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Abstract

In response to the pressure on food security caused by rising global popula-
tion and urbanization, the Yang Laboratory at the University of Connecticut
has developed the so-called GREENBOX technology that allows crop growth
in individual climate-controlled boxes in urban warehouse environments and
other enclosed structures. A GREENBOX unit is a thermally insulated mod-
ular structure with LED artificial lighting, soilless (hydroponic) cultivation
platform, and complete environmental controls. Multiple GREENBOX units
can be integrated into a large production system at various scales. This study
evaluated the applicability of the GREENBOX technology in the urban ware-
house environment by studying the environmental parameters and produc-
tivity. We carried greenhouse growth simultaneously for reference. We grew
Butterhead Rex lettuce (Lactuca sativa) over 30-day growing cycles in sum-
mer (July-August, 2020) and winter (December, 2020-January, 2021) in an
experimental greenhouse and two protocol GREENBOX units located in the
high ceiling headhouse of the experimental greenhouse at Storrs, Connecti-
cut. We collected environmental data, including light, temperature, and rela-
tive humidity and crop growth data, including wet and dry biomass in the
two production systems. Descriptive statistics were used to describe the envi-
ronmental and biomass data. Results indicated that the GREENBOX could
provide desired environmental conditions to sustain crop growth over sum-
mer and winter. The Daily Light Integral, controllable at the grower’s discre-
tion, in the GREENBOX, ranged between 32.48 - 36.70 mol/m*d at crop ca-
nopy height. The mean daily temperature and relative humidity in the
GREENBOX fell within the optimal ranges of 17°C - 29°C and 40% - 60%,
respectively. Regardless of seasons, lettuce crops were all healthy and grew to
full size over the 30-day cycle. Measured productivity followed similar pat-
terns, similar across both growing locations but higher over summer than
winter for both systems. Our study indicated that the GREENBOX technolo-
gy has a high potential in urban horticulture because it does not require ara-
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ble land like greenhouses and can utilize existing urban structures for sus-
tainable food production.
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1. Introduction

Conventional soil-based agriculture has been resource-intensive. According to
the United Nations, 70% of global water use is consumed by agriculture [1].
Moreover, the global population is predicted to increase (2.5 billion in 1950) to a
projected 11.2 billion nearing 2100 [2]. The increasing population represents a
requirement for an increase in food production capacity in the face of declining
arable land per capita [3]. However, the increasing trends of world populations
trends are not evenly spread and tend to be concentrated in urban areas. Ac-
cording to the United Nations, more than half the world’s citizens live in urban
areas, which is projected to be more than 60% by 2030 [4]. Therefore, relying
solely on conventional soil-based agriculture poses stresses to food security.
There are many critical issues related to conventional agriculture: water, air, and
soil pollution, soil salinization, desertification, climate change-induced droughts,
extreme variation in temperatures, extreme variation in solar radiation, and pests
[5]. With more frequent and extreme weather patterns, climate change will con-
tinue to increase pressures on world agricultural productivity [6]. By FAO esti-
mates, around 33% of global farmland is degraded to some extent, if not higher
[7]. The decrease in productivity of arable land in the face of increasing demand
for food is another challenge confronting food production [4]. Another concur-
rent problem in industrialized countries is the common phenomenon of food
retailers underserving socioeconomically disadvantaged areas [8]. These areas are
identified as food deserts, defined as urban areas with lower accessibility to fresh
foods [9]. Lower income, lower education, and lower health levels are the com-
monly occurring characteristics of food deserts. Neighborhoods in the vicinity of
food deserts tend to have higher adverse health outcomes, mortality, and morbid-
ity [10] [11]. Socioeconomically disadvantaged families tend to have children
that are more than likely to develop obesity and diabetes, which together ac-
count for $395 billion in medical costs and lost productivity annually [12] [13].
As of 2018, 11% of the population in the US faced food insecurity [14]. There is a
need to make nutritious food sources readily available to residents of such areas.
Agricultural growth in controlled environments is increasingly used to in-
crease crop productivity and make produce accessible without traveling long
food miles. These setups can be referred to as a controlled environment with ar-
tificial lighting (CEAL) [15] or plant factories with artificial lighting (PFAL)
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[16], among many others. Controlled Environment Agriculture (CEA) can refer
to urban farms that use soilless systems such as hydroponics, aeroponics, or ag-
uaponics [17]. CEAL/PFAL setups can serve as an excellent solution for feeding
future cities [18]. Plant factories serve as closed plant production systems with
lower interaction with the outside environment [19]. Agriculture needs to focus
on reducing natural resource losses, decreasing environmental pollution, and
increasing crop returns using innovative technologies [20]. In addition, the
agricultural industry needs to increase its productivity to meet market commit-
ments of high-quality produce [21].

