) CO, fixed by plants (Equations 4.3 and 4.13)
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Cr ( molm?2h??h
Cs( molm?2h2?
D ( molm?2h??)
EUE,

F (m?)

f (MIkg??)

FUE,
h

Hp (MIm22h2Y)
Hy (MIm?22h2?
lin (Mol mol® %)
lout (Mol mol? %)
Is (mol m?2 h? 1)
Iy (molm?2h??Y)

ke (kg m*?)

kwv (kg m*2)

kuw (kg m*2)

LUE,

LUEp

N (h2 l)

PAR, (MIm?22h??
PARp (MI m22h2?Y)
Va (M)

Viw (m®)

Xin (kg m2 3)

Xout (kg m?®)

WC (kg m2 2 h2 l)
WL (kg m2 2 h2 1)
WP (kg m2 2 hZ 1)
WS (kg m2 2 h2 1)
WT (kg m2 2 h2 1)
WU (kg m2 2 h2 1)
Wiy (kg m?2h? )
Wout (kg mz 2 h2 1)
WUE

CO, released in room air by human respiration (Equations 4.3 and 4.13)

CO, supplied to room air from CO, cylinder (Equations 4.3, 4.7, 4.13)

Dry mass increase rate of plants (Equations 4.5 and 4.6)

Electric energy use efficiency (Equation 4.7)

Floor area of culture room (Equations 4.13, 4.14, 4.16, 4.17)

Conversion factor from plant dry mass to chemical energy, 20 MJkg *
(Equations 4.5-4.7)

Inorganic fertilizer use efficiency (Equation 4.10)

Conversion factor from electric energy to PAR, (Equation 4.7 and 4.8)

Heat energy removed from culture room by heat pumps (Equation 4.9 and 4.12)
Heat energy exchange by air infiltration and penetration through walls (Equation 4.12)
lon concentration of ‘I’ in nutrient solution at the inlet of culture beds (Equation 4.17)
lon concentration of ‘I’ in nutrient solution at the outlet of culture beds (Equation 4.17)
Supply rate of inorganic fertilizer ion element “I”” supplied to the PFAL (Equation 4.10)
Absorption rate of inorganic fertilizer ion element “I”” by plants (Equations 4.10 and
4.17)

Conversion factor from volume to mass of CO, (1.80 kg m * at 25 °C and 101.3 kPa)
(Equations 4.4 and 4.13)

Conversion factor from volume to mass of water (0.736 kg m *at25 °C and 101.3 kPa)
(Equation 4.2)

Conversion factor from volume to mass of liquid water (997 kgm 2 at 25 °C and
101.3 kPa) (Equation 4.16)

Light energy use efficiency with respect to PAR, (Equations 4.5 and 4.7)

Light energy use efficiency with respect to PARy (Equation 4.6)

Number of air exchanges (Equations 4.2, 4.4, 4.13, 4.14)

Photosynthetically active radiation emitted from lamps (Equations 4.5, 4.7, 4.8)
Photosynthetically active radiation received at plant community surface (Equation 4.6)
Volume of room air (Equations 4.2, 4.4, 4.13, 4.14)

Volume of nutrient solution in culture beds (Equations 4.16 and 4.17)

Water vapor density of room air (Equations 4.2 and 4.14)

Water vapor density of outside air (Equations 4.2 and 4.14)

Liquid water collected for recycling use in the PFAL (Equations 4.1 and 4.14)
Water vapor loss rate from the PFAL to the outside (Equations 4.1 and 4.2)

Water held in plants in the PFAL (Equation 4.1)

Liquid water supply rate into the PFAL (Equations 4.1 and 4.15)

Transpiration rate of plants in the PFAL (Equations 4.14 and 4.15)

Water uptake rate of plants in culture beds in the PFAL (Equations 4.15 and 4.16)
Water inflow rate to hydroponic culture beds in the PFAL (Equations 4.16 and 4.17)
Water outflow rate from hydroponic culture beds in the PFAL (Equations 4.16 and 4.17)
Water use efficiency (Equation 4.1)

INTRODUCTION

This chapter describes the characteristics and principal components of a plant factory with artificial
lighting (PFAL), which is one type of closed plant production system (CPPS). Then, the concept
and definition of resource use efficiency (RUE) are described for each resource component.
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The characteristics of the PFAL are compared with those of a greenhouse, mainly from the viewpoint of
RUE. It is shown that the use efficiencies of water, CO, and light energy are considerably higher in the
PFAL than in a greenhouse. On the other hand, there is much room for improvement in the light and
electric energy use efficiencies of the PFAL. Challenging issues for the PFAL and RUE are also dis-
cussed. This chapter is an extended and revised version of Kozai (2013c).

DEFINITION AND PRINCIPAL COMPONENTS OF PFAL

A plant factory with artificial lighting (PFAL), a type of closed plant production system (CPPS), is
defined as a warehouse-like structure covered with opaque thermal insulators, in which ventilation
is kept at a minimum, and artificial light is used as the sole light source for plant growth (Kozali,
1995, 2005). In a PFAL, the environment for plant growth can be controlled as precisely as desired,
regardless of the weather. In addition to the recirculating nutrient solution in a hydroponic system, the
water transpired by plants can be condensed and collected at the cooling panel of air conditioners and
then recycled for irrigation. Closed transplant production systems and closed micropropagation sys-
tems are two kinds of PFAL (Kozai et al., 2000; Kozai et al., 2005).

A PFAL consists of six principal structural elements (Figure 4.1): (1) a thermally well-insulated and
nearly airtight warehouse-like structure covered with opaque walls; (2) a multitier system (mostly 4-16
tiers or layers; about 40 cm vertically between tiers) equipped with lighting devices such as fluorescent
lamps (FLs) and/or light-emitting diodes (LEDs) over the culture beds; (3) air conditioners (also known
as heat pumps), principally used for cooling and dehumidification to eliminate heat generated by lamps
and water vapor transpired by plants in the culture room, and fans for circulating air to enhance pho-
tosynthesis and transpiration and to achieve a uniform spatial air distribution; (4) a CO, delivery unit to
maintain CO, concentration in the room at around 1000 mol mol * (or ppm) during the photoperiod
for enhancing plant photosynthesis; (5) a nutrient solution delivery unit; and (6) an environmental con-
trol unit including electrical conductivity (EC) and pH controllers for the nutrient solution (Kozali,
2007; Kozai et al., 2006).

A PFAL must be designed and operated to achieve the following goals: (1) maximize the amount of
usable or salable parts of plants using the minimum amount of resources; (2) maintain the highest RUE;

FIGURE 4.1

Configuration of plant factory as a closed plant production system (CPPS) consisting of six principal components.
Electricity is needed for operating Nos. 2 to 6.




72 CHAPTER 4 PLANT FACTORY AS A RESOURCE-EFFICIENT SYSTEM

(3) minimize pollutants released into the environment; (4) minimize costs while achieving the previous
three goals (Kozai, 2007; Kozai et al., 2006).

Among the resources, a considerable amount of electrical energy is consumed in a PFAL mainly for
lighting and air conditioning. Thus, electrical energy and light energy are the two most important re-
sources for improving the use efficiencies in a PFAL.

DEFINITION OF RESOURCE USE EFFICIENCY

The concept of resource use efficiency (RUE) is schematically shown in Figure 4.2. With respect to
essential resources for growing plants in a PFAL, namely, water, CO,, light energy, electrical energy,
and inorganic fertilizer, the use efficiencies per unit time interval (“hour” is used for unit time in this
chapter) are defined as in Equations (4.1)—(4.10) and are illustrated schematically in Figure 4.3 (Li
etal., 2012a,b; Ohyama et al., 2000; Yokoi et al., 2003, 2005; Yoshinaga et al., 2000). These are water
use efficiency (WUE), CO, use efficiency (CUE), light energy use efficiency with respect to PAR,_
(LUEL), light energy use efficiency with respect to PARp (LUEp), electrical energy use efficiency
(EUEL), and inorganic fertilizer use efficiency (FUE;). PAR_ and PARp are photosynthetically active
radiation emitted from lamps and received at the plant community surface, respectively. The unit for all
variables on the right-hand side of Equations (4.1) and (4.3) is kg m 2 (floor area) h . These use ef-
ficiencies are defined with respect to the PFAL containing plants. It should be noted that in the fields of
plant ecology and agronomy, WUE is defined with respect to plants or plant community (Salisbury
and Ross, 1991). CUE in Equation (4.3) is defined only when CO, is supplied or enriched in the PFAL.
Methods for estimating the values of variables given on the right-hand side of Equations (4.1)—(4.7) are
described in Li et al. (2012a,b,c).

FIGURE 4.2

Scheme showing the concept of resource use efficiency (RUE) of the plant production system. RUE is defined as the
ratio of B to A where A...B+C+D. RUE is estimated for each resource component. The plant production system is
called a “closed plant production system” (CPPS) when each of the resources is converted into produce at its
maximum level, so that the resource consumption and emission of environmental pollutants are minimized, resulting
in the maximum RUE and lowest cost for resources and pollution processing. A PFAL is one type of CPPS.
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FIGURE 4.3

Schematic diagram showing the rate and state variables in the PFAL. The solid line represents the flow of
materials, and the dotted line represents the flow of energy. Numbers in brackets represent equation numbers in
the text. For the meanings of symbols, see the list of symbols.

WATER USE EFFICIENCY

Water use efficiency (WUE) can be estimated as follows:

W, +Wp Ws WL
COWs T W
Xin Xout
F

WUE . 4.1)

WL ... VaN

(4.2)

where W, is the mass (or weight) of water collected at the cooling panel of the air conditioner for recycling
(kgm 2h 1); We is the change in the mass of water held in plants and substrates (kg m ?h *); and Ws is
the mass of water irrigated (or supplied) to the PFAL (kgm 2h 1); W_is the mass of water vapor lost
to the outside by air permeation through small gaps in the entrance/exit and walls (kgm 2h ). In
Equation (4.2), N is the number of air exchanges per hour in the culture room (h 1); V4 is the air volume
in the culture room (m®); F is the floor area of the culture room (m?); and Xi, and X are, respectively, the
mass of water vapor per unit volume of air containing water vapor inside and outside the culture room
(kg m 3). Generally, no liquid wastewater is drained from the culture room to the outside. I there is any,
it must be added as a variable on the right-hand side of Equation (4.1).

