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This thesis examines the literature currently published regarding the potential of 

controlled environment agriculture (CEA) with human-consumed wheat, and the 

reasoning behind a lack of initiative in growing wheat in a controlled 

environment/indoor method for commercial purposes. This is done through the use of a 

brief meta-analysis on literature discussing opinions and insight into the subject along 

with discussion of CEA technology and potential as it pertains to wheat. By looking at 

the benefits of controlled environment agriculture in terms of sustainability, efficiency, 

and profitability involved with other plant species currently cultivated on 

entrepreneurial scales, the potential for wheat and other staple crops to combat food 

security and agriculture-based climate change is explored when compared to 

conventional farming practices. 

The Literature Review and Meta-Analysis concluded that of the 33 sources 

selected from Google Scholar based on a search-term matrix, 17 showed positive 

reactions to the future of growing wheat sustainably in CEA facilities and 9 showed 

negative reactions, all up to the authors discretion and from all academic backgrounds. 
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Introduction 

“The choice is simple: Control everything (indoor farming) or control 
nothing (outdoor farming).” - Dickson Despommier, page 27 of The 
Vertical Farm (2020) 

        *** 

Agriculture has been a driving force in the development of human society since 

its beginnings over 11 thousand years ago (Despommier, 2020). Although it caused 

nutritional deficiencies brought on from a less diverse diet, the development of farming 

allowed for surplus of food production and a sedentary lifestyle, paving the way for the 

urbanization we have today (Etkin, 2000). While this is an ancient and seemingly 

natural practice of humanity, it has been damaging the natural world since its global 

invention (Despommier, 2020). Soil in the Fertile Crescent, one of the birthplaces of 

farming, has been depleted of nutrients over millennia of exploitation and drastic 

environmental changes brought on by the industrial revolution of agriculture in the 

twentieth century that threaten arability worldwide (Despommier, 2020, Sardare & 

Admane, 2013). The contemporary overuse of biocides further depleted soil biology 

and damage its natural systems for replenishing nutrients (Despommier, 2020). 

Excessive fertilizer runoff continues to threaten our global environmental systems as 

well (Despommier, 2020). As the world’s population continues to grow and urbanize, it 

is more important than ever for a new industrial agriculture revolution, one that looks at 

the long-term impacts of its practices and can feed the growing world throughout 

continued anthropogenic changes in global climate and environmental degradation. 

Controlled Environment Agriculture (CEA), which is defined here as indoor 

farming that controls the factors for plant growth, particularly in hydroponics and to 
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modern-day standards of efficiency, has a promising potential to be a solution to many 

of the aforementioned environmental issues (Despommier, 2020). However, types of 

plants currently grown in these environments on a commercial scale are limited to 

mostly leafy greens, garnishes, and cannabis (Harris & Kountouris, 2020). While 

controlled environment cultivation of berries, and even potatoes, exists, this is rare (Al-

Kodmany, 2018, Benke & Tomkins, 2017). Many crops being grown and sold 

commercially in this medium, including staples such as corn, soybean, and wheat, are 

almost unheard of. 

 The foods currently grown in vertical farms do provide a great deal of necessary 

nutrients to sustain human life (Mortimer & Gilliham, 2022), but humans do not seem 

to be willing to give up many other foods in their diets that are not on this list: wheat 

and wheat-based products included. For instance, many people are now aware of the 

drastic environmental consequences of our meat consumption but are still unlikely to 

give up meat for anything that does not taste and feel identical (Kurtz, 2016), a problem 

companies such as Impossible Burger are working on with synthetic, plant-based meats 

to satisfy our craving for meat protein (https://impossiblefoods.com/sustainable-food). 

For these plant-based protein sources to be consumed on a large scale, monocultural 

intensive farming could damage the land and possibly cause more environmental harm 

than good when switching from traditional animal protein, while CEA, if done well, can 

hypothetically have no pollution except for the source of energy used to power the 

energy-intensive system, ideally a renewable source (Despommier, 2020).  

Could these possible benefits of CEA, which are still up for debate, be 

potentially applied to plant species grown monoculturally on a global and climate-
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damaging scale such as wheat? Why does this not currently seem to be practiced 

commercially compared to other edible plant species? These were the questions set out 

to be answered by this paper. 

Choice of Topic 

Wheat 

There were multiple staple crops considered for research: the main other ones 

being corn, rice, potatoes, yams, and soybean. All these crops are major parts of the 

global industrial energy-consuming diet (perhaps apart from yams) and seen in various 

food products in various amounts and forms. These potential crops are significant 

sources of nutrition and energy people rely on yet will most likely continue to be 

constrained in arable land options from climate change and pollution that itself adds to 

with its current practices (Despommier, 2020). Therefore, innovative practices will be 

required to continue to improve efficiency and provide for a growing population. CEA 

is a strong potential candidate to help provide this. However, wheat was determined to 

be the ideal food for research as opposed to the others for a variety of reasons. 

Potatoes and yams were deemed too limiting in culinary and food science 

capabilities, while rice seemed like a less popular or effective protein to replace meat 

consumption, in the author’s opinion. Corn was a likely choice in initial research but 

was determined to be potentially confusing due to the capability of an unknown amount 

of edible corn deemed financially unviable for human consumption and thus turned into 

ethanol instead. Wheat does not have this problem as much; while many varieties of 

wheat are grown for livestock feed, this is generally a less fluid economic crossover 
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than corn’s deviation to biofuel (Foley, 2011). Soybean was the second strongest option 

for investigation but the ability for wheat cultivation practices to contribute to other 

cereal crops vastly consumed by the world, such as sorghum, made it a stronger 

contender (Goldschein, 2013).  

It is important to determine what is meant by “wheat” in the discussion of future 

food production, as studies could include species of wheat not typically used. Therefore, 

anything referring to wheat or the Triticum genus was considered for research. The most 

common type of wheat is bread wheat, or Triticum aestivum L. (Duke, 1983). 100 

grams of bread wheat should have about 326 to 335 calories and 9.4 to 14 grams of 

protein (Duke, 1983). The European Space Agency studied the long-term CEA 

cultivation of Triticum turgidum var durum, which has particularly high gluten protein 

content in the Micro-Ecological Life Support System Alternative Program (Stasiak et 

al., 2012).  

Controlled Environment Agriculture 

Controlled environment agriculture can refer to any agricultural practice that 

uses technological supplements to improve the growing conditions of a crop and even to 

the extent of complete control of all environmental variables when appropriate. This 

could be something as small as using a greenhouse to trap warmth in a climate too cold 

for ideal growing conditions, or even simply modifying the environment through the 

ancient practices of irrigation, although this alone can barely be considered CEA as 

opposed to conventional agriculture (Dalrymple, 1973). The Cornell College of 

Agriculture and Life Sciences defines CEA as “an advanced and intensive form of 

hydroponically-based agriculture where plants grow within a controlled environment to 
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optimize horticultural practices”, although this defines the more modern practices of 

CEA in which more and more of the biological processes involved with agriculture 

have become separated and independent from their natural counterparts (About CEA, 

Controlled Environment Agriculture, 2022). This definition that focuses on more 

extreme cases of environmental control are of the most interest to this paper, such as 

control through hydroponics, humidification, temperature, acidity, light, etc.  