The Yang laboratory at the University of Connecticut first introduced the
concept of GREENBOX farming as a new system for urban agriculture [22]. The
concept presented an overall idea of growing food crops in standard grow boxes
in urban structures, with optimal environmental controls that have been greatly
improved with the advancement in LED lighting, environmental sensors, and
information technology. The GREENBOX technology was specifically designed
to be used in urban warehouse conditions (commonly found in urban areas),
generally defined with a lower degree of environmental controls, high ceilings,
and minimal lighting conditions. Urban warehouse spaces have the distinct ad-
vantage of minimal requirements of retrofitting or modification to be ready for
GREENBOX crop production. Growing food crops in such settings can effec-
tively use urban spaces, produce different species to be harvested at different
times, reduce food transport distances, harvest produce just before they are
purchased/consumed, and quickly adopt the new industrial technologies (like
robots) to reduce operational costs. Research has been conducted to analyze the
energy and water use of the GREENBOX system using dynamic simulation
models for lettuce crop production [23], in comparison with conventional
greenhouses. The simulation study indicated that the GREENBOX used less wa-
ter than greenhouses over both summer and winter seasons, and the energy use
efficiency of the GREENBOX was lower in the summer and higher in the winter
compared to a greenhouse. Since 2019, The Yang Laboratory has initiated a sys-
tematic experimental study on the technical and financial feasibilities of the
GREENBOX technology. The overall objective of this paper was to demonstrate
the GREENBOX as a sustainable and alternative avenue for vegetable crop pro-
duction in urban settings. We studied the growing environments and productiv-
ity of lettuce growth in two protocol GREENBOX units and carried out a parallel
growth cycle in an experimental greenhouse for reference and comparison. Us-
ing descriptive statistics, we aimed to present the observations on the environ-
mental and biomass patterns in lettuce crop output. We also intend to discuss

the overall implications of GREENBOX technology in urban horticulture.
2. Materials and Methods

2.1. Location

We carried out the experiments in the headspace of the greenhouse (GREENBOX)
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and greenhouse bays (Bay 8 for summer and Bay 6 for winter) in the Agricultur-
al Biotechnology Lab (ABL) at the University of Connecticut (UConn) at Storrs,
Connecticut, United States of America. Connecticut’s climate is temperate, cha-
racterized by cold, snowy winters and warm, humid summers [24]. The defining
characteristics of Connecticut weather are large temperature ranges (daily and
annual), precipitation equally distributed amongst seasons, and considerable
variation in weather over a short time. The headspace is a semicircular section
building with 40 m diameter and approximately 400 m?* The Greenhouse Bay 8
dimensions are 7.62 x 9.14 m, and Bay 6 dimensions are 3.96 x 7.62 m. The
headspace is maintained at ambient temperature conditions and does not reach
extreme temperatures. Thus, the headspace’s ambient conditions are similar to a
warehouse environment. The similarities lie in that they are large volume spaces
with high ceilings and have sparse windows and lighting. Greenhouse Bays 8 and
6 are connected to water and power, and have shade curtains and supplemental
lighting to modulate controlled environments that sustain crop growth along

with ventilation through fans and vents.