Itisassumed in Equation (4.2) that X;, at time t is the same as at time (t+ t) where is the estimation
time interval. If not, the term 2ot Xn t* Va s added on the right-hand side of Equation (4.2), the value
of which is negligibly small in most cases. In a case where X,,; changes with time during the estimation
time interval, the average value is used in Equation (4.2).

WUE is 0.93-0.98 in the PFAL (Figure 4.4, Table 4.1) and 0.02-0.03 in a greenhouse, meaning that
WUE of the PFAL is approximately 30-50 (nearly equal to 0.95/0.03-0.98/0.02) times greater than that
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FIGURE 4.4

An experimental result of water use efficiency (WUE) for 14 days in the CPPS. In the case of a greenhouse, the
evapotranspired water cannot be reused. Relative humidity was kept at about 80% and air temperature at 30 °C
(Ohyama et al., 2000).

Table 4.1 Estimated Representative Values of Use Efficiencies of Water (WUE), GACUE),
Light Energy (LUEL), and Electrical Energy (EUEL) for a PFAL (Plant Factory with Artificial
Lighting), and WUE, CUE, and LUEP for a Greenhouse with Ventilators Closed and/or Open

Theoretical

Use Greenhouse with Ventilators Greenhouse with Maximum Value for
Efficiency PFAL Closed and Enriched CQ Ventilators Open PFAL
WUE (water) 0.95— N/A 0.02-0.03 1.00

0.98
CUE (COy) 0.87- 0.4-0.6 N/A 1.00

0.89
LUE,_ 0.027 - - About 0.10
(lamps,
PAR))
LUEp (plant 0.032- N/A 0.017 About 0.10
community) 0.043 0.003-0.032

0.05
EUE_ 0.007 - - About 0.40
(electricity)

LUE, and EUE are defined only for a PFAL using artificial lamps. N/A (not available) means that the efficiencies of WUE, CUE, and
LUEp can be obtained experimentally but the data were not found in the literature.
The maximum value for a PFAL based on a theoretical consideration of each use efficiency is also given in the column “Theoretical
maximum value.” For the definitions of WUE, CUE, LUEL, EUEL, and EUEP, see Equations (4.1)—(4.7) in the text.
The numerical data in this table is cited from or based on the literature Bugbee and Salisbury (1988), Chiapale et al. (1984),Li et al.
(2012a,b,c), Mitchell et al. (2012), Ohyama et al. (2000), Sager et al. (2011), Shibuya and Kozai (2001), Yokoi et al. (2003, 2005),
Wheeler (2006), Wheeler et al. (2006).

of a greenhouse (Ohyama et al., 2000; Kozai, 2013a). Namely, the PFAL is a highly water-saving plant
production system compared with a greenhouse. It is noted that WUE increases with increasing leaf
area index (LAI) and decreasing N (Figure 4.5). Thus, airtightness of the CPPS is essential to achieve
a high WUE value.
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FIGURE 4.5

WUE (water use efficiency) of the CPPS as affected by LAI and N (number of air exchanges: 0.02, 0.1, and 1 h ).
Water vapor density inside and outside the closed system was assumed to be 16 and 6 g m 3, respectively. All
values are simulated values (Yokoi et al., 2005).

A PFAL with thermally insulated walls and a high level of airtightness (N is 0.01-0.02 h 1) must be
cooled by air conditioning while the lamps are turned on, even during the cold winter nights in order to
maintain a suitable internal temperature by eliminating the heat generated from the lamps. With cool-
ing, a large portion of the evaporated water, W in Equation (4.1), can be collected as condensation on
the cooling panels of the heat pump, and recycled for irrigation. Only a small percentage of W is lost to
the outside, thanks to the high airtightness of the PFAL. The N value must be lower than about 0.02 h *
to minimize CO, loss to the outside and prevent entry of insects, pathogens, and dust into the
culture room.

On the other hand, water vapor evapotranspired in a greenhouse cannot be collected for recycling,
because most of it is lost to the outside through ventilation, while the rest of the water vapor mostly
condenses on the inner surfaces of the greenhouse walls and so cannot be collected. The amount of
water vapor lost to the outside, W, in Equation (4.2), increases with increasing (Xin, Xou) and N
of a greenhouse with ventilators open. N varies in the range of 0.5-100 h * depending on the number
of ventilators and degree of opening as well as the wind velocity outside (Chiapale et al., 1984).

If all the lamps are turned off, the relative humidity of the room air in a PFAL approaches 100%,
resulting in little transpiration, which may cause physiological disorders of the plants. To avoid this, the
tiers in the PFAL are often divided into two or three groups and the lamps in each group are turned on
for 12-16 h per day in rotation to generate heat from the lamps at any time of the day so that the heat
pumps are running 24 h for dehumidification and cooling of room air.

CO, USE EFFICIENCY
CO, use efficiency (CUE) is defined as:

Cr C C.

CUE - B+ Cr " Cat Cs

(4.3)
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VA C:in Cout

CL...kcN F

(4.4)
where Cs is the net photosynthetic rate ( mol m 2h 1): Cgis the CO, supply rate ( molm ?h 1): Cg
is the respiration rate of workers in the culture room ( mol m 2h 1), ifany; and C__is the rate of loss of
CO, to the outside due to air infiltration ( mol m 2 h ). Cg can be estimated using data on the number
of workers, working hours per person, and hourly amount of CO, released by human respiration per
person (about 0.05 kg h 1) (Li et al., 2012b). In Equation (4.4), N, F, and V are the same as in Equa-
tion (4.2), and C;, and C, are, respectively, CO, concentration inside and outside the culture room
( mol mol 1); ke is the conversion factor from mol to volume (0.0245 m® mol * at 25 °C). It should
be noted that CO, is often purchased by weight. The conversion factor from volume to mass (weight) is
1.80 kgm 2 at 25 °C.

Itisassumed in Equation (4.4) that C;, at time t is the same as at time (t+ ) where is the estimation
time interval. If not, the term StCin t* Y2is added on the right-hand side of Equation (4.4), the value
of which is negligibly small in most cases. In a case where C,,; changes with time during the estimation
time interval, the average value is used in Equation (4.4).

CUE is about 0.87-0.89 in a PFAL with N of 0.01-0.02h ® and CO, concentration of
1000 mol mol * (Figure 4.6, Table 4.1), whereas CUE is around 0.5 in a greenhouse with ventilators
closed having N of about 0.1 h *and enriched CO, concentration of 700 mol mol * (Yoshinagaetal.,
2000; Ohyama et al., 2000). Thus, CUE is roughly 1.8(...0.88/0.50) times higher in a PFAL than in a
greenhouse with all ventilators closed and CO, enrichment (Yokoi et al., 2005). This is because the
amount of CO, released to the outside, C_ in Equation (4.4), increases with increasing N and
(Cin  Couw) (Figure 4.6). It is thus natural that the set point of CO, concentration for CO, enrichment
is generally higher (1000-2000 mol mol ) inaPFAL than in a greenhouse (700-1000 mol mol ).

When N and (Cj, C,yy) of the PFAL are constant with time, CUE increases with increasing LAI
(leaf area index or ratio of leaf area to cultivation area) in the range of 0-3 (Yoshinaga et al., 2000). This
is because, in Equation (4.3), C, increases with increasing LAI but Cy_is not affected by LAI. CUE also
increases with increasing net photosynthetic rate per unit planting area (Figure 4.7). In order to main-
tain a high CUE regardless of LAI, the set point of the CO, concentration for CO, enrichment should be
increased with increasing LAI and/or the net photosynthetic rate.

FIGURE 4.6

An experimental result of CUE (CO, use efficiency) during 15 days in the CPPS at N...0.01 h . CO, concentration
during the photoperiod was kept at about 1000 ppm (Yoshinaga et al., 2000). One mole of CO, is equal to 44 g.
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FIGURE 4.7

CUE (CO, use efficiency) as affected by net photosynthetic rate and N (number of air exchanges). Assumptions for
calculation: floor area: 1000 m?, room air volume: 3000 m%; N: 0.1, 0.5, 2.0,and 10 h *; CO, conc. inside and outside:
1000 and 350 mol mol *; air temperature inside and outside: 27 °C; planting area is covered with plants; soil
respiration is negligibly small (Yoshinaga et al., 2000).

LIGHT ENERGY USE EFFICIENCY OF LAMPS AND PLANT COMMUNITY

The light energy use efficiencies of lamps and plant community (LUE, and LUEp) are defined as:

fD

LUEL . 5aRe (4.5)
fD

LUEr - 5am- (4.6)

where f is the conversion factor from dry mass to chemical energy fixed in dry mass (about
20 MJ kg 1); D is the dry mass increase rate of whole plants or salable parts of the plants in the PFAL
(kgm %h 1);and PAR, and PAR; are, respectively, photosynthetically active radiation (PAR) emit-
ted from the lamps and received at the plant community surface in the PFAL (MJm 2h %),

LUE_ and LUEp can also be defined, respectively,asb C,/PAR_andb C,/PARp where bis the
minimum PAR energy to fix one mole of CO, in plants (0.475 MJ mol *) and C, is the net photosyn-
thetic rate of plants ( mol m 2h ). The ratio of PARp to PAR, is often referred to as the “utilization
factor” in illumination engineering.

The average LUEp for tomato seedling production in a greenhouse was 0.017 (Shibuya and Kozai,
2001). On the other hand, the average LUE, for tomato seedling production in a PFAL was 0.027
(Yokoi et al., 2003). It should be noted, however, that LUE, of the PFAL in Equation (4.5) is estimated
based on PAR emitted from the lamps (Takatsuji and Mori, 2011; Yokoi et al., 2003), whereas LUEp
in Equation (4.6) of a greenhouse is estimated based on PARp received at the community surface. The
ratio PARR/PAR| is estimated to be 0.63-0.71 (Yokoi et al., 2003). Thus, LUEp in the PFAL would be
approximately in the range between 0.038(...0.027/0.71) and 0.043(...0.027/0.63), which is 1.9
(...0.032/0.017) to 2.5(...0.043/0.017) times higher than that in a greenhouse.
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FIGURE 4.8

LUEp (LUE with respect to PAR at the plant community level), LUE, (LUE with respect to PAR emitted from lamps)
and EUE (electric energy use efficiency) as affected by LAI (leaf area index) (Yokoi et al., 2003). PAR:
photosynthetically active radiation.

