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Controlled environment agriculture strives to close resource loops while increasing 

agricultural outputs. Plant factories, and the organic waste they produce, are an ever-increasing 

reality in the constantly urbanizing world. Aerobically decomposing organic waste at the site of 

production is one method for reclaiming the fixed carbon in plant residues as carbon dioxide. To 

understand how the concentrations of carbon and nitrogen, which are both relevant to aerobic 

composting, in plant residues are affected, an environmental manipulation study was conducted 

with Green Bush Bean (Phaseolus vulgaris L. cv Bronco). There were no significant changes in 

the concentration of both elements when grown under differing proportions of blue light and 

concentrations of nutrient solution. An inexpensive respirometric decomposition system was then 

built to aerobically decompose various combinations of green bush bean residue with spent peat 

moss growth substrate. The results indicated that peat moss was exceptionally stable and could be 

used to (1) modulate the composting dynamics of other feedstocks that contain a higher amount of 

labile carbon and (2) increase the marketability of the final compost by increasing its water holding 

capacity and structural integrity. 
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Chapter 1 

 

Introduction 

1.1 The potential future of food production 

The human population on Earth will reach nearly 10 billion by 2050, with most of that 

growth being concentrated in large urban centers (FAO, 2017). In order to feed this population, 

total agricultural output must increase by an estimated 50-60% compared to 2013 levels (FAO, 

2017). Further, there is a concomitant need to produce nutrient-dense and calorie-rich foodstuffs 

while also reducing food loss if the growing demand is to be met. While the expansion of 

agriculture into new arable land will play a role in meeting the demand for more food, growth in 

this sector is finite and land use must be balanced with other social and ecological requirements. 

Field agriculture is the backbone of society, yet it is; (1) vulnerable to climactic perturbations, (2) 

the cause of a substantial reduction in global carbon sink capacity, and (3) demanding in regard to 

inputs of water and agrochemicals (Barbosa et al., 2015).   

Controlled Environment Agriculture (CEA) is a method of producing fresh food indoors 

using various hydroponic methods and electric light. CEA systems are well suited to the urban 

environment and can be constructed anywhere where water and electrical utilities are available. 

CEA systems do not require arable land, have a tremendous water use efficiency (WUE) (Kozai 

et al., 2020), and greatly reduce the need for many agrochemicals commonly required in high 

output field crop production (Agrihouse, 2011). These CEA systems, in part, have an astronomic 

origin, with one of the first substantially sealed indoor production facility being created by the 

National Aeronautics and Space Administration (NASA) to understand the challenges of 
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producing food in space for astronauts on multi-year missions (Wheeler, 2010). The current peak 

of CEA systems, from both a technological and production capacity perspective, is that of the 

modular ‘plant factory’, which vertically integrates plant growth to greatly exceed the absolute 

yield of conventional land based agricultural systems on a per unit area basis (Figure 1.1). These 

large and tightly sealed indoor facilities have been shown to collectively produce on an annual 

basis 150,000 heads of leaf lettuce in Japan (Kozai et al., 2020). While vegetables grown in the 

field may be harvested once or twice per year, depending upon the species and location, crops 

grown in CEA systems can be harvested 10-20 times per year (Kozai et al., 2020). Due to this 

increase in the number of potential yearly harvests, technical and biological innovations can be 

tested at a much faster rate in an attempt to further increase the water, electrical, carbon (C), and 

fertilizer use efficiencies (FUE) within the system.  

Figure 1.1 - “Gravity Flow” automated vertical farm utilised by Elevate 

Farms in Welland, Ontario, Canada 
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1.2 Carbon dioxide as a single-use resource in CEA 

Most CEA systems require, at least supplemental, carbon dioxide (CO2) enrichment to 

maintain an internal atmospheric CO2 concentration appropriate for optimum productivity; 

typically 600-1200 µmol mol-1. This is done to increase photosynthetic rates, increase WUE, and 

through enhanced photosynthesis, increase marketable yields (average increases of 17% and 35% 

in tomato and head lettuce, respectively) (Kozai et al., 2020; Ainsworth & Rogers, 2007; Bugbee 

& Salisbury, 1988). Due to the sealed or semi-sealed nature of CEA systems photosynthesis can 

quickly draw down CO2 resulting in insufficient CO2 for proper growth and development (Frantz, 

2011). To account for this, most plant factories enrich their grow room atmospheres with CO2 from 

external tanks or through direct combustion of propane or natural gas. 