2.2. Experimental Setup

For this study, two prototypes of GREENBOX in ABL headspace were assembled
using grow tents, lighting elements, environmental monitoring and control
modules, nutrient delivery systems, and a nutrient film technique (NFT) system

for hydroponic growth (Figure 1).
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Figure 1. Illustrations of the experimental setup of a GREENBOX unit. The right diagram shows the cross sectional structure of
the box seeing from the front, and the left one is a view from the above on the horizontal layout. The two units had exactly the

same design.
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The grow tents (The Original Gorilla Grow Tent® 5 x 5, Gorilla Inc., Santa
Rosa, California) with dimensions of 1.5 x 1.5 x 2.1 m consisted of an exterior
canvas covering (1680D material) were meant to serve as the exterior of the proto-
type GREENBOX. The interior of these grow tents is comprised of diamond ref-
lective walls to serve as insulation. An LED light source (powerPAR PPLF44,
Hydrofarm LLC, Petaluma, California) was installed in each GREENBOX to fa-
cilitate photosynthesis. The lighting elements were four feet long, provided white
light of 40,000 K color temperature, and had a rated diode life of 50,000 hours.
The lighting element was positioned one meter above the plant canopy. Mod-
ulating the use of fans (Hyper Fan GL56701400, Hawthorne Gardening Compa-
ny, Vancouver, Washington) and vents maintained the ambient growing condi-
tions inside the GREENBOX by a forced ventilation system.

Greenhouse Bay 8 is equipped with 1000-watt metal halide HID bulbs, and
Bay 6 is equipped with Infinity LED Linear Fixtures (Model number TL-TBAR-
40K-4FT-58W-V1, Thrive Agritech, New York, New York) in the form of over-
head lighting for light control placed one meter above the crop canopy. Green-
house Bays 8 and 6 are heated by hot water in fin tubes (two loops controlled
separately; baseboard and gutter). Passive ridge vents or three exhaust fans
(combined with intake louvers) are used for cooling. Both bays are controlled by
the Argus Titan greenhouse control system (Surrey, British Columbia, Canada).

The controlled environmental parameters included light intensity, light dura-
tion, air temperature, and air moisture content. We used environmental con-
trollers (iPonic 614, Link4 Corp., Burbank, California) to monitor the environ-
ment outside the GREENBOX units and inside the greenhouse. The other envi-
ronmental controller (iPonic 624, Link4 Corp., Burbank, California) was used to
monitor and regulate the inside environment conditions in the GREENBOX.
The sensors were positioned 0.15 m above the plant canopy in the GREENBOX
and greenhouse.

For growing crops in the GREENBOX and greenhouse, we use hydroponics as
means of soilless cultivation. Compared to conventional soil-based growth, hy-
droponic growth isolates the plant from the soil, thereby preventing exposure to
disease, salinity, and drainage issues, along with a rapid turnaround time on
crops [25]. The hydroponic nutrient film technique (NFT) channels were placed
on a 0.91 x 0.91 m tray stand (model number 706121, Fast Fit Ltd., Hawthorne
Gardening Company, Vancouver, Washington). The NFT channels (made with
UV stabilized plastics) were 0.10 x 0.05 x 1.2 m with holes for plants, spaced for
inserting transplants 15.24 cm apart. We placed the NFT channels 7.62 cm apart
to keep a distance of 15.24 cm between plants, forming a 4 x 6 matrix in each
GREENBOX and two panels of 4 x 6 in the greenhouse bays. We monitored the
pH and the electrical conductivity of the nutrient solution (replaced every six
days) using a portable pH/EC meter (HI 9813-6N, Hanna Instruments, Woon-
socket, Rhode Island). The piped nutrient delivery system consisted of a reser-
voir with submersible pumps (model number AAPW400, Hydrofarm LLC, Pe-
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taluma, California) to facilitate nutrient delivery.

Reviewed reports have indicated that when grown in a soilless system, lettuce
has a high yield and quality [26]. Pelleted Rex lettuce (Lactuca sativa) seeds
(Johnny’s selected seeds, Fairfield, Maine) were chosen for the crop for offered
advantages such as lettuce include having a maximum height of thirty centime-
ters and having a growth cycle between ten to thirty days [27] [28]. As a preven-
tative measure, we used bio-controls on our crops during the growth cycles in

both growing locations.

2.3. Experimental Procedure

We wanted to study the performance of the growing locations over extreme
weather over the year, and so we chose to run growing cycles over summer 2020
and winter 2020-2021. We ran the experiment for 44 days for each growing pe-
riod in which the first fourteen days were the seedling stage until the lettuce
plants were ready for transplant, followed by thirty days of crop production.