The maximum LUEp, which is closely related to the inverse of “quantum yield,” is estimated to be
in the order of 0.1 (Salisbury and Ross, 1991; Bugbee and Salisbury, 1988). The LUEp of various crops
in space research by NASA in the US is around 0.05 (Massa et al., 2008; Sager et al., 2011; Wheeler,
2006; Wheeler et al., 2006). It should be noted that the LUEy and LUP,_ values shown in Figure 4.8 are
significantly higher than those found by NASA; further careful experiments are necessary to verify the
accuracy of measurements. Regardless, there should be room to improve the LUE, and LUE; of the
PFAL. Approaches to doing so will be described later in this chapter.

ELECTRICAL ENERGY USE EFFICIENCY OF LIGHTING
The electrical energy use efficiency of lighting (EUE,) is defined as:

fhD
EUEL .. hLUEL .. 5o @.7)

where h is the conversion coefficient from electrical energy to PAR, energy, which is around 0.25 for
white fluorescent lamps, and 0.3-0.4 for recently developed LEDs (Mitchell et al., 2012; Takatsuji and
Mori, 2011). The electrical energy consumed by lamps, A_, can be expressed as:

PARL

Al ...
L Th

(4.8)

EUE_ LUE_ and LUEp ina PFAL increase almost linearly with increasing LAl at LAI of 0-2.5 (Yokoi
et al., 2003) (Figure 4.8).
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ELECTRICAL ENERGY USE EFFICIENCY OF HEAT PUMPS FOR COOLING

The electrical energy use efficiency of heat pumps for cooling (COP) is defined as:

Hn
cop S (4.9)
where Hy, is the heat energy removed from the culture room by heat pumps (air conditioners) (MJm 2h %)
and A, is the electricity consumption of the heat pumps (MJ m 2 h 1). This efficiency is often referred
to as the coefficient of performance (COP) for cooling of heat pumps; more information regarding
COP is described later in this chapter.

INORGANIC FERTILIZER USE EFFICIENCY
Inorganic fertilizer use efficiency (FUE,) is defined as:

FUE, 'I—;’ (4.10)
where | is the absorption rate of ion element | of inorganic fertilizer by plants, and I is the supply rate
of | to the PFAL. | includes nitrogen (NO5; , NO,*), phosphorus (PO, ), potassium (K™), etc. N is dis-
solved in water as NH,* or NO3 , but is counted as N in Equation (4.10). Thus, N use efficiency, P use
efficiency, K use efficiency, and so forth, can be defined for each nutrient element.

Culture beds in the PFAL are isolated from soil, and the nutrient solution drained from the culture
beds is returned to the nutrient solution tank for recirculation. Nutrient solution is rarely discharged to
the outside, usually about once or twice a year when certain ions such as Na* and ClI , which are not
well absorbed by plants, have excessively accumulated in the nutrient solution or when the culture beds
have become accidentally contaminated by certain pathogens. In these cases, the supply of fertilizer is
stopped for several days before removing the plants from the culture beds so that most nutrient elements
in the culture beds and nutrient tank are absorbed by the plants. As a result, the water discharged from
the PFAL to the outside is relatively clean. Therefore, FUE, of the PFAL should be fairly high, although
no literature regarding this subject could be found.

On the other hand, FUE, of a greenhouse and an open field is relatively low, which occasionally
causes salt accumulation on the soil surface (Nishio, 2005). In an open field, excess supply of nitrates
and phosphates occasionally causes nutrient run-off and leaching, resulting in eutrophication of rivers
and lakes (Nishio, 2005; Sharpley et al., 2003).

REPRESENTATIVE VALUES OF RESOURCE USE EFFICIENCY

WUE, CUE, LUE and EUE for a PFAL found in the literature are summarized in Table 4.1 and com-
pared with those of a greenhouse with ventilators closed and/or open, together with their theoretical
maximum values. In the table, LUE, and EUE, are defined only for a PFAL using lamps; N/A
(not available) means that the efficiencies of WUE, CUE and LUE can be obtained experimentally
but data were not found in the literature.
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The table shows that WUE and CUE of the PFAL are considerably higher than those of a greenhouse
with ventilators open. LUEp of PFAL ranges from 0.032 to 0.043, while LUEp of a greenhouse with
ventilators open varies from 0.003 to 0.032. As for PFAL, LUE, of 0.027 is 63-84% of LUEp of
0.032-0.043, which means that PARp was 63-84% of PARL.

LUE, and EUE, in Table 4.1 are, respectively, 0.027 and 0.007, which means that 2.7% of PAR
energy and 0.7% of electrical energy were converted into chemical energy contained in dry matter of
plants. The chemical energy contained in dry matter is 20.0 MJ kg * (Equations 4.5 and 4.6). Thus, the
electricity required to produce 1 kg of dry matter is 2857(...20.0/0.007) MJ/kg or 794(...2857/3.6) kWh.
Similarly, the PAR energy required to produce one kg of dry matter is 740(...20.0/0.027) MJ/kg or 205
(...740/3.6) kWh,

The WUE and CUE in a PFAL for tomato seedling production were determined by Yokoi et al.
(2005). WUE and CUE increased as LAl increased and the number of air exchanges decreased.
The maximum WUE (0.95-0.98) and CUE (0.87-0.89) were obtained at the maximum LAI of 1.2
and minimum number of air exchanges of 0.02 h *.

ELECTRICITY CONSUMPTION AND COST

Commercial production from a PFAL is limited to value-added plants because the electricity consump-
tion for lighting to increase the dry mass of plants is significant: the electricity cost typically accounts
for 25% of the total production cost (Kozai, 2012). Accordingly, the plants that are suitable for
production in a PFAL are those that can be grown at high planting density (50-1000 plants/m?) to
a harvestable stage in a short cultivation period (30-60 days) under relatively low light intensity
(100-300 molm 2s ). Also, mature plants need to be shorter than around 30 cm because the
multitier system must be used to increase annual productivity per unit floor area.

The electricity consumption in the culture room of a PFAL per unit floor area (MJm 2h 1), A,
and its components are given by:

At . AL+Ax+ A (4.11)
AL+Av+Hy  Hy
Aa-""Cop “CoP (4.12)

where A, which is expressed as PAR, /h in Equation (4.8), is the electricity consumption for lighting;
An is that for air conditioning; and Ay, is that for other equipment such as air circulation fans and
nutrient solution pumps. Hy, is the cooling load due to air infiltration and heat penetration through
the walls, both of which account for only a small percentage of Aa. Hy, is the heat energy removed from
the PFAL using heat pumps. COP is the coefficient of performance of heat pumps as defined by
Equation (4.9), which increases with decreasing outside temperature at a given room air temperature.

On the annual average, A, Aa, and Ay, of a PFAL account for, respectively, 80%, 16%, and 4% of
At in Tokyo (Ohyama et al., 2002b) (Table 4.2). The annual average COP for cooling in a PFAL with
room air temperature of 25 °C was 5-6 in Tokyo where the annual average temperature is about 15 °C;
COP was approximately 4 in summer and 10 in winter (Ohyama et al., 2002a) (Figure 4.9). Thus, in
order to reduce the total electricity consumption, it is most efficient to reduce A, by improving LUE,,
followed by improving COP.
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Table 4.2 Percentages of Annual Electricity Consumption by Components (Ohyama and
Kozai, 2004)

Purpose Percentage Equipment

Lighting 80% Fluorescent lamps 40 W
Cooling 16% Heat pumps (air conditioners)
Others 4% Water pumps, fans, etc.

The COP of the heat pump is estimated to be ca. 5.28§+4)/16...5.25).

FIGURE 4.9
COP for cooling of room air conditioner (or heat pump) as affected by outside air temperature (Ohyama et al., 2002a).

IMPROVING LIGHT ENERGY USE EFFICIENCY

There are various methods to improve LUE, in Equation (4.5) and thus EUE in Equation (4.6) (Kozai,
2011). However, as there has been little research on improving LUE, , some of the methods described in
the following paragraphs are not based on experimental data, but rather on a theoretical consideration
and practical experience in commercial plant production using PFALSs.

Figure 4.10 shows the process of converting electrical energy into chemical energy for the salable
portion of plants with current representative values. At present, less than one percent of electrical en-
ergy is converted into the salable portion of plants; the remaining ca. 99% is converted into heat energy,
which is removed to the outside by air conditioners. The research described in the following paragraphs
shows that this conversion factor can be improved to 3% or higher (Figure 4.11).

INTERPLANT LIGHTING AND UPWARD LIGHTING

Traditional overhead lighting provides an uneven light distribution and causes mutual shading in a
dense canopy and senescence of lower leaves. Interplant or intracanopy lighting can provide more light
to the lower leaves, improve the light distribution and thus enhance photosynthesis of the whole can-
opy. This is because the net photosynthetic rate of the lower leaves, which is often negative or nearly
zero, will be made positive by interplant lighting (Dueck et al., 2006).
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FIGURE 4.10

Process of converting electrical energy for lighting in the PFAL into chemical energy contained in the salable portion
of plants.

FIGURE 4.11

Maximum possible and existing processes of converting electrical energy for lighting in the PFAL into chemical
energy contained in the salable portion of plants.

The benefits of interplant lighting have already been reported in greenhouse plant production and
under controlled environments. Adding additional light within a cowpea canopy significantly delayed
senescence of the interior leaves in the canopy (Frantz et al., 2000). Greenhouse cucumber yields were
increased through intracanopy supplemental lighting in Canada and Europe (Hao et al., 2012; Pettersen
etal., 2010). LEDs are a feasible light source for interplant lighting because of their small volume and
lower surface temperature compared to other light sources.
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IMPROVING THE RATIO OF LIGHT ENERGY RECEIVED BY LEAVES

The LUE_ increases with increasing ratio of the light energy received by leaves to the light energy
emitted by lamps. This ratio can be improved by well-designed light reflectors, reduction in vertical
distance between lamps and plants, increase in distance between plants (or planting density) as plants
grow, and other such measures (Massa et al., 2008). The ratio increases linearly from zero up to unity
with increasing LAI from 0 to 3 (Yokoi et al., 2003). Thus, LUE, can be significantly improved by
maintaining LAI at around 3 throughout the culture period by automatic or manual spacing of plants.