Another term referring to these practices in a way of interest to this paper is the 

“vertical farm”, coined by Dickson Despommier in 1999 and referring to the reasonable 

expectation that urban indoor agriculture might be stacked in multiple floors to offset 

the expensive property requirements and save land from being used for wider field 

farms (Dickson Despommier, 2022). Another term commonly used, more often in the 

eastern half of the world, is the “plant factory”, referenced in Kozai et al.’s Plant 

Factory: An Indoor Vertical Farming System for Efficient Quality Food Production 

(2015). These are only a few terms being used in this emerging industry; all were 

considered in this paper and should be considered for future research on CEA and 

wheat. 

Hypothesis 

Wheat production using CEA has not become prevalent due to the intense 

lighting and other energy inputs required for effective growth, the biological mass of the 

plant that cannot (or is not desired to) be consumed, and the lack of consumer interest 

and value in what CEA could offer wheat products, such as the promises of fresh and 

nutritious local greens currently being marketed. However, by redirecting government 

subsidies that currently benefit other agriculture practices to instead support research 
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and development and financial growth for new crops in CEA, these techniques could 

potentially limit the carbon footprint and other environmental impacts of production of 

common wheat crops on a global scale due to localization of food production regardless 

of climate, as well as be used in places where CEA is more necessary to resolve 

climate-based food insecurity. 
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Past and Current Controlled Environment Agriculture 

History of CEA 

Influencing the atmosphere that the plant grows in via greenhouse technology is 

one of the rudimentary but essential forms of this paper’s definition for CEA and yet 

still relevant (Dalrymple, 1973). One of the earliest mentions of greenhouse technology 

known dates to the Roman Empire, between 14-37 BCE, when Emperor Tiberius 

Caesar had his cucumber garden surrounded by a transparent stone glaze frame that 

allowed him to grow cucumbers year-round, even transporting the beds and frames 

indoors when the weather required it (Dalrymple, 1973). CEA was historically quiet 

from then until the Renaissance in the 15th and 16th centuries, leading to conventional 

greenhouse designs in the 1800s in Europe and made of materials ranging from cloth, 

mats, and straw to glass and materials seen in more contemporary design, limited to 

growing cucumbers, tomatoes, and lettuce (Dalrymple, 1973).  

One does not necessarily have to use hydroponics to be considered partly a 

controlled environment. Soil biology is remarkably complex and integrated with the 

environment, and hydroponic cultivation provides further control of the environment 

that soil-based greenhouses and indoor facilities cannot provide. Hydroponics provide 

the nutrition and hydration directly to the plant using a solution of chemically accessible 

elements needed for plant growth; this has been referred to as fertigation, or the 

combination of fertilization and irrigation. The processes of nutrient recycling done by 

soil leads as deep as regolith and the solid stone below that, and therefore makes 

sustainable soil-based agriculture within CEA limited in its independence from 

environmental processes (Brady and Weil, 2004). How can one mimic within a building 



 

8 
 

the geological processes of the earth’s crust grinding into sand, silt, and clay particles, 

leading to soil production and nutrient cycling (Brady and Weil, 2004)? Because of this, 

and the level of sophistication and efficiency that hydroponic designs have taken, CEA 

will be referring to soilless designs for the remainder of this paper unless specified 

otherwise.  

However, hydroponics does not provide the microbiology that soil does to 

protect plants from disease; therefore, hydroponic cultivation requires much greater 

control of the sterility and other variables in the greenhouse or indoor facility. 

Hydroponic agriculture was first used in the 1930s, resulting in mixed opinions on the 

future of agriculture technology (Despommier, 2020). An article from Scientific 

American in 1939 called “Plants by Liquid Culture” reviews with enthusiasm at the new 

practices (Greeves-Carpenter), while a 1940 article from The British Medical Journal 

berates the idea of large-scale hydroponics due to aesthetic purposes (Gibson). There 

may be concerns that similar controversies will continue, as CEA methods could be 

seen as unnatural in a negative connotation, or undesirable for other cultural reasons. 

Species Grown in CEA 

The majority of crops grown in CEA for commercial purposes are leafy greens 

and their microgreen counterparts, herbs, flowers, strawberries, and cannabis (Brothill, 

2021). A Google search for “vertical farms” provides almost exclusively products and 

images of leafy greens such as lettuce, arugula, and kale. It is hypothesized here that the 

logical reasons these species are chosen over others include freshness, value of 

crop/sensibility to factors, etc. 
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Organic Hydroponics and CEA 

Alongside inorganic nutrient solutions is an increasing field of study on organic 

nutrient solutions, taking advantage of the efficiency of hydroponics while still relying 

on biological processes that would typically be seen in soil, or even connect to the 

nutrient recycling systems of fish as shown in Figure 1. a. Different cultures of 

microbes in solutions could be used for recycling nutrients, such as described in 

Kawamura-Aoyama et al. (2014) with a study using lettuce that found this to be an 

effective way to recover food waste. In 2020 Bergstrand et al. used microbes to help 

recycle nutrients in a CEA operation. These practices involve the studying of soil 

biological processes in a soilless medium; organic solutions affect these natural 

processes and are beyond the scope of this paper, and inorganic solutions will be 

assumed.  

A Sustainable Alternative to CEA: Organic No-Tillage  

An alternative promising change in food production to lower environmental 

impacts is practicing no-tillage to preserve soil biology and therefore resources, as well 

as energy that would have been used for tilling on an industrial level (Chatrath et al., 

2007). This can be seen as the opposite of CEA in the future deviation of current 

practices, as it relies more so on the natural systems than conventional intensive 

agriculture as opposed to CEA’s strategy of decoupling. Healthy soils can replenish the 

nutrients and remove the need for excess added fertilizers that can cause tremendous 

environmental damage when mismanaged, as well as let the soil sequester carbon, 

though crop rotation/cover cropping is essential to improving the sustainability of this 

natural nutrition recollection (Laxmi & Mishra, 2007). 
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In 2021 the Biden Administration implemented economic incentives to 

encourage no-till practices, specifically in an effort to cut emissions in half by 2030 

(Brown, 2021). North Dakota University recommended no-tilling as early as 2014, 

seeing benefits in the change (Arnason, 2014). No-till was also found to save fuel, 

despite the need to still plant across the entire field (Creech, 2021). It has been reported 

that the human race has released 133 billion tons of greenhouse gases through tilling 

soil in history (Corbley, 2021).  

Designs of CEA 

As the CEA industry and research has grown, various designs have branched off 

from the initial concept as more plant species have entered vertical farms, particularly 

the strategies for fertigation. The primary designs found here to be viable for CEA are 

Drip Irrigation, Deep Water Culture (DWC), Wicking, Ebb and Flow, Nutrient Film 

Technique (NFT), and Aeroponics (Bulla, 2022). Examples of theses designs can be 

found in Figure 1. The designs that involve controlling factors such as temperature, 

humidity, and lighting are less varying or noteworthy. 

DWC is a technique that involves a large tank of nutrient solution that hosts a 

raft for the plants and is shown in Figure 1 d., in which the roots sit in the tank of liquid 

to absorb nutrients and water; this technique leaves the nutrient solution very still and 

therefore has challenges in circulating all the nutrients in the tank (Bulla, 2022). The 

wicking system, which would look similar to 1 c. if the chord below it was of a wick 

material, takes advantage of capillary action and naturally pulls nutrient solution up into 

the wick from a reservoir when the plant needs more (Bulla, 2022). Ebb and Flow 

hydroponics, which can also be represented by 1 c., involves regularly irrigating the 
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growing medium and roots in between periods of open-air for aeration of the roots 

(Bulla, 2022). Aeroponics is a particularly impressive and advanced system that 

suspends the roots of plants in an enclosed area which applies nutrient solution in either 

a low-pressure spray (Figure 1 e.) or a high-pressure mist (Figure 1 b.) and is of 

particular interest to space programs such as NASA due to both extremely efficient 

water usage and the functionality in microgravity (Pandey et al., 2009). The oldest but 

still a promising strategy for fertigation is the Drip system (Figure 1 f.), which is 

common for irrigation with soil-based practices in arid climates and relies on correct 

growing medium properties to retain and release the solution that is dripped (Bulla, 

2022). Figure 1 a. is a simple diagram of aquaponics. One 

 
Figure 1: Methods of Fertigation 
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of the most common methods of CEA fertigation on a commercial scale is the nutrient 

film technique (NFT), which has seen considerable interest in recent years for its many 

benefits (Silva et al., 2021). Shown in Figure 1 g., the NFT uses a slope to provide a 

thin layer of nutrient solution that passes along the bottom of the plant roots, thus 

providing plentiful aeration and efficient use of nutrients and water (Silva et al., 2021). 