We sowed our pelleted Rex lettuce (Lactuca sativa) seeds to begin the seedling
production stage and let it grow for two weeks until it was ready for transplant
in OASIS® Horticubes (104 count, OASIS® Grower Solutions, Kent, Ohio) with
dimensions of 2.54 x 3.18 x 3.81 cm. After saturating it with plain tap water, we
placed a single seed for every recess in the OASIS® Horticubes (placed on a black
tray). We covered the placed seeds with a newspaper and put the covered tray
with seeds in the dark inside the GREENBOX for 48 hours. After uncovering, we
programmed GREENBOX lights to provide 16 hours of light per day. We irri-
gated the plants in the seedling stage using a starter fertilizer solution. We for-
mulated the starter nutrient solution by mixing 3.6 g of “Jack’s hydroponic
15.5-0-0” (calcium nitrate) and 3.8 g of “Jack’s hydroponic 5-12-26” for every
ten liters of water, which was half the strength of the regular strength solution
used for crop production.

After fourteen days, the seedlings were ready for transplant when two true
leaves (two leaves apart from the cotyledon) had expanded. Giving preference to
healthier-looking transplants, we selected seedlings randomly from the OASIS®
Horticubes to transplant into the NFT channels in the GREENBOX and green-
house. We prepared the nutrient solution for irrigation, mixing 6 g of “Jack’s
hydroponic 15.5-0-0” (calcium nitrate) and 6.4 g of “Jack’s hydroponic 5-12-26”
for every ten liters of water. We circulated a nutrient solution in the NFT system
with a target pH of 5.8 (maintained by adding acid or alkali, depending on the
exceedance). We targeted EC of 1.5-2.0 mS (maintained by adding water or
more fertilizer, depending on the exceedance).

2.4. Data Acquisition

Environmental variables including light intensity (W/m?), temperature (°C), and
relative humidity (%) were collected using iPonic controllers that log data in-

stantaneously every minute and are accessible via the cloud. The environmental
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data collected by the iPonic sensors had a precision of 0.1 W/m? for light, 0.1°C
for temperature, and 1% for relative humidity. We harvested lettuce on the thir-
tieth day from the day of the transplant from the GREENBOX and greenhouse.
We randomly selected two lettuce plants from both growing locations every
three days for destructive sampling to obtain the wet and dry weights (g). To
obtain the wet weight, we pulled apart the roots and any growing medium at-
tached to the plant before weighing the lettuce immediately after harvest. The
wet weight indicates the amount of biomass accumulated in the crop resulting
from evapotranspiration. We blotted the plant gently with a soft paper towel to
remove any free surface moisture and weighed the plants immediately after
harvest. Finally, we obtained the lettuce’s dry weight by drying the leaves (stored
in a brown paper bag) in a forced air convection oven (65°C for six days). We
derived the productivity of both growing locations using the wet weight values at
harvest to determine the total biomass output in kilograms per square meter of

growing area.

2.5. Data Processing and Descriptive Statistics Analysis

Lighting was represented by DLI (mol/m?d) by using instantaneously measured
light data (W/m?) and converted to cumulative light accumulated per day. Tem-
perature and humidity were processed to 15-minute averages using data from
the iPonic environmental controllers. We used descriptive statistics to charac-
terize the environmental data of DLI, temperature, and relative humidity, which
were plotted to 15-minute averages over a thirty-day growing period for the
summer and winter. We detailed their average values, along with their standard
deviations except for light (provided values in the form of DLI). We report dry
weight, wet weight, and productivity of lettuce crops in GREENBOX and green-

house over summer and winter at harvest (Day 30).