USING LEDs

A direct method of improving EUE,_is to use a light source with a high h value in Equation (4.7). The h
value for recently developed LEDs is around 0.4 (Liu et al., 2012), whereas that of fluorescent lamps
(FL) is around 0.25 (Kozai, 2011). Although the price of LEDs with h of about 0.4 is several times
higher than that of FL as of 2013, the price has decreased considerably every year and this trend will
continue. The spectral distribution or light quality of LED lamps affects plant growth and development
and consequently LUE, (Jokinen etal., 2012; Liu etal., 2012; Massa et al., 2008; Mitchell et al., 2012;
Morrow, 2008).

CONTROLLING ENVIRONMENTAL FACTORS OTHER THAN LIGHT

LUE, is largely affected by the plant environment and ecophysiological status of plants, as well as by
the genetic characteristics of plants. An optimal combination of temperature, CO, concentration, air
current speed, water vapor pressure deficit, and the composition, pH and electrical conductivity
(EC) of the nutrient solution must be found in order to improve LUE, for each crop (Bugbee and
Salisbury, 1988; Evans and Poorter, 2001; Dueck et al., 2006; Kozai, 2011; Liu et al., 2012;
Morrow, 2008; Nederhoff and Vegter, 1994; Sager et al., 2011; Thongbai et al., 2011; Wheeler,
2006; Wheeler et al., 2006; Yabuki, 2004).

The optimal light level for plant growth and development varies with species and growth stage. For
example, high light intensity and high CO, concentration may have a limited effect on increasing bio-
mass when plants are too small. Similarly, no further increase in light intensity is needed when the plant
response to light reaches a plateau. Therefore, it is important to find the most economic minimum light
levels in a PFAL for crops in order to increase LUE,.

CONTROLLING AIR CURRENT SPEED

A horizontal air current speed of 0.3-0.5 m s * within the plant community enhances the diffusion of
CO, and water vapor from room air into the stomatal cavity in leaves, and consequently photosynthesis,
transpiration and plant growth, if the vapor pressure deficit (VPD) is controlled at an optimum level
(Yabuki, 2004). The control of air current speed in accordance with plant growth stage by changing the
rotation speed of fans is an advantage of the PFAL for improving plant growth. Yokoi et al. (2007)
showed that the growth and uniformity of tomato seedlings in a CPPS are enhanced at a higher air
current speed (0.7 m s 1) than at a lower speed (0.3 m's 1). They also reported suppression of growth
and less uniformity at higher planting density at higher air current speed than at low air current speed.
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INCREASING THE SALABLE PORTION OF PLANTS

Electricity is consumed to produce whole plants consisting of leaves with petioles, roots, stems, and
sometimes flower stalks and buds. Thus, in order to improve EUE, and LUE, of the salable parts of
plants, it is important to minimize the dry mass of the nonsalable portion. Leaf vegetables such as let-
tuce plants should be grown with a minimum percentage of root mass, typically less than 10% of the
total mass. This is not so difficult because water stress of plants can be minimized by controlling VPD
of the room air and water potential of the nutrient solution in the culture beds of a PFAL. In the case of
root crops such as turnip plants, the salable portion can be significantly increased by harvesting them
earlier than usual so that the aerial part will be edible. This is often practiced in commercial PFALS
(Figure 4.12).

INCREASING ANNUAL PRODUCTION CAPACITY AND SALES VOLUME PER UNIT
LAND AREA

The relative annual production capacity per unit land area of an existing PFAL with 10 tiers is more
than 100 and 150 times, respectively, that of an open field and can be 200 and 250 times, respectively,
by improving the following factors: (1) shortening the culture period from transplanting to harvest
through optimal environmental control; (2) increasing the ratio of cultivation area of each tier to floor
area; and (3) increasing percentages of salable plants and salable portion of plants. The relative annual
sales price of PFAL-grown lettuce is generally 1.2-1.5 times that of field-grown plants due to improved
quality, resulting in an increase in relative annual sales volume.

FIGURE 4.12

Salable and unsalable portions (roots and trimmed leaves) of lettuce plants grown in the PFAL. Trimmed leaves
are yellowed, small outer leaves and/or damaged. Fresh weight of roots and trimmed leaves account for less than 10%
and ca. 5% of total fresh weight, respectively.
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ESTIMATION OF RATES OF PHOTOSYNTHESIS, TRANSPIRATION,
AND WATER AND NUTRIENT UPTAKE

Interactions between plants and their environments in a PFAL equipped with a hydroponic culture
system are fairly simple compared with those in a greenhouse and open field. This is because the
PFAL is thermally well-insulated and nearly airtight, so the environment is not affected by the
weather, especially the fluctuations in solar radiation with time. Therefore, the energy and mass bal-
ance of the PFAL and related rate variables (namely, flows that include the time dimension in units)
such as those given in Equations (4.1) and (4.2) can be measured, evaluated and controlled relatively
easily (Li et al., 2012a,b,c).

The quality of environmental control will be significantly improved by monitoring, visualizing,
understanding and controlling the RUE [WUE, CUE, LUE, , EUE, and FUE] in Equations (4.1)—(4.10)
and rate variables. The rate variables include the rates of net photosynthesis (gross photosynthesis
minus dark and photorespirations), dark respiration, transpiration, water uptake, and nutrient uptake,
which represent the ecophysiological status of the plant community. Another group of rate variables
includes the supply rates of CO,, irrigation water, fertilizer constituents, and electricity consumption by
its components in the PFAL.

The set points of environmental factors can be determined, for example, for maximizing LUE,,
with the minimum resource consumption or at the lowest cost (Kozai, 2011). In order to maximize
the cost performance (ratio of economic benefit to production cost) instead of maximizing LUE_,
the concept and method of integrative environmental control must be introduced (Dayan et al.,
2004; Kozai et al., 2011a). Continuous monitoring, visualization and control of the rate variables
and RUE will become important research subjects in integrated environmental control for plant
production using the PFAL (Dayan et al., 2004; Kozai et al., 2011a).

NET PHOTOSYNTHETIC RATE

The net photosynthetic rate (C,) at time t during the time interval of t can be estimated by modifying
Equations (4.3) and (4.4) as follows:

V, t
kcFa Cin t+§ Cin t 5
t

Co..Cs4Ca  KNYE Gy Cou + (4.13)

where the fourth term expresses the change in CO, mass in the air of the culture room during the time
interval of t between t gand t+ g In practical applications, t would be 0.5-1.0 h. Cp can be es-
timated fairly accurately using Equation (4.13), since (1) k. and V, are constant; (2) Cs, Cin, and Cyy
can be accurately measured; and (3) N can be estimated using Equation (4.13) as described later. Dark
respiration rate can be estimated using the same Equation (4.13) during the dark period. Under
steady-state conditions, Equation (4.13) is simplified and estimation of Cp and CUE is easy
(Figure 4.13).
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FIGURE 4.13

Scheme showing the method for estimating hourly net photosynthetic rate (Cs) and CUE based on the CO, balance of
the PFAL under steady-state conditions. For unsteady conditions, see Equation (4.13). The set point of Cj, is
determined by considering CUE, costs for Cs and C,, and benefit by Cp.

TRANSPIRATION RATE

In a PFAL, the transpiration rate of plants grown in the hydroponic culture beds in the PFAL at time t
during the time interval of t, Wy, can be estimated by:
V, t

?A Xin t+ E Xin t 5

t
where the third term expresses the change in water vapor mass in the air of the culture room during the
time interval of t betweent 5‘ and t+ 5‘ Since V4 and F are constants, and W¢, Xi, and X, can be
measured relatively accurately, N can be estimated for the time interval of t g and t+ 5‘ using Equa-
tion (4.14") (Dayan et al., 2004; Kozai et al., 2011a,b; Li et al., 2012a):

(4.14)

V,
Wy . W + NfA Xin Xout +

V, t t
?A Xin t+5 Xin t E
Wy We n
N... v 4:14
T X X

In the PFAL, no evaporation from the substrate in the culture can be assumed, because the culture beds
are covered with plastic panels with small holes for growing plants. Furthermore, neither evaporation
nor condensation from/to the walls and floor can be assumed, because the walls and floor are thermally
well-insulated.

WATER UPTAKE RATE BY PLANTS

Water uptake rate (W) can be expressed by modifying Equation (4.14) as:
Wy .. We + W, (4.15)

where We is the change in water mass of plants during time interval t which is difficult to estimate
accurately. On the other hand, Wy, can be estimated relatively easily by the equation:
KLw t t
E Viw t+ > Viw t >

WU VVin Wout 2 (4'16)
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where W, and W, are, respectively, the flow rate of nutrient solution into and from the culture beds.
ki w is a conversion factor from volume to mass of liquid water (997 kg m > at 25 °C and 101.3 kPa).
Viw t+5  Viw t 5 is the change in nutrient solution volume in the culture beds and/or the nu-
trient solution tank during the time interval of t. W, in Equation (4.16) can be estimated for each cul-
ture bed or for all the culture beds, by changing the measuring points of W, and Wt

ION UPTAKE RATE BY PLANTS
The ion uptake rate by plants in the culture bed, Iy, can be estimated by:

OIin"’lout
2 t

B2 & vy tv— vV =
F w5 w t 35

IU IinVVin |0utWout + t (4-17)

where I, and l; are, respectively, the concentration of ion | at the inlet and outlet of the culture bed.
W, and W, are, respectively, the flow rate of nutrient solution at the inlet and outlet of the culture bed.
The third term shows the change in amount of ion | in the culture bed during the time interval of t. Iy
can be measured for each culture bed, more than one culture bed or all the culture beds.

APPLICATION

The methods of estimating rate variables given previously can be applied to small PFAL-type plant
growth chambers used for research, education, self-learning, and hobby purposes (Kozai, 2013b),
as well as PFALs for commercial plant production. Since all the major rates and state variables in
the PFAL can be measured and graphically displayed, the quantitative relationships among these vari-
ables can be analyzed and understood relatively easily. This benefit could be increased by displaying
the relationships together with camera images of the plants. Major rates and state variables of the PFAL
are schematically shown in Figure 4.3.

COEFFICIENT OF PERFORMANCE OF HEAT PUMP

A heat pump is a device that provides heat energy from a source of heat to a destination called a “heat
sink.” Heat pumps are designed to move heat energy in the direction opposite to that of spontaneous
heat flow by absorbing heat from a cold space and releasing it to a warmer one, and vice-versa. A heat
pump uses external power to accomplish the work of transferring energy from the heat source to the
heat sink. Electrically driven heat pumps are commonly used for heating, ventilation, and air
conditioning.