While CO2 enrichment is beneficial to plant growth and development, the production of 

gaseous CO2  is usually derived from the combustion of hydrocarbons (Li et al., 2018; Grodzinski 

et al., 1996; Farla et al., 1995; Bugbee et al., 1994). By utilising compressed CO2 in plant factories, 

a linear rather than circular flow of carbon is realized (Dsouza et al., 2021). This linear flow of 

carbon from fossil fuels to plant tissue ultimately reaches the atmosphere as inedible biomass is 

incinerated or decomposed aerobically, yielding CO2 as the major product or anaerobically, 

yielding methane (CH4) as the major product. It is not clear how sustainable or ecologically 

impactful this practice is (Frantz et al., 2011), though Kozai et al., (2020) urge the importance of 

achieving a reduction in the reliance on oil-based products for CEA production; a theme that was 

also echoed by a survey of CEA producers conducted by Dennis et al. (2010).  
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1.3 An opportunity to utilise organic waste 

High-intensity urban plant factories generate large amounts of organic waste (Urrestarazu 

et al., 2003). Organic waste, in the form of plant residues, is defined in this context as the inedible 

portion of a hydroponically produced plant. Organic waste can comprise a large fraction of the 

overall biomass, and therefore carbon, by dry mass in specific species (Section 2.4 details the 

harvest indices of various vegetable plants). Ideally, this organic waste should be considered an 

important resource as it represents a significant portion of the CO2, water, and nutrients that were 

used to produce the salable food commodity. In addition, some spent “plant based” organic growth 

substrates could also be considered valuable in this regard. The integration of biological systems 

that can capture and process plant residues to promote the circularization of carbon within CEA 

should reduce fossil-fuel derived inputs. Controlled and in-vessel aerobic composting at the site of 

production is a method under consideration for generating CO2 and has the potential to be an 

alternative source of CO2  for use in CEA (Dsouza et al., 2021; Kozai et al., 2020).  

1.4 Obstacles to overcome 

Currently, CO2 recovery is not utilised in CEA. As a precursor to pilot-scale decomposition 

studies that focus on the viability of such a concept, high-level exploratory investigations into any 

plant-environment interactions need to be carried out to understand how a targeted species, in this 

case Phaseolus vulgaris L. cv. Bronco, accumulates carbon and nitrogen when grown under 

differing environmental conditions. Understanding how a plant’s environment effects the way in 

which it accumulates carbon and nitrogen is important when thinking about potentially 

decomposing the inedible portions, as the overall efficiency of the decomposition process is largely 
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dictated by the carbon to nitrogen (C:N) ratio, among other factors such as water content and 

particle size.  

While it is well known that different wavelengths of light can cause morphological and 

secondary metabolite changes in various vegetable crops (Mickens et al., 2018; Stutte, 2009; 

Massa et al., 2008; Stutte et al., 2005), its effect on carbon and nitrogen accumulation is less 

studied, especially in the case of green bush bean. In a similar vein, the effect of fertigation solution 

composition on these horticultural characteristics seems to be species specific (Egilla, 2009; Wu 

& Kubota, 2008; Samarakoon et al., 2006; Karimaei et al., 2004; Barak et al., 1996). 

In addition to exploring plant-environment interactions as it pertains to carbon and nitrogen 

accumulation, a greater understanding of the potential CO2 yield from aerobically decomposed 

green bush bean residues would prove useful in determining the viability of a circularized carbon 

flow in CEA systems. Exploratory decomposition experiments using green bush bean residues 

would help to uncover the extent to which composting amendments are needed in order to create 

a compost that is capable of evolving an optimal amount of CO2 within a time frame that is suitable 

for use as a realistic waste disposal system. 

1.5 Rationale: The case for space 

While the exploration of in-situ resource utilisation methods for space exploration is not 

an explicit objective of this thesis, large parallels can be drawn regarding the importance of closing 

resource loops by creating a near wasteless food production system for both terrestrial and extra-

terrestrial purposes. Resource recovery is now, and will continue to be, a mission critical 

component to all human activities in space, particularly during the exploration of the Moon and 

Mars in the coming decades (Graham & Bamsey, 2016). Technologies that enable the recapture of 
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valuable resources from waste items generated by the crew and normal habitat operations will 

ultimately determine how far and for how long humans can travel outside of the possible resupply 

range (Atkinson et al., 1998). Sending consumables beyond low Earth orbit (LEO) is prohibitively 

expensive from a mass and energy perspective and inherently works against the development of a 

self-sustaining life-support system (Graham & Bamsey, 2016). Learning how to efficiently process 

organic waste by way of decomposition could prove to be a safe, reliable, and highly controlled 

method of retaining carbon, water, and nutrient components within the system (Atkinson et al., 

