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Abstract

Quinoa (Chenopodium quinoa Willd.) is a grain crop with high nutritional value. The leaves and
sprouts of quinoa can also be consumed either raw or cooked, providing considerably nutritional value
as well as high antioxidant and anticancer activities. This study was carried out to obtain basic data to
assist in the practical design of a plant factory with artificial lighting for the cultivation of quinoa as a
leafy vegetable. We estimated the energy content of the quinoa and the electrical energy required to
produce this crop. The yield was 1,000 plants per day, with a planting density and light intensity of
0.015 m’ (15 x 10 cm) and 200 pmol-m™s™, respectively. The total number of plants, cultivation area,
and electricity consumption were estimated to be 25,000, 375 m’, and 93,750 umol-s, respectively.
White fluorescent lamps were used at a power of 20.4 kW from 1,857 fluorescent lamps (FL, 55
W), and the cost for electricity was approximately 1,820 dollars (exchange rate of $1 = 1,200 won)
per month. For a daily harvest of 1,000 plants per day in a closed plant factory, the estimated light
installation cost, total installation cost, and total production cost would be 15,473, 46,421, and
55,704 dollars, respectively. The calculated production cost per plant, including labor costs, would
be 27 cents for the 25-day cultivation period, with a marketable ratio of 80%. Considering the
annual total expenses, income, and depreciation costs, the selling price per plant was estimated to be
approximately 56 cents.

Additional key words: light installation cost, light intensity, selling price per plant, total
production cost

Introduction

A plant factory is a controlled environment for plant production in an artificial environment with
artificial cultivation solutions. In plant factory systems, plants can be grown year-round using high
technology systems, with lower water, nutrient, pesticide, and labor consumption per plant compared

to conventional systems. The use of plant factories could help growers achieve the multiple targets of
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high yield, high quality, high efficiency, and food security, making the use of these systems a popular trend in agricultural
development. In a plant factory, optimal control is essential for obtaining high yields and improved plant quality (Hu et al.,
2014; Tian et al., 2014; Oh and Son, 2015). The overall design of an industrial crop production system should focus on
optimizing the system’s global parameters, such as the total area required, intensity of cultivation, and general production
schedule. The key element to optimize is the intensity of cultivation for the prevailing climatic and economic environments
(Seginer and loslovich, 1999). The operating costs of plant factories are generally high due to intensive energy consumption.
Choosing the appropriate crops or cultivars for cultivation at the appropriate times is essential for maximizing revenue (Hari
etal, 2012).

Quinoa (Chenopodium quinoa Willd.) is a grain crop with high nutritional values; its leaves and sprouts can also be
consumed either raw or cooked, and it has high antioxidant and anticancer activities (Schlick and Bubenheim, 1996; Pasko
et al., 2009; Gawlik-Dzik et al., 2013; Cha et al., 2016). Quinoa has high B-carotene contents and is a candidate crop for
CELSS (Controlled Ecological Life Support System) (Qin et al., 2008).

Little information is available about the economic feasibility of producing quinoa as a leafy vegetable in a closed plant
factory system. Moreover, the economic feasibility in accordance with the number of days to harvest and the administrative
costs has not been analyzed. Therefore, the present study was carried out to obtain basic data to assist in the theoretical

design of a closed plant factory for quinoa cultivation as a leafy vegetable.

Materials and Methods

Models

The expolinear equation was used to express the shoot dry weight according to time (Goudriaan and Monteith, 1990):
W =Cuw/Rin* In [1+exp {Rin"(t-tv) } ] 1)
, where W is biomass (shoot dry weight, g-m?) at t days from transplanting, Cn is the maximum crop growth rate (g'm?-d"), R
is the maximum relative growth rate (g-g'-d™") in the exponential growth phase, t is the time after transplanting (day), and tb
is the time at which the crop effectively reaches the linear phase of growth (lost time, d).
The total number of plants in a plant factory (M) was calculated using the following equation:
M=n-t )
, where n is the daily harvest (plants/day) and t is the days after transplanting (harvesting time).