Research and Development 

For most of the history of CEA, commercial usage has not been feasible for both 

technological and related economic issues but was instead used as a method of research 

in what can be referred to as phytotrons, where controlling the environment provides 

valuable experimental consistency and validity in biological research and could be 

informative to the research on this paper (Dalrymple, 1973). The development of energy 

efficiency in lighting has helped for supplementation of sunlight to be more 

economically worthwhile, allowing for CEA to move from only sunlit greenhouse 

facilities to completely unexposed environments, some exclusively using artificial light 

such as the designs sold by Boston’s Freight Farms (www.freightfarms.com).  

A significant source of research of CEA for sustenance purposes is the collective 

of government space programs such as NASA, as space provides no environment 

whatsoever for food production and therefore a fully controlled environment that could 

hypothetically run indefinitely is needed for long-term missions. The first test of LED 

lighting for CEA was sponsored by NASA in the 1980s at the University of Wisconsin, 

and LED technology has been the holy grail of energy-efficient lighting in CEA 

(Mitchell, 2022). NASA’s work on wheat production will be further discussed later in 

the paper.  
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Unintentional Experiments Studying Wheat and CEA 

As a remarkably consistent way to control factors of growth compared to 

outdoor experiments, controlled environment agriculture is widely used for studying 

plants for purposes unrelated to using CEA on a commercial level, such as effectiveness 

of variations in phenology and their resistance to climate factors; wheat is included in 

these various studies. In 2014 wheat was grown in CEA for an experiment on different 

phenotypes and their accumulation of chloride (Genc et al.). Salinity and temperature 

were varied to see the effect on perfluorinated carboxylic acids (PFCAs) uptake using 

CEA in 2016 (Zhao et al.). Lastly and most relevant, bread wheat was grown in CEA to 

test adaptation to heat stress (Telfer et al., 2018). None of these experiments provide 

significant detail on the CEA strategies and results for growing wheat sustainably and 

commercially. 

Intentional Experiments Studying Wheat and CEA 

The number of CEA experiments to test the feasibility of sustainable CEA 

technology using wheat as the crop of choice is very limited. The majority of the 

sources that do exist are from the space programs, although these sometimes included 

and accounted for oxygen life support system supplementing as well (Mitchell, 2022). 

There is also the mysterious “Republic of South Korea VF” which allegedly grew wheat 

along with corn and leafy greens on three stories, although there was virtually no 

available information found on this project (Shamshiri, 2018). A 2012 source claims to 

yield 5,000 pounds per acre hydroponically over the 600-pound average in the field 

(Sardare, 2013). Lastly, the consequences of wheat grown in CEA under different light 

spectrums was studied in 2018 by Monostori et al. 
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Methods of Research 

Methods of researching the questions involved with sustainable wheat 

production in CEA focused on a thorough and interdisciplinary literature review. While 

the subject of using CEA for human consumption of wheat seems novel and niche, 

various aspects of CEA as a whole along with the properties of the biology and 

economy of bread wheat can provide supplemental information. This could include 

academic journals reviewing similar subjects, case studies in which wheat via CEA is a 

control for field studies as opposed to the experiment, or any other reliable source 

regardless of the intentions of the author’s publication. 

A meta-analysis and literature review of scholarly work that intentionally 

reflects on sustainable production of wheat in CEA was also conducted, limited to 

sources found on Google Scholar for consistency. The literature was searched both 

through Google Scholar queries and direct findings in these documents that discussed 

the concept of growing wheat using CEA as defined by this paper and with a focus of 

sustainability, defined here as focusing on any form of environmental conservation and 

innovation of resources to provide for present and future generations, or to perform an 

action mostly independently/from exterior aid, in a closed-loop fashion. Sources were 

not discriminated by format or academic level, and therefore peer-reviewing was not 

considered. These sources make up the literature review and are further described on 

page 16.  

It is still unclear which hydroponic system is best suited for wheat production of 

CEA, as most wheat studies using CEA found in this research did not specify the design 

of their hydroponics system, and the choices made for such a study might not be 
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relevant to the best hydroponic setup for growing wheat sustainably for human 

consumption on a large scale but instead were chosen for simplicity or other unknown 

factors related to the experiment. Further research must be done to determine the most 

effective and efficient way to grow wheat in a vertical farming format. NASA has been 

recorded to use the NFT with wheat production, but reasons were not disclosed; 

Wheeler claims this as “probably one of the first working examples of a vertical 

agriculture system” (Wheeler, 2017, p. 19-20).  

The larger body of sources was also analyzed as possible benefits to research, 

both as bodies of information for the discussion and as possible experts in various 

aspects of CEA, sustainability, and wheat studies. Private CEA operations were also 

contacted for specific interviews and general information, although little information 

was provided due to trade secrets and lack of time available to answer said questions. 
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Literature Review and Meta-Analysis 

The segment of research used for meta-analysis was a review of the literature 

that already exists as a direct reference to the research questions asked in this study. 

This meta-analysis is therefore on a small portion of the sources cited in this paper, as 

many other sources were useful but did not specifically and intentionally discuss 

growing wheat sustainably in CEA. To account for possible variation in terminology, a 

set of keyword topics were determined and “flushed out” to account for these 

differences in language, resulting in a set of somewhat redundant search inquiries to be 

completed on Google Scholar to ensure a complete preliminary examination. 

The keywords used can be found in Figure 2 below, with the thicker lines 

showing the most effective set of search terms. This most focused layer of review was 

around the literature that was available on Google Scholar and speaks directly and 

intentionally on the topic of the sustainability of growing wheat in CEA includes all 

forms of sources found, regardless of the level of detail, perspective, or usefulness of 

the information. This list, created at the author’s discretion, resulted in 33 sources, all of 

which are shown as a distribution of number of sources by their publication year in 

Figure 3. Figure 4 shows a map of the publications by nationality as far back to the 

original source as possible, although only English sources were included and this should 

be considered. 18 sources were from the United States, two sources each were found 

from Australia, India, Kenya, Germany, Great Britain, and Malaysia, and a single 

source was found in Colombia, Japan, Mexico, Canada, Sri Lanka, France, Hungary, 

Indonesia, China, Denmark, and Norway. 
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Figure 2: Flowchart of Google Scholar Searches for the Literature Review 

 

 

 

 
Figure 3: Number of Sources Found in Literature Review by Year Published 
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Figure 4: Map of Author Affiliations in Literature Review 
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Positive Reactions 

The 33 main sources used for the literature review varied greatly in perspective, 

with 17 sources reacting positively to using CEA technology for wheat production. A 

large portion of positively reacting sources in the Literature Review were based on 

inferences supporting wheat in CEA for the future, whether this be for climate change 

or food security or both. Abdullah et al. (2021), Benke & Tomkins (2017), and Besthorn 

(2013) all refer within their articles on vertical farming to places where wheat 

production is largely imported, suggesting that CEA could change this. Harris & 

Kountouris also mention wheat production in present day during an article on vertical 

farming and directly compare wheat consumption and leafy greens on a global scale 

(2020). Kibblewhite (2014), Germer et al. (2011), and Lerer & Kamaleson (2020) look 

at the current and increasing area of land under extreme weather conditions and the 

benefits that CEA could provide for this issue, while Despommier worries about wheat 

rust (2011).  

