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Improving Utilization Efficiency of Electricity,
Light energy, Water and CO, of a Plant

Factory with Artificial Light

Toyoki Kozai
( Toyoki, Center for Environment, Health and Field Sciences, Chiba University,
Kashiwa-no-ha, Kashiwa, Chiba 277-0822, Japan)

Key words: Closed system; COP; Electric energy utilization efficiency; Electricity consumption; Heat pump

There are two types of plant factory: one with solar light with or without supplementary light
from lamps, and the other with artificial light only.

This paper deals with plant factory with artificial light only, and discusses methods of impro-
ving utilization efficiencies of the plant factory with respect to resources such as electric and light en-
ergy, water and CO,.

It is thought by many people that electricity cost for lighting and cooling in the plant factory
should be very high and that the plant factory will not be economically feasible for plant produc-
tion. This paper shows that the electricity consumption and consumptions of other resources for plant
production can be considerably reduced by improving the current environmental control method and
cultivation systems, and by choosing plant species suitable for production in the plant factory.

This review paper is a reduced form of Kozai (2011) .

1 Aims of plant factory

A simplest plant factory with artificial light is schematically shown in Figure 1, indicating that
essential resources for the photosynthetic growth of a germinated seed with unfolded cotyledonary
leaves or a transplant are water, CO,, light, inorganic nutrients and a certain range of tempera-
tures only.

Among the essential resources, light energy is the most costly resource for plant production in
the plant factory with artificial light. Thus, achieving the highest light utilization efficiency, LUE,
is of a primary importance in plant production in the plant factory.

Other environmental factors such as temperature, CO, concentration, water vapor pressure def-
icit, air current speed, nutrient solution composition, etc. are controlled primarily to maximize
the LUE.

The second aim of environmental control in the plant factory is to utilize essential resources oth-
er than light (i.e., water, CO, and inorganic fertilizers) at their highest utilization efficiencies to
obtain a maximum photosynthetié growth of plants with minimum consumptions of those resources and
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minimum emission of pollutants (Kozai et al. , 2000; Kozai, 2005; Kozai et al. , 2005). Con-
sumptions of non-essential resources such as fossil fuel-derived plastics must be minimized.
The third aim is to obtain a highest quality and yield of produce and the fourth is to maximize

the highest value of produce with minimum resource consumption and pollution.

2 Light utilization efficiency, LUE

2.1 Definitions of LUE and EUE

LUE for a certain period (hour, day or days required for one harvest) , LUE,, is expressed
by Eq. (1) (Yokoi et al. , 2005) . Electric energy utilization efficiency, EUE,, is expressed by
Eq. (2) .

“Light” in this paper means “photosynthetically active radiation” or, shortly, PAR (wave
band: 400 ~700nm) (MJ m?) . PAR energy accounts for about 98% of light energy emitted by
standard fluorescent lamps, although it accounts for only about 50% of solar radiation (wave band:
300 ~3000nm) which spectrum varies with solar altitude, cloudiness and atmospheric transmissivi-
ty.

LUE, = kx D /PAR, (1)
EUE, = h x LUE, (2)
where k is the conversion factor from dry mass to chemical energy fixed in dry mass of plants
(ca. 20 MJ kg™') . The k value is slightly affected by weight percentages of carbohydrates, proteins
and lipids in dry mass, but it is considered to be constant in this paper. D is dry mass increase in
plants, its harvested part or its product, according to purpose (kg m™2) . h is the conversion coef-
ficient of lamps from electric to PAR energy. Hourly LUE, and EUE_ can also be expressed by Eqs.
(3) and (4) .
LUE, = bxC/PAR (3)
EUE, = h xLUE, (4)
where b is the conversion factor from CO, fixed in plants to chemical energy fixed in dry mass of
plants (MJ kg™') . C, is net photosynthetic rate of plants (kg CO, m™?) .
2.2 Representative Values of LUE

The average LUE jover tomato seedling production in the closed system with artificial light was
0.027 (Yokoi et al. , 2003), compared with the average LUE, of 0. 017 over tomato seedling pro-
duction in the greenhouse ( Shibuya and Kozai, 2001) . Namely, the LUE in the closed system
was 1. 7 times the LUE, in the greenhouse. Ohyama et al. (2000) show similar values for LUE,
and EUE, for the plant factory.

2.3 Process of Energy Conversion

Figure 2 shows a scheme of electric energy conversion process to light, heat, and chemical en-
ergy in the plant factory.