3. Results

The descriptive statistics of the environmental variables are summarized in Ta-
ble 1, and the dynamic variations of these variables are shown in Figure 2 for
both growing locations. The mean DLI in GREENBOX ranged between 32.48 -
36.70 mol/m*d over the two growing cycles (Table 2). It was purposely set
higher than the recommended minimum DLI of 6.5 - 9.7 mol/m?d [29]. The
mean DLI in the greenhouse was significantly lower than GREENBOX, with av-
erage values of 14.52 and 10.44 mol/m*-d over summer and winter, respectively.
Thus, the light conditions in the GREENBOX could be consistently regulated at
the grower’s discretion for optimal growth. Although the DLI in the GREENBOX
showed a slight decline over each growing cycle due to the depreciation of light
bulbs (Figure 2), the variations were so small that open field or greenhouse
structures could not replicate due to changes in weather conditions and length of
daytime over the year. The temperature regimes inside GREENBOXES were in
the optimal range (17°C - 29°C [30]) to sustain lettuce growth over summer and
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Table 1. Light intensity (DLI), temperature (°C), and relative humidity (%) in GREENBOX
(GB) and greenhouse (GH) over summer and winter.

DLI (mol/m?-d) Temperature (°C) Humidity (%)
Season GB GH GB GH GB GH

Summer 32.48' 14.52 26.99 +0.93* 28.90+4.92 58.54+4.77 74.64+12.49
Winter 3670 1044 2450%+1.09 21.37%1.56 35.53+6.27 4524+9.66

'DLI are the mean values over growing season. “Data shown for temperature and humid-
ity are means with standard deviations (SD).
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Figure 2. Light intensity (top, W/m?), temperature (middle, °C), and relative humidity (bot-
tom, %) in GREENBOX and greenhouse over summer (left) and winter (right). Data are 15-min
averages. The dashed lines in the temperature and relative humidity charts indicate the optimal
ranges for lettuce growth.
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Table 2. Dry weight, wet weight, and productivity in GREENBOX (GB) and greenhouse
(GH) over summer and winter at harvest (Day 30).

Dry weight at harvest Wet weight at harvest Average overall productivity

(® (®) (kg/m?)
Season GB GH GB GH GB GH
Summer 8.72 11.80 231.58 229.57 7.38 7.02
Winter 6.5 6.53 187.35 188.3 6.33 6.01

winter without significant variation over the day (average temperatures of
26.99°C + 0.93°C and 24.50°C % 1.09°C over summer and winter, respectively).
However, the greenhouse temperatures exceeded the optimal temperatures with
a significantly higher variation, especially during summer (average temperatures
of 28.90°C + 4.92°C and 21.37°C £ 1.56°C over summer and winter, respective-
ly). The main heating source in the GREENBOX is the lighting element. Due to
the insulation from external weather fluctuations provided by the warehouse and
the thermally insulated walls of GREENBOX structure, the seasonal and diurnal
temperature variations were minimal over the year compared to the greenhouse
(Figure 2). The GREENBOX structures also sustained ambient humidity condi-
tions between 40% - 60% (desirable range for most crops, including lettuce) for
most of the time, higher in summer and lower in winter. In any case, the relative
humidity was below 70% and thus did not affect crop growth. The average rela-
tive humidity was lower over summer (58.54% * 4.77%) and winter (35.53% =+
6.27%) in GREENBOX, and higher in greenhouse in the summer (74.64% =+
12.49%) and winter (45.24% + 9.66%), with a much higher variation over the
day in the greenhouse (demonstrated by higher standard deviation values in Ta-
ble 1). The fluctuations are significantly higher and immediate to weather events
such as cloud cover and precipitation as the greenhouse is directly exposed to
external elements. Overall, the lettuce crops’ environmental conditions over the
summer and winter indicated that GREENBOX technology could provide the
desired environment to sustain growth year-round, with lower fluctuations and
higher consistency (compared to greenhouse).

The biomass and productivity data collected at harvest found that measured
variables were similar across growing locations, with slightly higher values over
summer than winter, as presented in Table 2. The dry weight at harvest was
higher in the greenhouse (11.80 g in summer and 6.53 g in winter, respectively)
than GREENBOX (8.72 g in summer and 6.5 g in winter, respectively). We
found the wet weight is consistently higher in summer (231.58 g in GREENBOX
and 229.57 g in greenhouse, respectively) than in winter (187.35 g in GREENBOX
and 188.3 g in greenhouse, respectively). Wet weight and dry weight represent
the cumulative amount of gas exchange in photosynthesis and evapotranspira-
tion over the growing cycle [31]. The productivity across growing locations was

not significantly different in the same season but was higher over the summer
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(7.38 kg/m? in GREENBOX and 7.02 kg/m? in greenhouse) than in winter (6.33
kg/m? in GREENBOX and 6.01 kg/m? in greenhouse, respectively). There were
subtle differences among seasons, but such differences did not cause a significant

difference in crop growth and productivity over growing locations.