Another argument commonly used for wheat and CEA is the yield potential and 

efficiency of vertical farms growing wheat. Benke & Tomkins reference a 2015 source 

estimating 3 Empire State Buildings full of wheat CEA to be enough to feed the entirety 

of the city (2017). Asseng et al. (2020), Chaux et al. (2021), Pandey et al. (2009), and 

Sardare & Admane (2013) brag about the very high yields that hydroponics have shown 

with wheat production, while Monostori et al. (2018) and Song et al. (2017) report on 

the promising efficiencies of LED lighting in wheat CEA.  
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In 2018 von Kaufmann describes an aeroponics company claiming to be 

prepared for wheat farming, particularly where regions need it the most and would 

benefit most from CEA. Hamshiri et al. (2018) is the source that mentions the Republic 

of South Korea VF, describing it as effective and including wheat. Halliday et al. 

(2021), Kalantari et al. (2017), and Prawata (2013) all advocate for wheat produced via 

CEA with theoretical and optimistic mentions of the subject. 

Negative Reactions 

In the sources reacting negatively to growing wheat in CEA, reasons varied 

from economics, energy, size of crop, and no explanation. This included 9 sources. 

Economic reasons also vary amongst these sources. Al-Kodmany (2018) cites 

the cheap nature of wheat compared to other crops for its bleak future in CEA. Lubna et 

al. (2022) instead focus on the high costs of CEA infrastructure and operations, thus 

making staple crops such as wheat not likely to be seen in vertical farms and concluding 

the low value of wheat as a crop as the inherent issue. 

Both de Anda & Shear (2017) and Kuhn (2019) provide no explanation for why 

wheat is not feasible in CEA operations, but instead act as if the answer is obvious. 

However, both suggest the possibility of this changing in the future. 

The sources citing energy consumption and efficiency as the main issue made up 

most of the negative sources. Cox & Tassel claimed in 2010 that a year of CEA for the 

United States wheat production would be 8 times greater than all electricity generated at 

the time by U.S. utilities. Iersel only 3 years later (2013) describes the energy needed 

for lighting alone in terms of dollars, claiming a loaf of bread would cost 23 dollars to 

produce and not including the energy the building uses for the other environmental 
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factors. However, it is worth mentioning the improvement in artificial light technology 

since then. Lerer & Kamaleson also claim as late as 2020 that energy consumption 

technological improvements are needed. Sablik (2021) quotes that both energy and 

acreage are indefinite barriers to wheat in CEA, tying back to the size of the plant and 

the small part of this that is eaten. 

The most impressive and comprehensive analysis of wheat production is 

Sørensen et al.’s Life Cycle Assessment of field and CEA wheat production (2021). 

Looking at environmental factors involving the two practices extensively, this article 

also provides one of the biggest let downs of the research process on page 12: 

“Based on the results found in this study, it appears that with current 
yields and photosynthetic conversion efficiencies of wheat, vertical 
farming is not environmentally preferable to conventional wheat 
production, even when using electricity generated from the most 
sustainable sources. VF of wheat may be suitable in locations that are not 
suited to conventional wheat production (due to a very short growing 
season, land availability, severe water constraints or environmental 
pollution), where a low burden source of electricity is available and 
where food security is of paramount importance, so cost is not so much 
of a consideration. However, the global market for wheat is likely to 
provide a more economic and environmentally friendly source of wheat 
in the foreseeable future.” 
 

This document provides thorough and convincing qualitive data directly on the subject 

in the present-day economic and technological climate.  Please note that Lerer & 

Kamaleson (2020) and Sørensen et al. (2021) are preprints. 

Figure 5 shows the different reactions towards the future of sustainable wheat 

production in CEA by publication year, with some of the 33 sources omitted due to a 

generally neutral or mixed reaction. The definition of positive (above 0) and negative 

(below 0) reactions of each source were also up to the author’s discretion. 
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Figure 5: Positive and Negative Reactions in the Literature Review 

NASA 

Of the sources selected for the Literature Review, 4 documents were relevant in 

reference to NASA experiments and ideas for CEA in space and on planetary bodies. A 

study directly from NASA done in 1989 tested the circulation of nutrient solution with 

wheat with promising results in many tests, although more study for long-term effects 

was recommended (Mackowiak et al.). Douglas et al. (2021), Mortimer & Gilliham 

(2022), and Wheeler (2017) discuss the successful yields and sustainability of NASA 

systems but are difficult to compare to the realities of a financially viable operation.  
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Discussion 

Literature and other written opinions on the subject of the future of wheat in 

sustainable CEA provided a limited amount of objective information on the practices 

involved in a potential CEA-fed wheat industry. The complexities involved with Carbon 

Accounting and Life Cycle Analysis made direct comparison of conventional field 

agriculture and vertical farming difficult and trivial, as each farm setup and situation 

results in a different environmental footprint.  

Current and Future Wheat Production 

Consumption 

The United States grew 20 percent of the world’s wheat supply from 2009 to 

2013, making it the country’s third largest crop by acreage (Denicoff et al., 2014). 78 

percent of the wheat consumed by the United States was food, the rest being animal 

feed and seeding. (Denicoff et al., 2014). In 2010, USDA wheat subsidies totaled 

$1,731,633,184 across 5,364 recipients, although these subsidies are disproportionately 

distributed, have encouraged monoculture, and put many small farms out of business 

(Franck et al., 2013). Despite its dry climate, Saudi Arabia has invested oil money into 

rural agriculture since the 1970s with subsidies such as a guaranteed profit policy and 

has become not only capable of wheat independence but became a significant wheat 

exporter (Bushuk and Rasper. 1994). In the Middle East and North Africa, wheat makes 

up around 37 percent of consumed calories (Ahmed et al., 2013). In 2005, 20 percent of 

the world’s calories came from wheat (Borlaug, 2008), and around 30 percent of wheat 

is stockpiled for the next year in case of food insecurity (Aksoy & Beghin, 2004). In 
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2011, wheat was 18 percent of the world’s diet, although it is unclear how much of this 

is by choice (National Geographic). Wheat exported from the U.S. is mostly brought to 

port via train as opposed to truck (Marina et al., 2014). 

In comparison to this, the most commonly grown plants in CEA make up much 

less of the world’s diet (Harris & Kountouris, 2020); vegetables account for only about 

3 percent of the world’s diet as of 2011 (National Geographic).  