As shown in Figure 2, only around 36% (100 x8.9/25) of light energy emitted by lamps is
generally absorbed by leaves, the rest is absorbed by culture beds, floor, walls, etc. and conver-
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ted to heat energy in vain. On the other hand, this low percentage of 36% means that there is much
room to improve the LUE by improving the lighting system of the plant factory. It is noted that ap-
proximately 99% of electric energy is converted to heat energy in the plant factory during photoperi-
od, which must be removed to the outside.
2.4 Factors Affecting LUE

Commercial production from plant factories is currently limited to value-added plants because e-
lectricity consumption for lighting to increase dry mass of plants is significant. Factors affecting LUE
is elaborated in Kozai (2011), which basically correspond to the process shown in Figure 2 show-
ing the issues requiring further improvement in lighting system of plant factory.

By improving the factors shown in Figare 2, LUE as for D, can be expected to increase to
3.3% as shown in Figure 4 from 0. 76 in Figure 2, being 4.3 times ( =3.3/0.76) .

3 Electricity consumption by components

Egqs. (5) and (6) are also relevant to consider the suitability of plant production in a plant

factory. A, is electricity consumption for air conditioning per floor area, not per cultivated area.
A,= (exA, + Ay + H,) / COP (5)
Ar=exA, + A, +Ay (6)
where e is the cultivation area per floor area; e x A;) and A, are, respectively, electricity
consumption per floor area for lighting, and for air circulation fans, nutrient solution pump,
etc. Hy is cooling load per floor area due to air infiltration and heat penetration through walls. COP is
coefficient of performance of heat pump (or air conditioner) for cooling or ratio of heat energy ab-

sorbed by heat pump to its electricity consumption.

In Eq. (5), A, will fall as COP of the heat pump rises. Hy increases with increasing the num-
ber of air exchanges of culture room per hour. The annual average COP for cooling in a closed system
was 7.6 in Tokyo (Ohyama et al. , 2002, Figure 5); approximately, 4 in summer and 10 in win-
ter. COP was over 10 when the room air temperature is 25 C and outside air temperature is 5 C
(Figure 5) . On the average, (e xA[) accounts for 73% of A;; A, accounts for 12% of A;; Ay
accounts for 15% of A; in Tokyo (Yokoi et al. , 2003; Ohyama et al. , 2003) (Table 1) .

4 Electricity cost per plant and its percentage in total cost

Electricity consumption per plant can be estimated by dividing A; in Eq, (6) by the number
of plants per floor area. Electricity consumption for production of one tomato transplant is about
300 ~400 kJ and its cost in Japan is about 1 JPY (0. 008 Euro or 1 US cent as of 2011) (Table
2).

In seedling or transplant production, the cost of electric power charges to the cost of producing
seedlings in plant factories is only about 2% , but 25% for leafy vegetable production (Kozai 2007).
This difference in cost is mainly due to much higher planting density in seedling production than in
leafy vegetable production (around 500 ~1 000 and 50 ~ 100 plants per m’, respectively).
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Price of electricity per kWh differs from country to country. It is about 0. 2 Euro in Japan but is
0.01 Euro in most Middle East countries.

By way of contrast, depreciation of the initial equipment/structure and labor costs account for
approximately 30% each of production costs (Takatsuji and Mori, 2011) . It follows that not only
electric power charges and labor costs should be reduced, but also depreciation of the initial equip-
ment/structure costs is essential because over-sized and inefficient equipment and structure are com-

mon at present.

5 Plants suited to production in plant factories

Electricity consumption for lighting per plant is proportional to E in Eq. (7) .

E « PAR. xTxP/] (7)

where PAR is PAR flux received at culture bed; T is photoperiod per day; P is days required

for cultivationt; J is the number of plants per cultivated area. Eq. (7) makes it clear that plants

that can be produced with low light intensities, short (15 to 30 day) harvest cycles and high crop-

ping densities will be suited to plant factory production. These include various types of grafted and

rooted cuttings and seedlings, leafy vegetables, herbs and aromatic grasses and plants for herbal

medicines (e. g , St. John’ s wort or Hypericum perforatum), small-rooted vegetables ( hatsuka

daikon, Japanese dwarf turnip and wasabi etc) and small high-end flowers ( miniature roses and
orchids) .

On the other hand, plants suited to growing in greenhouses using sunlight rather than plant fac-
tories for improved quality and yields include fruit-type vegetables such as tomatoes, green peppers
and cucumbers, leafy vegetables and herbs that contain large amounts of functional components,
berries such as strawberries and blueberries, high-end flowers such as phalaenopsis, dwarf loquats,
mangoes and grapes etc for growing in containers with trickle irrigation, and non-woody or annual
medicinal plants such as angelica, medicinal dwarf dendrobium, Asian ginseng, saffron and Swer-
tia japonica.

Plants that do not lend themselves to plant factory production are plants used primarily as
sources of calories ( carbohydrates, protein and fats) for people and livestock such as rice, wheat,
comn and potatoes, plants such as sugarcane and rapeseed used primarily as fuel (energy) sources,
larger fruit trees and trees used for timber such as cedar and pine and others including daikon, bur-
dock and lotus. These plants require large areas for growth and have harvest cycles of several months

to ten or more years, but they have relatively low value (prices) to mass.