1998). Such a system has already been implemented in the Chinese Lunar Palace-1 analog habitat 

to supply plants with CO2 derived from residues (Fu et al., 2021). Put simply, there is no garbage 

receptacle on the Moon or Mars and everything that is brought to these locations must be reused 

in some fashion. Research conducted on Earth will place self-regenerating life-support systems 

into a position to become enormously useful to future space programs.  
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Chapter 2 

 

Literature Review 

2.1 Controlled Environment Agriculture (CEA) 

Humans have sought to grow plants outside of their natural geographical and seasonal 

ranges for hundreds of years (Dalrymple, 1973). More recently, the advent of CEA has led to the 

continuous production of fresh leafy greens (and some dwarf vegetable varieties) throughout all 

seasons, regardless of the outside environment (Kozai, 2013a). Controlled environment agriculture 

is, quite simply, the act of cultivating plants in an enclosed setting, 365 days a year, where the 

environmental parameters (both biotic and abiotic) of the growth area(s) are monitored and 

manipulated within tight tolerances to create environment conditions that are as homogeneous as 

possible and afford specific cultivars the most optimal habitat to develop (Kozai et al., 2020). CEA 

can encompass a broad range of production systems and sizes, from very simple parameter control 

(e.g. covered frames), to greenhouses, to highly automated and modular systems that operate on 

commercial scales, often referred to as “vertical farms” (Dalrymple, 1973; Despommier, 2010), 

though perhaps “plant factory” is a more appropriate term if plant production is stacked. In almost 

every application, CEA systems include some level of governance over water delivery, lighting, 

air temperature, vapour pressure deficit, atmospheric management, pathogen control, and plant 

nutrition (Despommier, 2010). 

First conceptualized by Tsiolkovsky in 1926, then expanded by Myers (1954), and finally 

pursued by both Soviet and American researchers in the mid 1970’s; large developmental leaps in 

the design of CEA systems were stimulated by an effort to construct a bio-regenerative life support 



 

 

8 

system (BLSS) for use in space (Wheeler, 2017). The first realized concept of a “vertical farm”, 

named the Biomass Production Chamber (BPC), was constructed and operated by a team of 

researchers at the National Aeronautics and Space Administration (NASA), located on the grounds 

of the John. F. Kennedy Space Center during the late 1980’s and operated through the 1990’s 

(Wheeler et. al., 1995).  

CEA systems are an attractive option to produce food over conventional field agriculture 

as they boast; (1) increased WUE, (2) increased crop quality, (3) increased absolute yield (kg/m² 

surface area), (4) increased volume use efficiency (VUE), (5) increased control over 

phytopathogen prevention and spread, (6) increased precision and resolution of botanical research, 

(7) reduced human labour requirements, (8) increased control over plant nutrition, and (9) an 

increased opportunity to capture organic waste for processing and reuse within the system (Dixon 

et al., 2017; Kozai et al., 2020; Barbosa et al., 2015; Kozai, 2013b).  

2.1.1 Hydroponics 

Growing plants without the use of soil, whereby all the required macro/micronutrients are 

dissolved to create a fertigation solution that is then supplied to the root zone, is the basis of all 

hydroponic techniques (Berry & Knight, 1997). “Hydroponics” as a term can refer to a number of 

techniques that utilise both a recirculating fertigation solution and an inert rooting substrate, such 

as Nutrient Film Technique (NFT) and Aeroponics. Additionally, a distinction can be made 

between hydroponics and Deep Water Culture (DWC) as there is no recirculation of the fertigation 

solution. Though it is not required, there is often a strong association of hydroponics with the use 

of supplemental or sole source electric lighting in the form of either light emitting diode (LED) 
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array or high intensity discharge (HID) lamps such as high-pressure sodium (HPS), metal halide 

(MH), or fluorescents.    