The term coefficient of performanc@COP), as defined by Equation (4.9), is the ratio of heating or
cooling provided to electrical energy consumed. Higher COPs equate to lower operating costs. COP is
highly dependent on operating conditions, especially the difference in temperature between the inner
and outer units (or the evaporator and condenser) of the heat pump and the ratio of actual cooling/heat-
ing load. The COPs for heating and cooling are different because the heat reservoir of interest is dif-
ferent. For cooling, the COP is the ratio of the heat removed from the cold reservoir to the input work.
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However, for heating, the COP is the ratio of the heat removed from the cold reservoir plus the heat
added to the hot reservoir to the input work.

In a plant factory under artificial light, heat pumps are principally working in the cooling mode even
in the winter months in cold regions due to the heat produced by lights. To prevent high humidity, the
lights are turned on alternately at different tiers in the PFAL so that some lights always remain on to
keep the heat pumps running. In this case, the COP for cooling ranges from 8 to 12 with an inside air
temperature of 25 °C and outside temperatures ranging from 0 to 15 °C (Kozai, 2012). The electricity
consumption for cooling is usually 1/10 to 1/15 that of lighting because 80% of the cooling load is
required to remove the heat produced by the lights.

Thanks to technological progress, COP values have improved considerably in recent years. For ex-
ample, at an outside temperature of 34 °C and an inside temperature of 27 °C, the COP of household
heat pumps (air conditioners) for cooling was improved from 2.5-3.0 in 1994 to 5-6 in 2009, doubling
the efficiency in 15 years (Kozai, 2012). Research has shown the potential of using heat pumps for
controlling the environment in greenhouses. Tong et al. (2010) reported an average hourly COP of
4.0 when heat pumps were used for heating a greenhouse to maintain the inside temperature at 16°
C with outside temperatures ranging from 5to 6 °C. In the heating mode, COP decreases as the out-
side temperature decreases. For cooling a greenhouse to maintain the inside temperature at 18 °C with
outside air temperatures ranging from 21 to 28 °C, the average hourly COP was 9.3 (Tong et al., 2013).
Similarly, in the cooling mode, COP decreases as outside temperature increases.
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CHAPTER
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Center for Environment, Health and Field Sciences, Chiba University, Kashiwa, 5a1aduate School of Engineering,
Chiba University, Chiba, Yayoi, Japadapan Plant Factory Association, c/o Center for Environment, Health and Field
Sciences, Chiba University, Kashiwa, Chiba, Jaban

INTRODUCTION

Today, approximately 3.6 billion people worldwide live in urban areas. By 2030, the population in
agricultural areas is predicted to decrease to 3 billion due to the aging of farmers, while the population
in urban areas will exceed 5 billion. Therefore, the current system of producing almost all food includ-
ing fresh food in agricultural areas and transporting it to urban areas needs to be changed in the coming
decades (Despommier, 2010).

In order to enhance local production for local consumption of fresh and clean vegetables, urban
agriculture, especially plant factories with artificial lighting (PFAL), have become increasingly important
in Japan and other countries having densely populated urban areas, as described in Chapters 2 and 3.

In parallel with the commercial production of leafy vegetables using PFALS, some residents living
in urban areas with little chance to grow plants outdoors have recently started enjoying indoor farming
using a household PFAL or micro-PFAL in Japan, Taiwan, and China and a few other Asian countries
(Takagaki et al., 2014). In addition, mini-PFALs have recently been set up for various purposes at
restaurants, cafés, shopping centers, schools, community centers, hospitals, etc. Such micro- and
mini-PFALSs are both called “m-PFALS” in this chapter. This chapter explains how m-PFALSs and their
networks could bring new lifestyles to people living in urban areas.

CHARACTERISTICS AND TYPES OF m-PFAL

An m-PFAL is a closed or semi-closed indoor plant growing system used for various purposes other
than the commercial production and sale of plants. m-PFALSs are characterized by (1) hydroponic
or soilless culture, (2) plants are grown mostly under LED lamps, (3) well-designed as furniture or
for greening of interiors (beautiful-looking, safe and robust), (4) easy to use and maintain, (5) no
use of pesticides, and (6) lighting period, watering, temperature, and so forth can be controlled auto-
matically or manually by the user. The size, i.e. the air volume of the plant-growing space, of most
micro-PFALs ranges from 0.03m® (e.g.,, 0.2 0.5 0.3m)to 1m* (e.g, 1.0 0.5 2m) and that
of most mini-PFALSs ranges from2m® (e.g.,2 05 2m)to30m®(e.g,2 5 3m).
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m-PFALs are classified into three types: Type (A) natural or forced ventilation through air gaps
covered with fine mesh nets to prevent insects from entering, and without air conditioning; Type (B)
air conditioned but some degree of natural ventilation and no CO, enrichment; and Type (C) an airtight
structure equipped with an air conditioner and CO, enrichment unit. Types A and B produce vegetables
that can be eaten fresh after washing with tap water. Type C produces vegetables that can be eaten fresh
without washing because they are kept highly clean. Most m-PFALSs belong to Type A or Type B, while
most PFALs for commercial plant production belong to Type C.

In Types B and C, the air conditioner is used for cooling to remove the heat generated by lamps.
Water vapor transpired from leaves condenses into liquid water at the cooling panel of the air condi-
tioner, and is returned to the nutrient solution tank for recycling. Thus, less fresh water needs to be
added by the user to the nutrient solution tank, and no drainage or drainpipe is required.

VARIOUS APPLICATIONS OF m-PFALs
HOMES

m-PFALS can be used in the home by individuals or the whole family (Figures 5.1A-5.1C). By using an
m-PFAL instead of an outdoor plot, beginners can relatively easily grow a variety of leafy vegetables,
herbs, small root vegetables, and edible flowers all year around. The user can choose the level of support

FIGURE 5.1A
Tabletop m-PFAL for personal use (The Plant Environment Designing Program by H. Hara).
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(b)

(a) (c)
FIGURE 5.1B

m-PFAL as green furniture available on the Internet. Estimated retail prices of units a, b, and c are about US$1500,
200, and 100. Products of U-ing Corporation (http://www.greenfarm.uing.u-tc.co.jp/tri-tower).

FIGURE 5.1C

Household m-PFAL connected with the Internet for SNS, designed by H. Hara and J. Hashimoto, Panasonic
Corporation, Patent pending.
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desired from m-PFAL software to grow the plants. These m-PFALS help create a green interior where
people can gain pleasure from watching the plants grow and looking after them daily, and then enjoy
eating the fresh produce.

Although people can enjoy growing and harvesting plants outdoors if the weather conditions are
favorable, some people live in cold or hot regions, while others only have spare time at night. With
an m-PFAL, anyone can enjoy growing plants indoors at any time, regardless of the weather.

The monthly electricity consumption of a micro-PFAL that produces sufficient leafy vegetables for
fresh salads for two adults is about 50 kWh (¥0.1 kW 16 h/day 30 days/month), costing about
US$5 in the USA or about US$10 in Japan.

RESTAURANTS AND SHOPPING CENTERS

m-PFALSs are sometimes placed at the entrance of a restaurant, café, or shopping center as an eye-catching
feature (Figures 5.2A-5.2C and Figure 5.3). Vegetables, herbs, and medicinal plants grown at restaurants
are served to customers. Typically, the chef picks the plants 5 min before serving them to the customer, who
can see how the vegetables are grown in the m-PFAL before or after enjoying their meal.

FIGURE 5.2A

m-PFALSs placed at the entrance of a restaurant in Kashiwa, Chiba, Japan. The vegetables are served to the customers.
Café Restaurant ‘Agora’ designed by H. Hara and T. Hatta (left). Restaurant ‘Come sta’ at Mitsui Garden Hotel
Kashiwa-no-ha (right).
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FIGURE 5.2B

m-PFAL built adjacent to a French-style Chinese restaurant at Grand Front Osaka, Japan (left) and m-PFAL for
growing medicinal plants (right).

FIGURE 5.2C
Eight m-PFALs under the service counter of Café ‘Foodie Foodie’ at Panasonic Center, Osaka.

SCHOOLS AND COMMUNITY CENTERS

m-PFALSs are being used for education (Figure 5.4A), self-learning (Figure 5.4B), and communication
(Figure 5.5). While experiencing the joy of raising plants empirically, school children gain an implicit
and integrated understanding of the scientific principles at work in the environment, natural resources,
food production, and ecosystems. m-PFALs could become practical tools for lifelong self-learning
about diet, the environment, nature, energy, and natural resources. Using a m-PFAL reinforces aware-
ness of the vital importance of foods and plants in our environment, of reducing our consumption of
natural resources, and of preserving and protecting the environment.
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FIGURE 5.3

m-PFAL at a shopping center as an eye-catching display (Lalaport Kashiwa-no-ha, Kashiwa City, Chiba).
Photos by Mitsui Fudosan Co., Ltd., Mirai Co., Ltd. and Sankyo Frontier Co., Ltd.

FIGURE 5.4A

m-PFAL used as an educational tool for extracurricular activities at Tomioka Elementary School in Fukushima
after the earthquake and tsunami of March 11, 2011 (M. Takagaki).
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FIGURE 5.4B

m-PFAL at Kashiwa-no-ha Smart City Museum used as an educational tool for summer holiday activities by
a volunteer group (H. Hara).

FIGURE 5.5

m-PFAL used as a communication tool in daily life at a meeting room for temporary housing residents in Miyagi
after the earthquake and tsunami of March 11, 2011 (H. Hara).

HOSPITALS

m-PFALSs can also be used in hospitals. The m-PFAL shown in Figure 5.6 is placed in the lobby of
Sakakibara Memorial Hospital, Tokyo. The vegetables are grown by recuperating patients and
served to other hospitalized patients; such growing of plants is a kind of horticultural therapy for re-
covering patients. The m-PFAL also facilitates communication among patients and hospital staff such
as nurses, and there are plans to use it as a part of alternative integrated medicine at the hospital.
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FIGURE 5.6

m-PFAL at the lobby of Sakakibara Memorial Hospital in Tokyo. The vegetables are grown by recuperating patients
and served to other hospitalized patients. Designed by H. Hara and J. Hashimoto.