6 Towards integrative environmental control

Set points of environmental factors need to be determined considering, in addition to LUE;
(1) status of plant growth and development; (2) predicted yield, quality and value; (3) total
costs of environmental control and resource inputs; (4) price of produce in the market; (5) weather

forecast; (6) spread of pest insects and disease; (7) emission of pollutants including CO, gas;
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(8) utilization efficiencies of water and CO,. Thus, integrative environmental control of plant facto-
ry with use of a multi-purpose objective function is a challenging subject (Figare 6) . For efficient
integrative environmental control, use of heat pumps for cooling, air circulation and dehumidifica-
tion is essential (Kozai et al. , 2011) .

7 Water and CO, utilization efficiencies

Water utilization efficiency, WUE, can be defined similarly to LUE, as shown in Eq. (8) .
WUE = W/W,= (W, -W,-W.) /W, (8)

Where W, is the water absorbed and kept in plants and substrate; W, is water supplied or irri-
gated to the plant factory; W, is water condensed at the cooling panel of heat pump for cooling and
collected for its recycling use; W, is the water vapor released to the outside through air gaps of the
plant factory. In the plant factory with N of about 0. 01 h™', over 90% of W, is condensed and col-
lected as W_. Thus, WUE is greater than 0. 9. While WUE is lower than 0. 02 in the greenhouse be-
cause W_ is zero and over 95% of W, is released to the outside as W_. This means that WUE is about
45 times greater in the plant factory than in the greenhouse ( Water consumption in the plant factory
is 1/45" compared with that in the greenhouse) .

CUE is defined by Eq. (9) .

CUE=C/S,= (C,-C,) /C, (9)

Where C; is CO, fixed by plants or net photosynthetic rate; C,is CO, supplied to the plant fac-
tory; C, is CO, released to the outside through air gaps of the plant factory. W_and C, are, respec-
tively, given in Eqs. (10) and (11) .

W.=dxNx V,x (AH,-AH,) (10)
C.=cxNxV,x (C,-C,) (11)

Where d is specific weight of water vapor; N is the number of air exchanges per hour of the
culture room; V,is the air volume of the culture room; AH; and AH, are, respectively, absolute
humidity inside and outside the culture room; c is specific weight of CO,; C; and C, are, respec-
tively, CO, concentration inside and outside the culture room.

Egs. (10) and (11) show that reduction of N (increase in air tightness) is primarily im-
portant to reduce W, and C, and thus improve WUE and CUE (Figs.7 and 8) . N of the culture
room in the plant factory should be preferably around 0. 01 ~0. 02 h™'. CUE is low at low LAI or low
C, (net photosynthetic rate) because C, is constant and C, increases with increasing LAl or
C,. Similarly, WAU is low at low LAL

It should be noted that C;in Eq. (3) can be estimated by Eq. (12) . The C, is an important
variable for optimizing the set points of environmental factors. A method of continuous monitoring of
N will be described elsewhere. In an integrative environmental control, monitoring and control of
state variables such as C,, C,, W,, A; and maximizing LUE, WUE and CUE, in combination of
monitoring and control of state variables such as temperature and humidity are essential.

c,=C,-C, (12)
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8 Closed system

Understanding and introducing the concept of closed system with minimum J is essential in the
design, construction and operation of plant factory. Its concept is schematically shown in Figure 8. In
the “ideal” closed system, all resources inpuited to the system are converted to produce with mini-
mum generation of heat energy, resulting in no emission of pollutants to the outside and highest re-
source utilization efficiencies possible.

The closed system with minimum N is important not only for achieving maximum WAU and
CUE, but also for preventing pest insects or pathogenic microorganisms from entering the closed sys-
tem and for minimizing the environmental disturbance by weather outside. In order to minimize the
thermal disturbance, the walls of the closed system need to be thermally well insulated ( Kozai et
al. , 2000) .

This closed system for plant production is schematically shown in Figure 8. This closed system
was commercialized in 2005 in Japan (Kozai et al. , 2006; Kozai 2007) and has been used for
commercial plant production of transplants, leafy vegetables and herbs at about 150 locations in Ja-
pan.

Conclusion

Factors affecting utilization efficiencies of plant factory with artificial light are analyzed and
methods to improve those efficiencies are discussed. It is suggested that current light energy utiliza-
tion efficiency can be doubled or even tripled in the future. Electricity consumptions for lighting and
cooling account for, respectively, about 73% and about 12% of total electricity consumption, in
case that the plant factory is thermally well insulated. It is also indicated that the closed system is an
important concept to design the plant factory having high utilization efficiencies of light, water, CO,
and inorganic fertilizers. Plant factory technology will contribute to producing horticultural crops with

minimum resource consumption and minimum emission of pollutants. Discussion is given in more de-

tail in Kozai (2011) .
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