Electric Consumption Estimation

The estimated electric consumption by lighting in a plant factory (F, pmol-m?-s™) was calculated using the equation (Seo
etal., 2008):
F=A-PARM/U 3)
, where A is the coverage area of the light source (m?), PAR is photosynthetically active radiation (umol-m?-s'), M is the
rate of return, and U is the lighting rate; it is assumed that M-U =0.8. The approximate conversion value of white fluorescent
lamps is 1 W =4.59 umol-s™.

The white fluorescent lamp power (FP) and electricity used per month (E) were calculated using the following equations
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(Seo et al.,2008):
FP=F/o/¢p “
E=FP-hd )
, where o is the conversion value of white fluorescent light (4.59), ¢ is the fluorescent efficiency (assumed to be 20%), h
is the photoperiod (16/8 hours, day/night), and d is the number of usage days per month (30 days). The exchange rate is
assumed to be one dollar to 1,200 won.
The electricity charge (P) was calculated from the price of electricity (in 3.27 cents per kWh). The electric rate based on
kilowatts used per month (P) was calculated using the following equations:
PW=E-0.0327 6)
P=PW+(PW-0.1)+(PW-0.037) ™
, where electricity charges (P) are based on the commercial electric rate, the value added tax system prices (VAT, 10%)),

and the electric power commercial electric rate, calculated as 3.7%.

Production Cost
The total installation cost (PF) was calculated using the following equation (Takatsuji, 2007):
PF=3+y 8)
, where, y is the light installation cost. The estimated operating life of a plant factory is 10 years, and the light installation
cost per year () with depreciation at 25% of the production costs (p) exhibits the following relationship:

B=3y/10 )
p=4-3y/10 (10)
The light installation cost per plant (y) and the production cost per plant (k) were calculated as
y=y/m (11)
K=y/9.6 (12)

The sales income per year (CP) was calculated as:
CP=1nQ-dy (13)
, where 7 is marketable yield (assumed to be 80%), n is the number of plants harvested daily (1,000 plants/day), Q is the
market price per plant, and dy is the total days of harvest (assumed to be 325 days). The circulation cost and management
cost (M) per unit of cultivated area were calculated as follows (Kim, 2009):
M =m-PD-168.13 dollar/m? (14)
, where PD is the planting density (m?).

Results and Discussion

We estimated the energy content and electrical energy required for quinoa production. Based on a previous study, a light
saturation point of 813 pmol-m?-s!, a photosynthesis rate (Pa) 0f 21.61 umol CO2'm?+s™, and a photosynthetic photon flux
density (PPFD) of 200 pmol-m?-s™ under fluorescent lamps at 25°C are required for quinoa cultivation (data not shown).

In the case of fluorescent light, I pmol'-m?-s' is equivalent to 74 1x (Lee and Kim, 2012). When PPFD was set to 200
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pumol-m?-s”, the calculated illuminance was 14,800 Ix. In addition, when the light source was placed 0.2 m above the plant,
the area was 0.04 m2 The luminous flux (Im) was calculated to be 1,184 Im. The luminous flux and PPFD of the fluorescent
lamps were 4,800 Im and 65 pmol-m?-s™!, respectively. Therefore, two fluorescent lamps are needed when the PPFD is 200
umol-m?-s! at 0.2 m above the crop.

We also estimated the electricity consumption. The total number of plants was 25,000, the number of days to harvest was
25 days after transplanting (Cha et al., 2016), and the harvest yield per day was 1,000 plants per day. The cultivated area was
375 m? at a planting density of 0.015 m*plant (15 x 10 cm, Cha et al., 2016). The estimated electricity consumption by
lighting in a plant factory (Eq. 3) was 93,750 pumol-s™ (375 m? x 200 umol-m?-s*/0.8). The white fluorescent lamps power
(FP) was 20.4 kW with 1,857 fluorescent lamps (FL, 55 W).