 In all of the previously mentioned techniques, the root zone is typically anchored by an 

inert substrate that does not supply any nutrients to the plant, yet still plays an important role in 

facilitating water retention and aeration during the initial phases of growth until a more robust root 

system can develop (Berry & Knight, 1997). Common substrates include, but are not limited to: 

rockwool, coco coir (not inert), perlite, or arcilite (Sarkar & Majumder, 2018; Figure 2.1). The 

vast majority of soilless growth substrates are discarded after harvest (Dunlop et al., 2015).  
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Figure 2.1 - Common growth substrates used in hydroponics. (A) Arcilite, (B) Pearlite, (C) Coco Coir, and (D) 

Rockwool. All images taken by Connor Kiselchuk 
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NFT, which is the technique used in this study, works by using the force of gravity to 

move fertigation solution as a thin liquid film (1-3 mm thick) across the root zone (Figure 2.2). 

Plants are grown in a shallow trough, tub, or other ‘containment vessel’ that is typically placed 

on a one-degree slope. Fertigation solution is continuously pumped from a reservoir to a spout 

that is placed at the most elevated point of the containment vessel. NFT lends itself to usage in a 

modular fashion and is popular with large indoor producers due to the need for only a single 

reservoir that can feed multiple containment vessels as well as having relatively few mechanical 

fail points (i.e., pumps, tubing connections). 

 

 

 

 

 

 

 

 

 

Fertigation solution is then returned to the reservoir via a drain placed at the lowest point 

of the respective containment vessel, resulting in a high WUE. Barbosa et al. (2015) modeled the 

Figure 2.2 - Diagram of a NFT hydroponic system. Plants are separated by 40cm spaces. Created by 

Connor Kiselchuk 
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water-use of hydroponics during the growth of head lettuce and found a 13 ± 2.7 times less water 

use (20 ± 3.8L/kg/Y), not accounting for other water use in cleaning and substrate conditioning, 

compared to the water use in typical field agriculture in Yuma, Arizona (250 ± 25L/kg/Y), where 

29% of domestic romaine lettuce is grown in United States as of 2012 (USDA, 2013). There is a 

tremendous opportunity to conserve freshwater by widely adopting this method of agriculture, 

especially when considering that 70% of the total yearly global freshwater draw is used for field 

agriculture (WWAP, 2009). 

2.1.1.1 Fertigation solution management 

At a minimum, all fertigation solutions should contain some combination of nitrogen (N), 

potassium (P), phosphorus (K), sodium (Na), magnesium (Mg), calcium (Ca), sulfur (S), chelated 

iron (EDTA), copper (Cu), molybdenum (Mo), zinc (Zn), manganese (Mn), chloride (Cl), and 

boron (B) dissolved in deionized (DI) water (Berry & Knight, 1997). Dilute (0.5 M) nitric acid 

(HNO3) and potassium hydroxide (KOH) can be added to the fertigation solution to maintain the 

pH within a range that allows all of the macro/micronutrients to be available for plant uptake 

throughout the growth cycle, typically between 5.5-6.5 (Berry & Knight, 1997). In addition, an 

electronic conductivity (EC) probe is typically used to measure the concentration of the cumulative 

salts in solution, measured in micro siemens per meter (µS m-1). A fertigation solution should be 

aerated to ensure an adequate concentration of dissolved oxygen (O2) is present in solution so that 

the root zone can successfully respire (Berry & Knight, 1997). 

The nutritional requirement, and therefore the rate of nutrient uptake, will increase as a 

plant matures (Berry & Knight, 1997). As a consequence, the concentration of dissolved mineral 

salts in solution will increase overtime as the plant progresses through the vegetative growth phase 
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due to the larger volume of water that is transpired through the increasing number of mature leaves. 

This is usually remedied by diluting the fertigation solution with water. However, not all 

macro/micronutrients are taken up at the same rate, resulting in a nutrient imbalance within the 

fertigation solution over time (Berry & Knight, 1997). This is not something that is detected by an 

EC probe alone and would require a more precise analysis, such as high-pressure liquid 

chromatography (HPLC), to identify – especially when identifying micronutrient deficiencies 

(Berry & Knight, 1997). 

As a general rule, to prevent these imbalances fertigation solutions are discarded and 

remade on a set schedule that depends on the solution’s concentration and the species/number of 

individual plants that are supplied this solution. Fertigation solutions that have proven to be 

acceptable for normal plant growth and development can be taken from, but not limited to; 

Hoagland & Arnon (1950), Barry (1996), Jones (1997), and Yuste & Gostincar (1999).  