Climate 

Modelling software with different potential climate scenarios due to 

anthropogenic climate change was used in 2013 on the Sistan and Baluchestan province 

in Iran and the impacts of its wheat production, which found a decrease in wheat 

growing season, grain yield, and biological yield under every climate scenario 

simulated (Valizadeh et al., 2014). While a higher concentration of carbon dioxide 

would have a positive impact on wheat production, especially as it hypothetically 

improves photosynthesis and water retention, increasing heat will cause rapid 

evapotranspiration and the shortening of the growing season, creating much more harm 

than good (Janjua et al., 2010). Therefore, the South African region might have negative 

consequences to wheat production while in Europe temperature increases might not be 

enough to offset the benefits of carbon dioxide. Pakistan was still predicted to have an 

increase in yield despite temperature increases, perhaps from changes in rain patterns 

(Janjua et al., 2010). Even the beneficial predictions can be misleading in the form of 

disproportionate negative impacts on hydrology, as was found in a prediction model of 

West Australia (Ludwig et al., 2009). Northern China wheat production is limited most 

by lack of water resources (Franck et al., 2013). Widespread irrigation (as opposed to 
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rainfall dependence) to combat heat stress is becoming less effective and threatening 

future grain yields, and global wheat yields are predicted to lower thirty percent by 

2050 (Zaveri and Lobell, 2019). Associated Press released the following on April 29, 

2022: 

“NEW DELHI (AP) — An unusually early, record-shattering heat wave 
in India has reduced wheat yields, raising questions about how the 
country will balance its domestic needs with ambitions to increase 
exports and make up for shortfalls due to Russia’s war in Ukraine.” 

 

The reality is that climate and its impacts are too unpredictable for confident answers 

and therefore will make the future of wheat production unpredictable as well, both in 

acute disasters and long-term arability, whereas wheat grown in CEA can take 

advantage of local sunshine, humidity, or temperature when available while still 

protecting the crops from almost any change in the environment. 

Sustainability Potentials of CEA with Wheat and Other Species 

Apart from producing wheat, it is important to ensure that CEA can be more 

environmentally sustainable on a large scale than its alternatives. Generally speaking, 

and ignoring specific crops, does CEA have the potential to be more sustainable than its 

alternatives and replace conventional methods of farming? This has been a debate for 

some time now, as each vertical farm has its own local climate and economy to work 

with or against, choice of hydroponic practices, nutrient sourcing, energy source of 

operations, packaging, and distance to the customer’s kitchen. 

Figure 6 shows the variables relevant to sustainability when analyzing CEA; it 

was created by the author and is not necessarily exhaustive. 
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Figure 6: Factors of Sustainability 

Water 

The efficiency of water usage is one of the biggest proven benefits of using CEA 

practices and remains a significant argument for companies advocating CEA technology 

or produce. For decades, CEA has proven to save 70 to 90 percent of the water typically 

needed (Despommier, 2020). Aeroponics unbelievably uses only 70 percent of the 

water that other CEA methods use, making it use 4 percent of the water conventional 

agriculture uses (Despommier, 2020). 

Fortunately, wheat is a relatively drought-resistant species, and requires less 

water input than leafy greens: On average, lettuce provides 1 calorie per gallon of water 

while bread provides almost 6 calories per gallon of water used, although it should be 

kept in mind that this is comparing a prepared form of wheat and a raw form of lettuce 

and more research should be done on quantitative comparisons relevant to the topic 
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(FatSecret, 2021; FatSecret, 2021; FoodPrint, 2018). Because of the water-saving 

properties of CEA practices, this efficiency in water could potentially be expanded even 

further. However, because little water is needed in the first place for traditional 

agricultural practices, this additional increase in efficiency from CEA might be less 

significant than using CEA technology for crops that typically require higher inputs of 

water; it is therefore unclear based on the research findings if the percentages of water 

saved with CEA techniques would translate proportionally to wheat species on a large 

scale. While wheat was found to have efficient use of water for its calories, the extent 

that this benefit compounds with CEA practices is unclear. 

Energy and Biomass 

As mentioned on page 12, lighting technology has greatly improved the 

feasibility of wheat in a completely controlled environment. Because of CEA’s ability 

to grow anything anywhere, the thousands of miles that typical food production 

currently takes to your table are hypothetically no longer required. The energy source of 

a CEA operation matter greatly in the net carbon footprint and environmental impact 

that vertical farming provides, and a company that advertises environmentally friendly 

CEA does not have to disclose if their farms are powered by renewable energy sources 

or fossil fuels. Energy involved in construction of CEA infrastructure should also be 

accounted for and considered every year until depreciation, although the environmental 

costs of infrastructure constructed and used in conventional agriculture practices today 

makes comparison more reasonable (Despommier, 2020). 

It has been made a concern that wheat is too energy-intensive to be viable in 

CEA, even with cutting edge LED options, whereas this is less the case for leafy greens 
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(Lubna et al., 2022; Sørensen et al., 2022). More meta-research needs to be done to 

compare the biomass yield of energy used to grow wheat in a CEA system. When 

comparing the wheat plant as a whole and the conventional vertical farm crops of 

choice, the edible and appealing portion of the plant is much smaller with the wheat 

than leafy greens, as can be seen by the large portion of wheat plants that is stalk and 

not grain. Even with a good yield, a vast majority of the biomass that was invested in is 

not going to be eaten and is therefore a major disincentive for CEA companies to 

attempt wheat.  

Artificial lighting costs, even at very efficient rates, can account for half of the 

energy expenses (Asseng et al., 2020). It is essential that CEA be powered by clean 

energy to compete with the other agricultural strategies in terms of sustainability, 

although conventional agriculture has many drastic impacts as it is (Despommier, 

2020). The value of wheat as a crop with so little appealing biomass also brings into 

question its place in the vertical farming industry, although massive agricultural 

subsidies currently in practice for conventional agriculture must be considered when 

comparing the economics of the two practices. 

Nutrients 

While fertilizer runoff of intensive agriculture today is worse than what CEA 

fertilizer produces when performed properly (Despommier, 2020), there is still a need 

for sourcing these inorganic nutrients found in a hydroponics solution, and this aspect of 

hydroponics seemed somewhat overlooked in most academic papers on sustainable 

CEA found for this research. Sardare and Admane provided a detailed analysis in 2013 

of converting soil into inorganic hydroponic solution, but this requires disturbing the 
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soil for extraction and losing its biological carbon-capturing abilities and carbon 

reserves it has gained over time, as healthy soil can have remarkable carbon-stocking 

capabilities (Blanco-Canqui, 2013). Despommier (2020) provides the most promising 

idea of a closed-loop system for nutrients on page 197, in which no inputs are extracted 

from nor outputs tossed into the natural world: “With the advent of plasma arc 

gasification (PAG) devices, any solid material can be reduced to its elements in a matter 

of seconds. PAG uses an electrical current to create a high-energy plasma, the fourth 

state of matter.” PAG can even generate six times more energy than it uses through the 

heat created (Despommier, 2020).  

Plant Health 

Without the proper use of hygiene when operating a CEA facility, diseases that 

plants cannot defend themselves from without soil organisms can wreak havoc on 

hydroponic crops; with proper measures taken, however, these field diseases will never 

reach the growing setup and pesticides will be obsolete (Despommier, 2020). Wheat 

grown in the field is at risk of diseases such as rust Puccinia graminis amongst other 

types of rust fungi (Kolmer et al., 2009). Nematodes are another environmental hazard 

for wheat (Smiley & Nicol, 2009). With properly performed and advanced CEA 

practices involving sterility, these would no longer be an issue (Despommier, 2020). 

Gibson (2018) sees the benefits wheat provides for long-term storage and dryness being 

the driving force of their consumption, and says that growing produce that is sold and 

valued fresh such as leafy greens is more worthwhile in CEA and peri-urban setups. On 

top of this, he mentions the need for ultraviolet light in a CEA operation to keep the 
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wheat disease-resistant, although this should not be an issue in a properly-run (and 

therefore sterile) CEA operation. 

Subsidies 

One of the bigger arguments against the feasibility of wheat being commercially 

grown in CEA is that it is not economically worthwhile to grow such a low-value crop. 