4. Discussion

The results indicate that the GREENBOX provided the required environmental
conditions to sustain lettuce crop growth from seedling to full bloom and ready
for consumption. The growth in the GREENBOX followed similar patterns to
greenhouse crop production (grown for reference). Furthermore, the environ-
mental conditions provided in both growing locations were within the optimal
range for crop sustenance. Environmental parameters were more consistent and
controllable in the GREENBOX. The temperature variations over summer were
almost five times higher in the greenhouse (+4.92°C) than GREENBOX (£0.93°C).
However, the variations over winter were not that drastically variable over both
growing locations (+1.09°C in GREENBOX and +1.56°C in greenhouse, respec-
tively). We attribute the higher variability in the greenhouse over summer due to
the lower capability of the greenhouse climate control in response to the high
variation in solar energy. Summer has the longest duration of light over the year,
and despite using shade curtains to control the intensity of sun rays hitting the
crops, the trapped infrared rays led to higher temperatures in the greenhouse
(due to the greenhouse effect). Care must be taken to maintain relative humidity
at an optimum level, as high relative humidity can lead to fungal disease, and if
relative humidity is too low it can cause stunted growth [32]. The GREENBOX
and greenhouse provided these conditions comfortably during growth over the
summer and winter. As expected, the humidity over winter in both growing lo-
cations was lower than in summer. Variations in relative humidity over winter
were significantly higher in the greenhouse (+12.49%) than GREENBOX
(£4.77%). The variation over winter was higher in the greenhouse (£9.66%) than
GREENBOX (£6.27%). The relative humidity trends in the greenhouse were di-
rectly affected by external weather, sometimes rising to almost 96% during a
rainstorm and decreasing to lower values when there is no rain for an extended
time. By virtue of the GREENBOX having an independent lighting source, crop
production is not dependent on sunlight and variation on cloud covers and
weather events.

There are advantages to growing crops in a controlled environment. The
GREENBOX is not as drastically affected by the external weather due to the sole
reliance on an artificial lighting source for its photosynthetic needs. GREENBOX
can potentially multiply its production capacity by vertical stacking. Lettuce crop
production times vary year-round due to differences in daylight (sunlight)
length over the year. However, year-round lettuce production is possible by
maintaining a consistent DLI [33], lighting intensity, and time length. Con-

trolled environment agriculture can achieve uniform crop and extension of
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growing seasons by controlling environmental and cultural factors [34]. Future
GREENBOX trials include a heater/air conditioners combination to precisely
modulate temperature levels and a combination of humidifier/dehumidifier to
control moisture levels at optimal levels.

While the productivity was similar in the GREENBOX and greenhouse, there
was a noticeable difference in productivity (almost one kg/m?) and wet weight
(around 40 g) at harvest between the summer and winter. We attribute this
phenomenon to a higher evapotranspiration rate and subsequent growth due to
higher temperatures. The GREENBOX primary heating source was the lighting
element; future iterations may include a heat pump to supplement heat sources
to combat colder conditions.

In response to the growing awareness of the carbon footprint associated with
increased food miles, a growing social movement has been to eat locally sourced
food (known as locavores) [35]. As a result, there is a growing consumer base of
locavores willing to pay a premium for locally grown produce that is hyper-fresh
[36]. The total supply chain of food needs 4200 miles (6760 kilometers) of
movement, and 1020 miles (1640 kilometers) is the final average food miles tra-
veled in the United States [4]. Therefore, a decrease in food miles traveled can be
linked to a lower carbon footprint and alleviate the effects of climate change
[37]. When placed in strategic areas, GREENBOX can potentially reduce the
food miles problem by making fresh produce more accessible. Scaling up loca-
lized high yield controlled environment agricultural setups (such as greenhouses,
indoor vertical farms, or plant factories) can help increase the resilience of the
food supply systems [38]. With GREENBOX technology, one can design plant
factory setups closer to the point of consumption (restaurant and stores) such
that the produce can be quickly harvested and sold, saving resources on preser-
vation and transportation, along with space saved for inventory [39].