OFFICES

Watching a computer screen all day in an office with no green plants and little chance to chat with
colleagues can be very stressful. The m-PFAL shown in Figure 5.7A serves as a partition between
desks. The m-PFALs shown in Figure 5.7B are placed in meeting rooms and coffee-break areas,
and can assist communication among colleagues and help staff to relax.

SMALL SHOPS AND RENTAL m-PFALs

A company in Kashiwa is displaying m-PFALSs of size 3 or 6 m? for rent (the smaller one costs US$500
per month) at a nearby exhibition site (Figure 5.8). The m-PFAL can be lifted up by a crane and then
transported by a small truck. The company is also producing and selling vegetables using a larger PFAL
at the exhibition site.

DESIGN CONCEPT OF m-PFALs

The objective of the m-PFAL is to bring together the cultivation and use of plants for users, and to
balance these two elements. Users’ situations and needs vary depending on whether they are in the
home, restaurant, school, community facility, or office. To create the ideal situation, it is necessary
to integrate the design for users with the design for cultivation. By integrating not only the function
but also the esthetics, the value of m-PFALS in society is increased. A good design emphasizes the
beauty of the plants, encouraging users to use the m-PFAL and producers to grow better plants. This
virtuous circle of users and plants is the basic design concept of the m-PFAL.
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FIGURE 5.7A
m-PFAL as a partition between office desks (left), MTI Ltd., Tokyo.

FIGURE 5.7B
m-PFAL at a meeting room (left) and a café in the office (right), MTI Ltd., Tokyo (H. Hara).

m-PFALs CONNECTED TO THE INTERNET

A trial social experiment using m-PFALs was launched in 2012 in the Kashiwa-no-ha district of
Kashiwa City in Chiba Prefecture, Japan (Figure 5.9; Kozai, 2013). This project was conducted by
the Working Group of “In-town Plant Factory Consortium Kashiwa-no-ha,” a consortium involving
Chiba University, Mitsui Fudosan Co., Ltd., Panasonic Corporation, and Mirai Co., Ltd., with the
collaboration of local residents acting as end-users in the project.
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FIGURE 5.8

m-PFAL for rent (US$500/month), 2 m wide, 2 or 3 m long and 2.5 m high. A stall-type shop selling PFAL-grown
vegetables at a production site (Sankyo Frontier Co., Ltd., Nagareyama City, Chiba) (right).

FIGURE 5.9
m-PFAL network as a social experiment.

The trial project examined (1) how people can grow vegetables in household spaces; (2) the effective-
ness of providing cultivation advice; (3) the ease of using the m-PFAL; and (4) the value added from cre-
ating a network. It also assessed the usefulness and commercial feasibility of an exclusively web-based
service where m-PFAL growers can ask experts questions on cultivation management, share information
on their own circumstances and experiences, and arrange to exchange the vegetables they have grown.

The project showed that (1) linking m-PFALS by the Internet enabled users to gain the latest infor-
mation on cultivation methods, (2) information on various plant species could be downloaded from
cloud servers, (3) growers could swap tips about cultivation and food preparation using social network
services such as Facebook and Twitter, and (4) users could check remotely how their plants are doing
using built-in cameras. The users also enjoyed meeting each other at a party held every few months and
bringing their own m-PFAL-grown vegetables (Figures 5.10A and 5.10B).
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FIGURE 5.10A
Various ways of using m-PFAL networks.

FIGURE 5.10B
A gathering for m-PFAL users, May 11, 2013, Kashiwa, Chiba, Japan.

This project is an integral part of making Kashiwa-no-ha in Kashiwa City a “smart and streamlined”
community, in line with its designation as an “Environmental-Symbiotic City” that strives to preserve
green spaces and maintain harmony between cities and agriculture. In this district, there are also com-
munity gardens and rooftop gardens for growing organic vegetables. This project can be extended to
networks linking schools and similar organizations.



102 CHAPTER 5 MICRO-AND MINI-PFALs

ADVANCED USES OF m-PFALs CONNECTING WITH A VIRTUAL m-PFAL

A virtual m-PFAL system incorporating an e-learning function can be linked as a network with a real
m-PFAL system involving the actual cultivation of plants. In the virtual system, users can operate an m-
PFAL using a simulator that incorporates plant growth, an environment and a business model; after
attaining a certain level of proficiency in the simulator, they can transfer their new-found knowledge
to the real m-PFAL, or can do both simultaneously.

VISUALIZING THE EFFECTS OF ENERGY AND MATERIAL BALANCE ON PLANT GROWTH

Since m-PFALSs are almost fully enclosed (airtight and thermally insulated) environments, it is possible
to quantify the resources consumed and produced. The required inputs are light energy, water, CO,, and
fertilizer essential for the plants’ photosynthesis. It is also possible to measure the exact amount of
electricity required for lighting, air conditioning, and circulation of nutrient solution. Furthermore,
analysis of camera images of the m-PFAL and measurements of plant weight allow the plants’ growth
to be estimated. In addition, by measuring the rates of consumption of CO,, water, and electric energy
and light energy, it is possible to estimate the plants’ rate of photosynthesis, rate of transpiration, and
increase of fresh weight (Li et al., 2012a,b,c), and hence to visualize the time course of plant growth as
affected by the rates of inputs and outputs.

MAXIMIZING PRODUCTIVITY AND BENEFITS USING MINIMUM RESOURCES

As people become familiar with m-PFALSs as a simplified model of an ecosystem, their ability to max-
imize food production while maximizing the benefits in terms of quality of life will become second
nature. They will also minimize their environmental impact by reducing their electricity and water con-
sumption, producing no waste water, absorbing carbon dioxide, and producing more oxygen for the
atmosphere. Along with this increase in quality of life, they will enjoy helping living things to grow
and protecting the ecological balance.

LEARNING THE BASICS OF AN ECOSYSTEM

The m-PFAL is a simple plant production system with a relatively well-controlled environment, so the
effects of the environment on plant growth are straightforward. Accordingly, the ecological relation-
ship between the environment and plants can be easily understood. The next step is to connect the
m-PFAL with other biological systems to learn about and enjoy more complicated ecosystems.

CHALLENGES

Challenges for further applications of m-PFALSs are (1) evidence-based experiments for verifying the
benefits of m-PFAL, (2) collaboration among designers, citizens, and researchers, educators, commu-
nity planners, and architects to design, construct and develop m-PFALs, and (3) development of
“citizen-centered horticulture science”—a new science built from people’s perspective.
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m-PFAL CONNECTED WITH OTHER BIOSYSTEMS AS A MODEL ECOSYSTEM

Networks connecting mushroom culture, aquaculture (fish farming) and aquaponics to raise fish and
aquatic plants together are also possible (Figures 5.11 and 5.12). m-PFAL is an inorganic plant pro-
duction system, while m-aquaponics is an organic plant production system. By comparing the two,
we can learn the principles of the two biological systems and their differences and similarities.
Small-scale experiments and results could also be applied to large-scale commercial and industrial
PFALs. By connecting PFALs with local community energy management systems, these networks can
form the infrastructure of a sustainable city. Thus, m-PFAL and PFAL will play an important role in the
near future in improving the quality of our lives and communities while minimizing the consumption of
nonrenewable natural resources and the emissions of environmental pollutants (Figure 5.13).

FIGURE 5.11

CO,, Oy, and nitrogen circulation in aquaponics (Yaaquaculture + hydroponics). Both plants and fish can be harvested.
Fish waste is decomposed by bacteria to nitrates and other inorganic nutrients for plant growth. Water from the fish
tank is pumped into the culture bed and filtered by plants and substrate, and then returned to the fish tank.

FIGURE 5.12

CO, and O, circulation in a plant-mushroom culture system. Both plants and mushrooms can be harvested. The
plants and mushrooms grow better in their respective CO,-enriched and CO,-reduced air environments.
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FIGURE 5.13
Combinations of PFAL with other eco-systems.

LIGHT SOURCE AND LIGHTING SYSTEM DESIGN

When choosing the type and design of the light source for m-PFALS, we need to consider the physiology
and psychology of light perception by humans. This is because the m-PFAL is not only a plant production
system but also part of a green interior. The color rendering index (CRI) of a light source is an important
index used when designing lighting for humans (http://en.wikipedia.org/wiki/Color_rendering_index).
CRI is a quantitative measure of the ability of a light source to reveal the colors of various objects faith-
fully in comparison with an ideal or natural (solar) light source (Wikipedia). The CRI is 100 when the
light source functions exactly as natural light. The color of a plant perceived by the human eye is strongly
affected by the CRI of the light source. For example, green lettuce plants under red-based LEDs tend to
look dark red; the plants do not look fresh, tasty, or beautiful. The design of the m-PFAL lighting system is
also important. Other design factors to be considered for the human eye include (1) the color temperature
ofthe light source (cool white or warm white), (2) the spatial distribution of luminous intensity of the light
source, and (3) the three-dimensional shape and optical characteristics of reflectors.
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INTRODUCTION

Rooftop plant production (RPP) is the practice of growing plants on top of residential, commercial, and
industrial buildings. Plants grown on roofs may be ornamental or edible, require regular pruning
and harvesting, or be maintenance free. Many new buildings are being designed with “green roof”
space to capitalize on the many proven and potential benefits (The City of London, 2008), including
environmental—stormwater management, heat island reduction, carbon sequestration, and building
insulation—and social—community connection, k-12 education, and plant therapy and rehabilitation
(Mandel, 2013).

There are many added benefits for using the roof to grow food crops, including local food produc-
tion and security, decreased fuel use for transporting food, agricultural jobs training, and improved
local economy (Ganguly et al., 2011). Rooftop agriculture, as a subset of RPP, is gaining popularity
within the urban landscape as city dwellers gain interest in local and sustainable food production. This
interest is gaining traction as more and more cities lift historical bans on urban agriculture and pass
ordinances that allow homeowners, communities, and businesses to grow food in open spaces for more
than personal consumption (Engelhard, 2010).

The rooftop is an ideal landscape for growing plants in dense cities, as it typically has greater
exposure to solar energy than the ground below. Further, rooftops are often vacant, except for the
mechanical equipment used to condition the building. This combination of factors—sunlight and
space—is also why rooftops are good locations for generating on-site solar electricity and solar hot
water. The urban PFAL (Plant Factory with Artificial Light), like any city building, will have under-
utilized space that can be used to capture solar energy, either for food production or electricity
generation.