However, it could easily be argued that current agricultural practices are not financially 

viable either, as they are heavily subsidized. A common subsidy provided to farmers by 

the government is insurance for the case of natural disaster or general crop failure, and 

this would not be an issue with CEA (Špička et al., 2009). While the search for sources 

on Google Scholar discussing the topic of CEA and sustainable wheat production found 

more sources having optimism for its future, some of the most comprehensive and 

conclusive studies still point to the negatives under current economics and technology. 
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Conclusion 

By setting out to determine the future of sustainable wheat production in 

controlled environment agriculture, more questions were asked than answered, and a 

final verdict remains unavailable. By looking at the current practices of CEA, such as 

the economic and environmental benefits, and searching for literature that has asked the 

same questions of the future of agriculture for staple crops such as grains, the current 

market for bread wheat would not easily permit a commercial CEA operation, even in 

the developed world, without subsidies such as those other agricultural practices benefit 

from. As climate continues to change and the world’s population grows in size and in 

appetite, unorthodox ideas such as CEA must be seriously considered as a new 

revolution of global food production and distribution, leaving soil-based planting of 

food crops to landscaping and recreational gardening. 

While it is easy to see the charismatic rural family model and their farming 

practices as ancient and unchanging ways in which humans interact with the 

environment, the invention of farming is relatively contemporary in human history and 

in many ways has been a failed experiment (Despommier, 2020). The destructive 

consequences of conventional agriculture cannot be ignored, especially with the 

increase in population and quality of life predicted to continue. Current farming and 

ranching practices take up land acreage the size of South America, and 2050 is 

predicted to need an additional Brazil-sized amount of land to provide for the world 

population, which is more than there is arable land (Despommier, 2020). By decoupling 

agricultural dependence with nature on a large scale and with a diverse diet of crops, 

food security can be further assured while still accessing natural resources such as 
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sunlight, humidity, and temperature when optimal while protecting crops from the 

elements in controlled environment structures. 

Future Research 

 While there is a small amount of academic literature arguing a perspective on 

whether wheat is worth cultivating via CEA for sustainability reasons, plenty of 

individuals of various disciplines and levels of education and experience could provide 

valuable insight into the topic. It was unclear how CEA and subsidies work from the 

research conducted, and this should be further investigated. In early research, multiple 

large-scale producers of vegetables using CEA were contacted and asked about the 

sourcing of their hydroponic solution nutrients, as a part of the research focus on 

sustainability, but no answers were given, either due to lack of time available from them 

or trade secret concerns. Further research and authorization of interviewing human 

subjects is required to provide a larger pool of direct opinions, perhaps through an email 

survey using a mix of multiple choice and short answer responses that are not too time 

consuming.



 

33 
 

Bibliography 

Abdullah, M. J., Zhang, Z., & Matsubae, K. (2021). Potential for food self-sufficiency 
improvements through indoor and vertical farming in the gulf cooperation 
council: Challenges and opportunities from the case of Kuwait. Sustainability 
(Switzerland), 13(22). https://doi.org/10.3390/su132212553 

About CEA, Controlled Environment Agriculture. (2022). Cornell College of 
Agriculture and Life Sciences. https://cea.cals.cornell.edu/about cea/ 

Ahmed, G., Hamrick, D., Guinn, A., Abdulsamad, A., & Gereffi, G. (2013). Wheat 
Value Chains and Food Security in the Middle East and North Africa Region. 
Center on Globalization, Governance & Competitiveness, Duke University, 
August(August), 50. 

Aksoy, M. A., & Beghin, J. C. (2004). Global Agricultural Trade and Developing 
Countries. World Bank Publications. 
https://books.google.com/books?id=Fm3bqFbXIEIC 

Al-Kodmany, K. (2018). The Vertical Farm: A Review of Developments and 
Implications for the Vertical City. Buildings, 8(2), 24. 
https://doi.org/10.3390/buildings8020024 

Arnason, R. New guidelines reflect benefits of no-till farming. (2014, August 28). The 
Western Producer. https://www.producer.com/crops/new-guidelines-reflect-
benefits-of-no-till-farming/ 

Asseng, S., Guarin, J. R., Raman, M., Monje, O., Kiss, G., Despommier, D. D., 
Meggers, F. M., & Gauthier, P. P. G. (2020). Wheat yield potential in 
controlled-environment vertical farms. Proceedings of the National Academy of 
Sciences, 117(32), 19131–19135. https://doi.org/10.1073/pnas.2002655117 

Benke, K., & Tomkins, B. (2017). Future food-production systems: vertical farming and 
controlled-environment agriculture. Sustainability: Science, Practice and Policy, 
13(1), 13–26. https://doi.org/10.1080/15487733.2017.1394054 

Bergstrand, K.-J., Asp, H., & Hultberg, M. (2020). Utilizing Anaerobic Digestates as 
Nutrient Solutions in Hydroponic Production Systems. Sustainability, 12(23), 
10076. https://doi.org/10.3390/su122310076 

Besthorn, F. H. (2013). Vertical Farming: Social Work and Sustainable Urban 
Agriculture in an Age of Global Food Crises. Australian Social Work, 66(2), 
187–203. https://doi.org/10.1080/0312407X.2012.716448 

 



 

34 
 

Blanco-Canqui, H., Shapiro, C. A., Wortmann, C. S., Drijber, R. A., Mamo, M., Shaver, 
T. M., & Ferguson, R. B. (2013). Soil organic carbon: The value to soil 
properties. Journal of Soil and Water Conservation, 68(5), 129A. 
https://doi.org/10.2489/jswc.68.5.129A 

Bulla, A. (2022, April 7). 7 Different Types of Hydroponic Systems And How They 
Work. https://www.gardeningchores.com/types-of-hydroponic-
systems/?msclkid=65c22e84c72d11ec9139d9e3cbcdaf16 

Bushuk, W., & Rasper, V. F. (1994). Wheat: Production, Properties and Quality. 
Springer US. https://books.google.com/books?id=VDYb80zqM0QC 

Brady, N. C., & Weil, R. R. (2004). Elements of the Nature and Properties of Soils. In 
Journal of Chemical Information and Modeling (Vol. 53, Issue 9). 

Brothill, A. (2021, March 4). What can be grown in a vertical farm? Light Science 
Technologies. https://lightsciencetech.com/what-can-be-grown-in-a-vertical-
farm/ 

Brown, H. C. The Biden administration will pay farmers more money not to farm. 
(2021, April 22). The Counter. https://thecounter.org/biden-administration-
farmers-conservation-reserve-crp-usda-vilsack/ 

Calories in 1 large leaf of Lettuce and Nutrition Facts. (2021, August 7). FatSecret. 
https://www.fatsecret.com/calories-nutrition/generic/lettuce-
raw?portionid=22198&portionamount=1.000 

Calories in Bread and Nutrition Facts. (2021, August 7). FatSecret. 
https://www.fatsecret.com/calories-nutrition/generic/bread 

Chatrath, R., Mishra, B., Ortiz Ferrara, G., Singh, S. K., & Joshi, A. K. (2007). 
Challenges to wheat production in South Asia. Euphytica, 157(3), 447–456. 
https://doi.org/10.1007/s10681-007-9515-2 

Chaux, J. D., Sanchez-Londono, D., & Barbieri, G. (2021). A digital twin architecture 
to optimize productivity within controlled environment agriculture. Applied 
Sciences (Switzerland), 11(19). https://doi.org/10.3390/app11198875 

Corbley, A. The First Farmer in the US to Sequester Carbon for Cash in Private 
Marketplace Earns $115,000 For His Planting Strategy. (2021, February 12). 
Good News Network. https://www.goodnewsnetwork.org/us-policy-to-feature-
carbon-credits-from-regenerative-farming-practices/ 

Cox, S., & van Tassel, D. (2010). Vertical Farming Doesn’t Stack. 
Synthesis/Regeneration, 52, 4-7. 