There is promising potential for the GREENBOX in leafy green crop produc-
tion in urban areas. Consumption growth and increasing populations will mean
that global food demand will comfortably exist for forty years at a minimum
[40]. Over twenty years, a five-fold increase in sales has been noted for sal-
ad-mixes in the United States [41]. As of 2018, worldwide controlled environ-
ment agriculture was valued at 26.8 billion USD [42], with a projected 9.19%
growth between 2020-2025 [43]. Leafy vegetables such as lettuce are also gaining
popularity as they represent practical and convenient foods with high nutritional
content [44]. Clinical investigations have demonstrated a direct inverse link be-
tween a lower incidence of chronic disease (e.g., neurodegenerative and cardi-
ovascular disease) and high consumption of green leafy vegetables, owing to it
being a good source of antioxidants, phytochemicals, vitamins, and minerals
[45]. GREENBOX can potentially serve as an excellent resource for educational
purposes. Students from various disciplines such as engineering, life sciences,
and technology can learn of all ages [46].

Urban areas can easily meet the resources requirements for a viable urban
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agricultural setup, such as light, heat, carbon dioxide, water, space, and airflow.
GREENBOX may use water from the city water supply but can use greywater or
stormwater streams in cities. There are many potential avenues in urban areas
that GREENBOX can be used such as underground unused tunnels and base-
ments, flat, unused rooftops, vacant spaces in occupied buildings such as
atriums, open planned spaces and corridors, and abandoned vacant spaces
within buildings (empty, unoccupied floors). There is great potential for incor-
porating CEA setups in urban areas as more than 60% of construction is pend-
ing to match the projected urban area to be developed by 2030 [5]. There are
new commercial establishments in this field, such as Gotham Greens claims that
their crop production is 30 times more compared to traditional methods with
locations in New York and Chicago and are rapidly expanding across the United
States [46].

There are many goals future iterations of GREENBOX can aim for as a CEA
setup. An ideal CEA setup must strive for a decrease in variation in environ-
mental parameters [47]. An ideal CEA setup should be designed to be upgraded
with the least cost and minimum modification and maintenance. An ideal CEA
setup should strive for the right balance between automation (transportation,
packaging, management, and cleaning), labor-saving measures, and job security
[48]. CEA setups have the advantage of a small physical footprint [49]. We may
also include different types of crop growth such as spinach, pakchoi, kale, swiss
chard, among many others. We may also use fruiting plants such as cherry to-
matoes, strawberries, among many others. Our current study used warehouse
conditions for GREENBOX crop production; we can also use other areas such as
abandoned mills, strip malls, or shipping containers. The current project was a
pilot study as a proof of concept, and therefore we used commercially available
materials to assemble the GREENBOX. Future trials may include materials that
use low-cost thermally insulated prototypes and are explicitly designed for this

purpose.

5. Conclusion

This study demonstrated our novel GREENBOX technology as an alternative
and sustainable avenue for vegetable crop production in urban settings. We pre-
sented our observations on the environmental parameters and biomass output of
two GREENBOX units. Preliminary comparisons were made with a simultane-
ous growing cycle in an experimental greenhouse. The study found that the
GREENBOX provided the required environmental conditions to sustain lettuce
crop growth to full bloom and demonstrated that these structures could sustain
growth in mid-latitude climates. The environmental conditions in the GREENBOX
structure were largely within the optimal range with minimal fluctuations. The
DLI ranged between 32.48 - 36.70 mol/m*d at crop canopy height as set by the
grower. The mean daily temperature fell within the optimum range of 17°C -

29°C, and relative humidity was also in the ideal range of 40% - 60% for lettuce
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crop production. The growing environment in the GREENBOX was highly con-
trollable and could be regulated at the growers’ discretion. The lettuce crops
grew to healthy full size (ready for consumption) with similar productivity be-
tween both growing facilities. Based on the results of our study, we would con-
clude that the GREENBOX technology may have a high applicability and poten-
tial in urban food production, due to its low (almost zero) requirement for ara-

ble land and its ability to produce fresh food for local concentrated population.
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