We analyzed the economic feasibility of quinoa plant production at four different light intensities (Table 1). In case 1, at
a light intensity of 200 umol-m?-s, the price of a 55 W fluorescent lamp was assumed to be 8.3 dollars per lamp, making
the light installation cost 15,473 dollars. Assuming that three levels of fluorescent lamps were installed in the plant factory,
the total installation cost was 46,421 dollars. The electricity used per month (Eq. 5) was 49,020 kWh when the number of
usage hours per day was 16 hours and the number of usage days per month was 30 days. When the price of electricity (in
dollars per kWh) was 3.27 cents, the cost of electricity per month (Eq. 7) was approximately 1,820 dollars (49,020 kWh x
0.0327 +49,020 kWh x 0.0327 x 0.1 +49,020kWh x 0.0327 x 0.037) and the electricity cost per year was 21,848 dollars.
Considering that the lifetime of a plant factory is 10 years and the depreciation is 25% of the production cost (depreciation
rates are determined to be four times the production costs), the production cost was 1.2 times the total installation cost
(46,421 dollars), i.e., 55,704 dollars.

The production cost (Eq. 13) was calculated to be 0.8 x n x 325 =260n, where n is the daily number of plants harvested,
the cultivation period is 25 days (the total number of harvest days was 325 days), and the marketable ratio is 80%. If the
daily harvest is 1,000 plants, the total number of plants is 25,000, and the cost of light per plant is 61.92 cents (15,473
dollars/25,000 plants). Therefore, the production cost per plant is 6.42 cents (0.62/9.6).

Seo et al. (2008) reported that the production cost per plant in a plant factory operation is difficult to determine precisely.
If the daily harvest is 1,000 plants and six part-time employees (each employee earning 4.43 dollars per hour) work for 5
hours per day, the production cost per plant, including the labor cost per plant, would be 26.67 cents (6.67 cents + 20 cents).

Table 1. Economic analyses of the use of plant factories with fluorescent lamps at different light intensities to grow quinoa plants.

Item Case 1 Case 2 Case 3 Case 4
Light intensity (umol-m™s™) 200 250 300 400
Yield (plants/day) 1,000 1,000 1,000 1,000
Harvesting time (day) 25 25 25 25
Planting density (m”/plant) 0.015 0.015 0.015 0.015
Total installation cost (dollar) 46421 58,025 69,630 92,840
Total production cost (dollar) 55,704 69,630 83,556 111,408
Light installation cost (dollar) 15,473 19,342 23210 30,947
Electricity cost per year (dollar) 21,848 27,310 32,773 43,697
Light cost per plant (dollar) 0.62 0.77 0.93 124
Production cost per plant (dollar) 0.06 0.08 0.10 0.13
Maintenance cost (dollar) 63,050 63,050 63,050 63,050
Sales cost per plant (> dollar) 0.56 0.64 0.72 0.88
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If the electricity cost per year and the production cost (labor costs + depreciation costs + production cost) are included, the
total production cost would be 82,292 dollars. The plant sales per year were calculated to be 69,333 dollars (0.8 x 1,000
plants x 0.27 dollar x 325 days). Assuming transportation and administrative expenses of 15.13 dollars/900 m? (Kim, 2009),
the total revenue would be 145,333 dollars or 392 dollars/m?. Considering the annual total expenses, income, and depreciation
costs, the sales cost per plant is estimated to be approximately 55.83 cents or slightly higher.

Based on these results, we estimated the economic feasibility for quinoa cultivation using fluorescent lamps in a closed
plant factory system. If the sales cost per plant was 56 cents, the total revenue would be 145,333 dollars. Excluding the
various costs, which were estimated to be 145,333 dollars, the estimated profit would be 167 dollars. In particular, in the
case of product improvement at 90%, the total revenue would be 163,333 dollars. Therefore, the profit would be 18,000
dollars, or 48 dollars/m?. This profit may increase in a plant factory if the optimal planting density is utilized, the marketable
rate increases, harvesting time is reduced, and management efficiency is improved. This calculation can be used to assist in

the practical design of a plant production system using artificial lighting.
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