 

35 
 

Creech, E. Saving Money, Time and Soil: The Economics of No-Till Farming. (2021, 
August 3). https://www.usda.gov/media/blog/2017/11/30/saving-money-time-
and-soil-economics-no-till-farming 

Dalrymple, D. G. (1973). Controlled Environment Agriculture: A Global Review of 
Greenhouse Food Production. U.S. Department of Agriculture, Economic 
Research Service. https://books.google.com/books?id=oJFvSbmiiM4C 

de Anda, J., & Shear, H. (2017). Potential of vertical hydroponic agriculture in Mexico. 
Sustainability (Switzerland), 9(1). https://doi.org/10.3390/su9010140 

Denicoff, M. R., Prater, M. E., & Bahizi, P. (2014). Wheat Transportation Profile. 
1470-2016–120649, 10. https://doi.org/10.22004/ag.econ.189787 

Despommier, D. D. (2011). The vertical farm: controlled environment agriculture 
carried out in tall buildings would create greater food safety and security for 
large urban populations. Journal Für Verbraucherschutz Und 
Lebensmittelsicherheit, 6(2), 233–236. https://doi.org/10.1007/s00003-010-
0654-3 

Despommier, D. D. (2020). The Vertical Farm: Feeding the World in the 21st. Picador. 
(Original work published 2010). 

Dickson Despommier. (2022). Columbia Mailman School of Public Health. 
https://www.publichealth.columbia.edu/people/our-faculty/ddd1 

Douglas, G. L., Wheeler, R. M., & Fritsche, R. F. (2021). Sustaining Astronauts: 
Resource Limitations, Technology Needs, and Parallels between Spaceflight 
Food Systems and those on Earth. Sustainability, 13(16), 9424. 
https://doi.org/10.3390/su13169424 

Duke, J. A. (1983). Triticum aestivum L. Handbook of Energy Crops. unpublished. 
https://www.hort.purdue.edu/newcrop/duke_energy/Triticum_aestivum.html?ms
clkid=678c0540c53811ec8ae97b506641d2ff 

Etkin, N. L. (2000). Eating on the Wild Side: The Pharmacologic, Ecologic and Social 
Implications of Using Noncultigens. University of Arizona Press. 

Foley, J. It’s Time to Rethink America’s Corn System. (2013, March 5). Scientific 
American. https://www.scientificamerican.com/article/time-to-rethink-corn/ 

Franck, C., Grandi, S. M., & Eisenberg, M. J. (2013). Agricultural Subsidies and the 
American Obesity Epidemic. American Journal of Preventive Medicine, 45(3), 
327–333. https://doi.org/10.1016/j.amepre.2013.04.010 

Genc, Y., Taylor, J., Rongala, J., & Oldach, K. (2014). A Major Locus for Chloride 
Accumulation on Chromosome 5A in Bread Wheat. PLoS ONE, 9(6), e98845. 
https://doi.org/10.1371/journal.pone.0098845 



 

36 
 

Germer, J., Sauerborn, J., Asch, F., de Boer, J., Schreiber, J., Weber, G., & Müller, J. 
(2011). Skyfarming an ecological innovation to enhance global food security. 
Journal Fur Verbraucherschutz Und Lebensmittelsicherheit, 6(2), 237–251. 
https://doi.org/10.1007/s00003-011-0691-6 

Ghosal, A. Heat wave scorches India’s wheat crop, snags export plans. (2022, April 
29). AP NEWS. https://apnews.com/article/russia-ukraine-science-business-
india-global-trade-4d32889d982bf0a60396ff4ba817ca16 

Gibson H. E. (1940). Health and Soil. British Medical Journal, 2(4154), 237. 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2178745/?page=1 

Goldschein, E. The 10 Most Important Crops In The World. (2011, September 20). 
Business Insider. https://www.businessinsider.com/10-crops-that-feed-the-
world-2011-9 

Greeves-Carpenter, C. F. (1939). Plants By Liquid Culture. Scientific American, 160(1), 
5–7. http://www.jstor.org/stable/24955504 

Halliday, J., Von Kaufmann, R., & Herath, K. V. (2021). An assessment of Controlled 
Environment Agriculture (CEA) in low-and lower-middle income countries in 
Asia and Africa, and its potential contribution to sustainable development. 
Commission on Sustainable Agriculture Intensification. 

Harris, Z. M., & Kountouris, Y. (2020). Vertical Farming as a Game Changer for 
BECCS Technology Deployment. Sustainability, 12(19), 8193. 
https://doi.org/10.3390/su12198193 

Iersel, V. (2013). The Potential - and Limitations - of Urban Farming. Resource, 
March/April, 27. Kibblewhite, M. (2014). Re-lmagining Agriculture. Resource, 
November/December, 18. 

Janjua, P. Z., Samad, G., Khan, N. U., & Nasir, M. (2010). Impact of Climate Change 
on Wheat Production: A Case Study of Pakistan [with Comments]. The Pakistan 
Development Review, 49(4), 799–822. http://www.jstor.org/stable/41428691 

Kalantari, F., Mohd Tahir, O., Mahmoudi Lahijani, A., & Kalantari, S. (2017). A 
Review of Vertical Farming Technology: A Guide for Implementation of 
Building Integrated Agriculture in Cities. Advanced Engineering Forum, 
24(October), 76–91. 

Kawamura-Aoyama, C., Fujiwara, K., Shinohara, M., & Takano, M. (2014). Study on 
the Hydroponic Culture of Lettuce with Microbially Degraded Solid Food Waste 
as a Nitrate Source. Japan Agricultural Research Quarterly: JARQ, 48(1), 71–
76. https://doi.org/10.6090/jarq.48.71 

Kibblewhite, M. (2014). Re-lmagining Agriculture. Resource, November/December, 18. 



 

37 
 

Kolmer, S., Chen, X., & Jin, Y. Diseases Which Challenge Global Wheat Production - 
The Cereal Rusts. (2009, June 15). Publication: USDA ARS. 
https://www.ars.usda.gov/research/publications/publication/?seqNo115=227390 

Kozai, T., Niu, G., & Takagaki, M. (2015). Plant Factory: An Indoor Vertical Farming 
System for Efficient Quality Food Production. Elsevier Science & Technology. 
http://ebookcentral.proquest.com/lib/uoregon/detail.action?docID=4011933 

Kuhn, M. E. (2019). Agriculture Moves Indoors. IFTNEXT, 3.19, 22–31. 
https://www.ift.org/news-and-publications/food-technology-
magazine/issues/2019/march/features/indoor-growing. 

Kurtz, B. 10 Reasons Some People Find it Hard to Give Up Meat. (2016, May 9). Forks 
Over Knives. https://www.forksoverknives.com/wellness/top-10-reasons-
people-find-hard-give-meat/ 

Laxmi, V., & Mishra, V. (2007). Factors affecting the adoption of resource conservation 
technology: case of zero tillage in rice-wheat farming systems. Indian Journal of 
Agricultural Economics, 62(1), 126-138. 