ROOFTOP PLANT PRODUCTION

Rooftop production of plants for human consumption may be classified into three categories (Mandel,
2013): (1) Rooftop Gardening (small-scale, noncommercial); (2) Rooftop Farming (medium-scale,
commercial); and (3) Rooftop Agriculture (large-scale, commercial). This chapter focuses on commer-
cial plant production for food, and does not consider the larger context of Rooftop Agriculture, which
may also include cultivation of animals, bees, fish, fungi, fiber, and feed. Rooftop Farming is often
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characterized by one of the following methods of cultivation: container and raised bed production,
continuous row farming, and hydroponic greenhouse growing.

Depending on the method of RPP, there can be many proven benefits. These benefits include
mitigation of storm water; reduction of the urban heat island effect; insulation of the roof; and increased
biodiversity of pollinators, such as bees, birds, bats, and butterflies (The City of London, 2008). If care-
fully designed, RPP can also help to maximize resource use efficiency (RUE) by reusing waste water
and waste heat from the building below. RPP has added benefits to PFAL by providing a space to grow
crops that are less responsive to the low-light conditions and space constraints of vertical farming. Spe-
cifically, the rooftop can be used to cultivate crops that require high light intensities and greater vertical
growth, as well as flowering plants that require pollination, root crops that require deeper soil beds, and
plants that are more tolerant to heat and variations in temperature and humidity.

Some crop varieties suitable for RPP of PFAL include tomatoes, cucumbers, and peppers. Further,
these plants are often cultivated as seedlings within the PFAL and could easily be moved to the roof for
full-scale production, thereby reducing the energy and carbon footprint associated with transportation
to remote facilities.

Although many cities are beginning to support urban agriculture and green roof construction, local
policy and building codes can still be a barrier in many localities (Engelhard, 2010). Some of the other
potential and perceived challenges to overcome when designing a RPP system include structural loads
on the roof, accessibility to the roof, utility hookups, leakage and damage to waterproofing, and crop
and building maintenance (The City of London, 2008). However, once implemented, the benefits of the
green roof agriculture system will quickly outweigh the challenges that were overcome to build it.

RAISED-BED PRODUCTION

Raised-bed production results in moderate yields of food crops that would not be possible inside the
PFAL. Raised beds are low-profile structures, typically built out of plastic, steel or wood, and filled
with soil for growing plants (Mandel, 2013). The width and length of raised beds can vary and will
depend on the roof dimensions and space availability. Raised beds can also be built to various heights
and soil depths, influencing crop selection. Root vegetables and tomatoes require soil depths 12 in.
(30.48 cm) or greater; while leafy greens can be grown in shallow depths of 6 in. (15.24 cm). The soil
is often a combination of compost, peat moss, and vermiculite or perlite. The compost can be generated
on site, from unused plant material (leaves, stems, etc.) at the PFAL, as well as any food waste. Plants
may be irrigated by hand or using drip tubes. Raised beds are designed to allow excess water to drain
through the soil and out of the bottom to the roof deck. Therefore, the roof should be protected with
durable, water-proof material that is designed to channel excess water to a collection system or to the
storm drain on the street below. The use of soil and heavy framing materials, such as steel or wood,
results in relatively high structural loads, which should be carefully considered. Further, wood is sus-
ceptible to rot and should be treated prior to soil infill and planting.

CONTINUOUS ROW FARMING

Continuous row farming can produce relatively high yields of many crop varieties. Soil is placed
directly on the roof structure with continuous row farming, which is most comparable to field farming.
Because planting area is not limited by framing structures, the layout can be flexible and the soil depth
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varied to accommodate a diverse array of crops in a single growing cycle (Mandel, 2013). Like
raised-bed production, soil may be comprised of compost, peat moss, and perlite or vermiculite.
However, unlike raised beds, because continuous row farming does not containerize the soil, there
may be challenges with soil loss and nutrient leaching during rain events. Providing “edging” around
the roof and growing area can help prevent soil loss due to wind and rain. The roof must be designed
similarly to a traditional “green roof,” with greater structural capacity and a waterproof membrane that
also acts as a root barrier.

HYDROPONIC GREENHOUSE GROWING

Of all the RPP systems, growing food in a hydroponic greenhouse will result in the overall highest
yields per unit area for any given crop (Mandel, 2013). Hydroponic systems use soilless media to sup-
port the plants’ root structure. This media is inert and can consist of rockwool, coconut coir, recycled
glass, perlite, sand, and other alternatives. Drip tubes deliver water and nutrients in precise quantities,
greatly increasing the water use efficiency (WUE) of the crop. The greenhouse structure itself may be
made of glass, rigid plastic (polycarbonate), or plastic film (polyethylene, ETFE, etc.), and sometimes
acrylic. The greenhouse is often provided with climate control systems, such as fans, heaters, evapo-
rative cooling, and operable windows, to condition the indoor air and achieve the optimal air temper-
ature, relative humidity, and carbon dioxide levels regardless of outside conditions. The greenhouse is a
complex system with design criteria similar to PFAL. The greenhouse requires the largest initial in-
vestment and longest construction period of the three RPP growing methods. The structure can be
heavy and susceptible to wind shear, but with close consultation by a structural engineer, these chal-
lenges can be managed. Because energy is required to operate the irrigation and climate control sys-
tems, the total electricity consumption of the PFAL will increase. However, depending on the location,
the greenhouse may be constructed with solar glass, which collects specific wavelengths of sunlight for
generating electricity, while transmitting and diffusing other wavelengths into the greenhouse.

BUILDING INTEGRATION

RPP presents several opportunities for increasing the sustainability and RUE of the PFAL, including
storm water management, reduction of heating and cooling loads in the building below, reducing the
building’s heat island effect, and utilizing waste heat from the building and its equipment.

STORMWATER MANAGEMENT

Stormwater runoff poses many challenges to cities, including flooded streets, strain on sewage convey-
ance systems and waste water treatment plants, and groundwater pollution of nearby water bodies.
Mitigating stormwater has become a prime directive of cities and states as they look to reduce the im-
pact on aging and undersized sewage systems or simply want to drive sustainable city planning and the
construction of green buildings. Several standards and building codes exist now that require or encour-
age stormwater management, including California’s Green Building Code (CALGreen), the US Green
Building Council (USGBC) green building certification program LEED (Leadership for Energy and
Environmental Design), and the International Green Construction Code (IgCC), to name a few.
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RPP systems, commonly known as “green roofs” in the building industry, have become an
accepted strategy for mitigating stormwater in cities. Open planting structures, such as raised beds
and row farming, help control the flow of rainwater from rooftop to street by absorbing rainwater
(Figure 6.1). For example, an open green roof planting system that covers 80% of the roof can
retain up to 40% of rainwater for any given location (Table 6.1). In large rain events, the water
not absorbed by planting systems can be diverted to cisterns and tanks for storage. This water
may be filtered for toilet flushing or evaporative cooling and humidification; or it may be stored
for future irrigation of the green roof or landscaping. In PFAL with RPP, all stormwater will be
used to support plant production, either for irrigation, evaporative cooling, or humidification

as needed.

Water
filtration

Stormwater
capture

Water
harvest
Y

FIGURE 6.1
Water cycle of a plant factory with artificial lighting (PFAL) integrated with a rooftop plant production (RPP) system.
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Table 6.1 Potential Stormwater Capture and Solar Electric Generation on a Standard 930 fn
Roof in Selected International Cities. Stormwater Capture Assumes That Raised-Bed or Row
Farming Occupies 80% of the Roof Surface. Solar Electric Generation Assumes 20% of the Ropf
is Available for a 28.1 kW DC-Rated Photovoltaic System with a Fixed Tilt of 383and System Loss
of 14%
Maximum Daily Maximum Daily Average Solar Annual Solar
Rainfall Stormwater Capture Radiation Electric
Location (kgm?2h2 1 (kgm?2h2 % (kwh m?2d?*%) Generation (kWh)
Phoenix 1.06 0.42 6.56 48,600
London 3.29 1.32 3.17 26,000
Barcelona 3.90 1.56 5.17 40,800
San 4.63 1.85 5.45 44,100
Francisco
Sydney 5.83 2.33 5.03 39,600
Mexico 7.63 3.05 4.44 34,000
City
Tokyo 8.71 3.48 451 36,200
Seoul 14.50 5.80 4.01 32,100

ENERGY USE REDUCTIONS

Climate control accounts for approximately 15% of all energy consumption in PFAL (Kozai, 2013a).
Although this energy consumption is much less than the typical commercial building (about 35%),
strategies for reducing HVAC (heating, ventilation, and air conditioning) energy use can translate into
significant operational cost savings (ASHRAE, 2013). In the U.S., the demand for electricity during
peak periods of the day burdens many regional grids as they try to keep up with simultaneous uses of air
conditioning, lights, and appliances. Utility companies and some building codes are responding by pe-
nalizing consumers for energy use during peak demand periods, typically between 14:00 and 20:00.
Therefore, strategies for reducing energy use during these periods can greatly offset energy costs
and reduce grid stress (ASHRAE, 2013). Additionally, on-site generation of electricity using rooftop
solar panels can power lights, heating and cooling equipment, computers, and other equipments
(Figure 6.2).

A well-designed PFAL will use high-efficiency equipment for operations (Kozai, 2013b), including
heat pumps for cooling (and heating), variable speed motors on pumps and fans for moving water and
air, and LEDs for illuminating the crop. The RPP can contribute to the RUE of the PFAL by insulating
the roof and obstructing direct solar heat gain through the roof, two factors that will greatly reduce the
heating and cooling loads of the grow space below. The plants themselves can mitigate the building’s
microclimate through evapotranspiration and by absorbing sunlight rather than reflecting it to the at-
mosphere above. This combination of factors mitigates the heat island effect caused by many urban
buildings that reflect sunlight or emit heat from the building’s exterior and dump heat from the build-
ing’s interior during air conditioning.