Lerer, L., & Kamaleson, C. (2020). Growth, yield, and quality in hydroponic vertical 
farming–Effects of Phycocyanin-rich Spirulina Extract. Preprints, 2020 
November 12. https://www.researchgate.net/profile/Leonard-
Lerer/publication/346088799_Growth_yield_and_quality_in_hydroponic_vertic
al_farming_-Effects_of_Phycocyanin-
rich_Spirulina_Extract/links/5fbb0c6a299bf104cf6cebc2/Growth-yield-and-
quality-in-hydroponic-vertical- 

Lubna, F. A., Lewus, D. C., Shelford, T. J., & Both, A. (2022). What You May Not 
Realize about Vertical Farming. 1–9. 

Ludwig, F., Milroy, S.P. & Asseng, S. (2009). Impacts of recent climate change on 
wheat production systems in Western Australia. Climatic Change, 92, 495–517. 
https://doi-org.libproxy.uoregon.edu/10.1007/s10584-008-9479-9 

Mackowiak C L, Owens L P, Hinkle C R, P. R. O. (1989). Continuous hydroponic 
wheat production using a recirculating system. In Natl. Aeronautics and Space 
Administration Tech. Memorandum (Issue 102784). 

Marina, D. R. Prater, M. E. Bahizi, P. (2014). Wheat Transportation Profile. November, 
1–10. 

Mitchell, C. A. (2022). History of Controlled Environment Horticulture: Indoor 
Farming and Its Key Technologies. HortScience, 57(2), 247–256. 
https://doi.org/10.21273/HORTSCI16159-21 



 

38 
 

Monostori, I., Heilmann, M., Kocsy, G., Rakszegi, M., Ahres, M., Altenbach, S. B., 
Szalai, G., Pál, M., Toldi, D., Simon-Sarkadi, L., Harnos, N., Galiba, G., & 
Darko, É. (2018). LED Lighting – Modification of Growth, Metabolism, Yield 
and Flour Composition in Wheat by Spectral Quality and Intensity. Frontiers in 
Plant Science, 9(605). https://doi.org/10.3389/fpls.2018.00605 

Mortimer, J. C., & Gilliham, M. (2022). SpaceHort: redesigning plants to support space 
exploration and on-earth sustainability. Current Opinion in Biotechnology, 73, 
246–252. https://doi.org/10.1016/j.copbio.2021.08.018 

National Geographic. What the World Eats. (2011). National Geographic. 
http://www.nationalgeographic.com/what-the-world-eats/ 

Pandey, R., Jain, V., & Singh, K. P. (2009). Hydroponics Agriculture: Its Status, Scope 
and Limitations. Division of Plant Physiology, Indian Agricultural Research 
Institute, January 2009, 20–29. 
https://www.researchgate.net/publication/259786326 

Prawata, A. (2013). Creating Urban and Building Space for Agricultural Space Towards 
Sustainable Jakarta. ComTech: Computer, Mathematics and Engineering 
Applications, 4(2), 882. https://doi.org/10.21512/comtech.v4i2.2526 

Sablik, T. (2021). BRINGING THE FARM INDOORS: New technology is changing 
where and how some crops are grown. ECON FOCUS, Second/Third Quarter, 
10–13. 

Sardare, Mamta D., Admane, S. V. (2013). a Review on Plant Without Soil - 
Hydroponics. International Journal of Research in Engineering and 
Technology, 02(03), 299–304. https://doi.org/10.15623/ijret.2013.0203013 

Shahbandeh, M. (2021). U.S. corn utilization from 2016/2017 to 2020/2021 (in million 
bushels)*. https://www.statista.com/statistics/203245/united-states-corn-
utilization/ 

Shamshiri, R. R., Kalantari, F., Ting, K. C., Thorp, K. R., Hameed, I. A., Weltzien, C., 
Ahmad, D., & Shad, Z. (2018). Advances in greenhouse automation and 
controlled environment agriculture: A transition to plant factories and urban 
agriculture. International Journal of Agricultural and Biological Engineering, 
11(1), 1–22. https://doi.org/10.25165/j.ijabe.20181101.3210 

Silva, M. G. de C., Hüther, C. M., Ramos, B. B., Araújo, P. da S., Hamacher, L. da S., 
& Pereira, C. R. (2021). Global Overview of Hydroponics: Nutrient Film 
Technique. Revista Engenharia Na Agricultura - Reveng, 29, 138–145. 
https://doi.org/10.13083/reveng.v29i1.11679 



 

39 
 

Smiley, R. W., & Nicol, J. M. (2009). Nematodes which Challenge Global Wheat 
Production. Wheat Science and Trade, Whitehead 1997, 171–187. 
https://doi.org/10.1002/9780813818832.ch8 

Song, J. X., Meng, Q. W., Du, W. F., & He, D. X. (2017). Effects of light quality on 
growth and development of cucumber seedlings in controlled environment. 
International Journal of Agricultural and Biological Engineering, 10(3), 312–
318. https://doi.org/10.3965/j.ijabe.20171003.2299 

Sørensen, M. G., Olsen, S. I., & Colley, T. (2021). Comparing the Environmental 
Sustainability of Vertical and Conventional Wheat Farming Using Life Cycle 
Assessment. Preprints, 2021 October 11. 
https://doi.org/10.20944/preprints202110.0153.v1 

Špička, J., Boudný, J., & Janotová, B. (2009). The role of subsidies in managing the 
operating risk of agricultural enterprises. Agricultural Economics, 55(4), 169–
179. https://doi.org/10.17221/17/2009-agricecon 

Stasiak, M., Gidzinski, D., Jordan, M., & Dixon, M. (2012). Crop selection for 
advanced life support systems in the ESA MELiSSA program: Durum wheat 
(Triticum turgidum var durum). Advances in Space Research, 49(12), 1684–
1690. https://doi.org/10.1016/j.asr.2012.03.001 

Telfer, P., Edwards, J., Bennett, D., Ganesalingam, D., Able, J., & Kuchel, H. (2018). A 
field and controlled environment evaluation of wheat (Triticum aestivum) 
adaptation to heat stress. Field Crops Research, 229, 55–65. 
https://doi.org/10.1016/j.fcr.2018.09.013 

The Water Footprint of Food. (2018, October 8). FoodPrint. 
https://foodprint.org/issues/the-water-footprint-of-food/ 

Tim Gibson. (2018). ROOM TO GROW. ASEE Prism, 27(7), 26–31. 
https://doi.org/10.2307/26820026 

Valizadeh, J., Ziaei, S. M., & Mazloumzadeh, S. M. (2014). Assessing climate change 
impacts on wheat production (a case study). Journal of the Saudi Society of 
Agricultural Sciences, 13(2), 107–115. 
https://doi.org/10.1016/j.jssas.2013.02.002 

von Kaufman, R. (2018). Global Applications for Controlled Environment Agriculture. 
Agriculture for Development, 34, 10–16. https://taa.org.uk/wp-
content/uploads/2018/10/Ag4Dev34_web_version-1.pdf#page=39 

Wheeler, R. M. (2017). Agriculture for Space: People and Places Paving the Way. Open 
Agriculture, 2, 14–32. https://doi.org/10.1515/opag-2017-0002 



 

40 
 

Zaveri, E., B. Lobell, D. (2019). The role of irrigation in changing wheat yields and heat 
sensitivity in India. Nature Communications 10(4144). 
https://doi.org/10.1038/s41467-019-12183-9 

Zhao, H., Qu, B., Guan, Y., Jiang, J., & Chen, X. (2016). Influence of salinity and 
temperature on uptake of perfluorinated carboxylic acids (PFCAs) by 
hydroponically grown wheat (Triticum aestivum L.). SpringerPlus, 5(1), 541. 
https://doi.org/10.1186/s40064-016-2016-9 

 