Waste heat from inside the building can be further mitigated by recirculating it to the RPP
(Figure 6.2). The waste heat from PFAL may be generated from primary airstreams (exhaust from
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FIGURE 6.2

Energy cycle of a plant factory with artificial lighting (PFAL) integrated with a rooftop plant production (RPP) system
and rooftop solar electricity generation.

the building) or secondary airstreams (heat generated by motors and equipment). Primary airstreams
may be ducted directly to a rooftop greenhouse for climate control. Secondary airstreams could be
passed through a heat exchanger to produce hot water used for root zone heating of soil beds or hy-
droponic media, as well as perimeter heating in greenhouses. If a solar hot water system is designed
into the building’s program, the secondary airstream could also be used to preheat the water storage
tank, reheat recirculating water, or provide the primary source of heating when ample sunlight is
available.
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CHAPTER

LIGHT

INTRODUCTION

Light is one of the most important environmental factors influencing plant growth and development. The
selection of light sources can have a significant influence on the initial costs and production running costs
ofaPFAL, inaddition to the effects on plant growth and development. This chapter describes the physical
properties of light and its measurement. Then, light sources commonly used in PFALS are introduced
with a simple explanation of the fundamentals necessary to understand the light sources. Particular
emphasis is placed on light-emitting diodes (LEDs), which have received remarkable attention recently,
and on fluorescent lamps, which are still widely used in PFALSs. Lesser-known benefits of using LEDs
and pulsed lighting effects with LEDs are described briefly along with relevant references.

PHYSICAL PROPERTIES OF LIGHT AND ITS MEASUREMENT

Genhua Niu

Texas AgriLife Research at El Paso, Texas A&M University, El Paso, Texas, USA

PHYSICAL PROPERTIES

Light is electromagnetic energy, which is also defined as electromagnetic radiation including both
visible and invisible wavelengths (Figure 7.1). The shorter the wavelength, the greater the energy.
The wavelength of visible light ranges from approximately 380 to 780 nm, which is what human eyes
perceive. Visible light is very important to plants because it coincides roughly with photosynthetically
active radiation (PAR, 400-700 nm). For solar radiation, 97% is within the 280-2800 nm range. Of
this, 43% is visible light, which is useful for plant growth, 4% is ultraviolet, and 53% is infrared, which
produces heat. However, only electric lights are used in PFALs. Wavelengths are classified as shown in
Table 7.1; each waveband has its own importance or function.

Light possesses two contradictory properties: it can be observed as a wave phenomenon and yet
it also acts as discrete particles called photons. A photon is the smallest particle of light, or a single
quantum of light. Unlike other environmental factors such as temperature, humidity, and CO, concen-
tration, light varies in at least three dimensions: quantity, quality, and duration. When electric lights
are used in a PFAL, the lighting cycle, which affects plant growth and development, can be readily
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FIGURE 7.1
The electromagnetic spectrum.

Table 7.1 Wave Properties of Light and Their Importance

Classification Wavelength (nm) Importance

Ultraviolet 100-380

uv-C 100-280 Disinfecting

UVv-B 280-320 Sun burn

UV-A 320-380

Visible 380-780 (often 400-700) Photosynthesis and
morphology

Far red 700-800 (at the extreme red end of the visible spectrum, between red Morphology

and infrared light)
Near-infrared 780-2500 Heat
Infrared 2500+ Heat

changed. Basically, light influences plants in two ways: providing energy or a quantum source and
acting as an information medium. As an energy source, the light energy, or photons of light, is captured
by plants and a proportion (up to 10%) of photons captured by plants is converted to chemical energy
(carbohydrates) through photosynthesis. Most of the light energy or photons captured by plants is con-
verted into heat energy. As an information medium, light is involved in regulating various growth and
development processes such as photomorphogenesis and photoperiodism. Photoreceptors in plants
function as light sensors and provide plants with information on subtle changes in light composition
in the growing environment and control physiological and morphological responses independent of
photosynthesis.
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LIGHT MEASUREMENT

There are three systems to measure light, as shown in Table 7.2. The preferred measurement system is
quantum, since this system expresses a number of photons (or quanta) of light incident on a unit area
(m?) per unit time (second). A quantum sensor is designed to measure light only in the PAR waveband.
The photometric system evaluates light according to its capacity to produce a visual sensation.
A photometer measures the brightness of light to the human eye with its peak at 555 nm (Figure 7.2).
The eye cannot see light in the infrared (=700 nm) or ultraviolet (<400 nm) range of the spectrum.
Therefore, a photometer is not suitable for evaluating the light environment for plant production. The
radiometric system evaluates light based on the absolute amount of energy per unit area per unit time
(Wm 2orJm 2s 1).Table7.3lists the approximate conversions for different lamp types, quoted from
Thimijan and Heins (1983). These are approximate values because the spectral output of sources varies
with individual luminaires, lamps, and ballasts, and their hours of use. Conversions for LEDs are not
included in this table because the spectral output varies largely among different LEDs.

In addition to instantaneous light intensity, the total amount of light received by plants in a day or
daily light integral (DLI) is closely related to plant growth, development, and quality. DLI is the

Table 7.2 Three Light Measurement Systems
Measurement
System Definition Units
Quantum Number of photons per unit area per unit time in a defined molm 2s !
waveband, typically from 400 to 700 nm
Photometric Capacity of producing a visual sensation Ix; footcandle
10.8 Ix...1 footcandle
Radiometric Absolute amount of energy Wm 2
1
0.9 /
i T\
0.7 | \
0.6 \
0.5
0.4 ]
i / \
0.2
0.1 / \
0 4
300 500 700 900
Wavelen gth (nm)
FIGURE 7.2

The human eye’s response to different wavelengths of light. Green light generates a maximum response in the eye
(peaks at 555 nm).

Image downloaded from www.digikey.com.
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Table 7.3 Mixed Conversion Among Light Sources

Light Source mol m?2g?* W m?2 Footcandle Ix
Solar light 1 0.219° 5 54
High-pressure sodium 1 0.201 7.59 82
Metal halide 1 0.218 6.57 71
Cool-white fluorescent 1 0.218 6.85 74
Incandescent 1 0.200 4.63 50

#values vary depending on light source, lamp, ballast and hours of use.
From Thimijan and Heins (1983).

amount of PAR received each day and is expressed as moles of light (mol) per square meter (m 2) per
day (d ),or:molm 2d . InaPFAL, lightintensity or PAR is usually kept relatively constant, and so
DLI can be easily calculated from PAR and photoperiod.

In PFALS, various kinds of electric lights are used. The light spectral distribution or composition,
also called light quality, affects plant growth and morphology. Light quality is often measured by a
spectroradiometer, which is designed to measure the spectral power distribution of a light source. From
the spectral power distribution, the characteristics of a light source can be determined in radiometric,
photometric, and colorimetric quantities.

As light technology has advanced quickly in recently years, LEDs are increasingly being used in
PFALs. When photosynthetic photon flux density (PPFD) under LEDs is measured using quantum sen-
sors, especially for narrowband LEDs, spectral errors occur. This is because the quantum sensor is
designed to measure the total number of photons between 400 nm and 700 nm. When measuring PPFD
of a light source with a different spectrum from that used to calibrate the meter, spectral errors occur.
Ideally, spectroradiometers should be used to measure PPFD for LEDs; however, quantum sensors are
simple, inexpensive, and easy to use, provided measurement errors are considered.

LIGHT SOURCES

Kazuhiro Fujiwara
Graduate School of Agricultural and Life Sciences, The University of Tokyo, Tokyo, Japan

Until recently, most of the light sources used for PFALs were fluorescent lamps and high-intensity
discharge (HID) lamps (especially high-pressure sodium lamps). According to the latest study by Shoji
etal. (2013), 60% of PFALSs in Japan use fluorescent lamps (including 6% using cold cathode fluores-
cent lamps), 27% use LEDs and 13% use HID lamps. Until just a decade ago, LEDs were used almost
exclusively for research on plant cultivation, but are now being used as a light source for practical plant
cultivation in PFALS because of their steady price decline and rapid improvement in luminous efficacy
[Im W 1], which is a measure of how efficiently an electrical lamp produces visible light.

This section examines the fundamentals necessary to understand light sources for PFALS, partic-
ularly LEDs, which are attracting increasing attention, and fluorescent lamps, which remain widely
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Table 7.4 Luminosity-, Energy-, and Photon-Based Physical Quantities With SI Units Describing
the Light Environment
Relations Luminosity Basis Energy Basis Photon Basis
A Luminous intensity Radiant intensity Photon intensity
[cd] [Wsr 1 [mols *sr 1]
Asr Luminous flux Radiant flux Photon flux
..B [cd sr] [(Wsr )sr] [(mol's *sr %)sr]
[Im] W] ..[mol's 1]
Asrs Quantity of light Radiant energy Photon number
..Bs [Ws] [(mol's 1)s]
[Ims] N ...[mol]
Asrm 2 Illuminance Irradiance Photon flux density
..Bm? (Photon irradiance)
[Imm 3 [(mol's Hym 2]
LX) [Wm 2] .[molm 2s 1

used in PFALSs. Pulsed lighting effects with LEDs are described briefly along with relevant references.
The terminology used in this section is based on recently published books by Mottier (2009), Kitsinelis
(2011), IEIJ (The Hluminating Engineering Institute of Japan) (2012), Khan (2013), and Japanese
Industrial Standards (JIS) handbook No. 61 (2012).

Table 7.4 presents the relations among luminosity-based, energy-based, and photon-based physical
quantities of light environments because some quantities are used in this section without explanation.

CLASSIFICATION OF LIGHT SOURCES

Electrical lamps used today for general illumination can be classified into three categories according to
the principle of light emission: incandescence, discharge light emission, and electroluminescence
(Table 7.5). The principle of incandescence is the same as that of the thermal radiation of a blackbody
that radiates or emits light as it is heated. A traditional incandescent lamp is a typical example of one
that emits light through incandescence. Discharge light emission refers to the emission of light by tran-
sitioning an electron of an atom which has been excited by an electric discharge, from a higher energy
state to a lower energy state (mostly to ground state). Fluorescent lamps and high-pressure sodium
lamps emit light through discharge light emission. The third mode, electroluminescence, refers to light
emission caused by application of an electric field to a material. Of lamps in this category, LEDs have
received the greatest attention for use in PFALS.

LIGHT-EMITTING DIODES

The following fundamentals must be understood when using LEDs for plant cultivation: (1) general
benefits, (2) outline of the light-emitting mechanism, (3) configuration types, (4) basic terms expres-
sing electrical and optical characteristics, (5) electrical and thermal characteristics in operation,
(6) lighting and light intensity control methods, (7) lesser-known benefits and disadvantages related
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Table 7.5 Light Emission Principles a