2.1.1.2 Sterilization 

Sterilization of recirculated fertigation solution should be utilised to prevent the spread of 

water-borne plant pathogens. A single sterilization method is generally not enough to completely 

eradicate plant pathogens in the fertigation solution, especially if the water used to assemble the 

fertigation solution is drawn from multiple sources (Graham, 2012). Some common sterilization 

methods include injections of ozone (Stewart-Wade, 2011), exposure to UV-light (Ewart & 

Chrimes, 1980), or additions of heat. Electrochemical methods have shown to be highly effective, 

yet are still in development (Lévesque et al., 2019). The method of hydroponic production and 

water source will determine which sterilization application is most suitable (Ehret et al., 2001). 
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2.1.2 Light  

Each plant species will require a slightly different light spectrum to optimize its growth 

and development, with the exact combination of wavelengths within a spectrum still remining a 

heavily investigated topic (Massa et al., 2008). That being said, each spectrum could include any 

combination of ultraviolet, visible, or infrared wavelengths. In addition, it is also known that 

intentional light manipulation has the potential to change signaling pathways and orchestrate 

downstream changes in biology (Figure 2.3). In CEA, there has been a tremendous research effort, 

going back many decades (Morrow et al., 1989), that has focused on manipulating the quantity 

and quality of light given to plants of interest. This effort has largely been made possible by the 

implementation of LED arrays, which gives the researcher the ability to fine tune these parameters.   

 

Figure 2.3 – The generalized effect of different light wavelengths on morphology and secondary metabolite 

production in lettuce (Lactuca sativa).  Photo credit: Dr. Michael Stasiak (SES, University of Guelph) 
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In the visible spectrum, blue light (400 - 500nm) is absorbed by cryptochrome pigments 

(Kinoshita et al., 2001) to influence chlorophyll synthesis, photomorphogenic responses, stomatal 

opening, and the development of the chloroplast, while red light (600 – 700nm) is absorbed by 

phytochromes to help drive photosynthesis (Chen et al., 2016; Hawley, 2018). Phytochromes can 

exist in two conformations and acts as a major governor over morphological, chemical, and genetic 

processes (Paul and Khurana, 2008). Far-red light (700-780nm) is manly responsible for reversing 

the phytochromes conformation and is known to influence stem elongation, reproductive timing, 

as well as overall biomass accumulation (Chen et al., 2016). Ultra-violet light (280nm – 400nm) 

is less studied due to worker safety precautions but has been found to be associated with an increase 

in anthocyanin production, presumably as a defense mechanism to dissipate relatively higher 

energy photons and reduce the formation reactive oxygen species (Krizek et al., 1998). Kim et al. 

(2004) showed that additions of green light to a red/blue dominated spectrum did not influence 

growth or development of lettuce plants yet was still noted as an important inclusion as it allows 

for a stronger visual diagnosis of plant stress, a sentiment that was echoed by Hawley (2018) who 

found similar results in basil plants. Green light may still be of importance during photosynthesis 

due to its ability to penetrate deep into the canopy.  

Molecular responses to light are varied and have the potential to affect the production of 

secondary metabolites in medicinal plants as well as the nutritional content of food crops, though 

this is still an ongoing area of research (Devlin et al., 2007, Bian et al., 2018). For instance, Hawley 

(2018) found that RBG sub-canopy lighting up-regulated secondary metabolites in Cannabis 

sativa L. while Mickens et al. (2018) showed that lettuce (Lactuca sativa) plants exposed to 

white/blue or red/blue dominant spectrums produced leaves with heightened levels of 

pigmentation and nutrient concentrations. Interestingly, Mickens et al. (2018) noted that elemental 
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concentration was correlated to plant morphology, with smaller plants containing higher nutrient 

concentrations and larger plants containing lower nutrient concentrations. This led to the 

conclusion that ion uptake may not have been affected by light, and that the biomass dilution effect 

may better explain these results. 

2.2 Plant factories 

Borne from a marriage of horticultural science and mechanical engineering, these 

expansive, insulated, and nearly airtight warehouse-like facilities resemble the “clean-rooms” that 

are typically reserved for manufacturing telecommunication satellites. Plant factories use a 

modular and vertically integrated hydroponic system to cultivate large quantities of edible biomass 

within growth trays/racks under electric lighting provided by LED arrays. Plant factories exercise 

tight control over the solids, liquids, gases, and energy that move through them through sensor-

monitored feedback loops. This control allows the grow room to be environmentally tailored to 

each targeted plant species. Plant factories will often operate in a similar style to a production line, 

subdivided into distinct zones that are environmentally tailored for germination, vegetative, and 

reproductive growth (if it is desired) (Kozai et al., 2020). End of the line processes are typically 

comprised of harvesting, quality control, washing, packaging, and shipping (Kozai et al., 2020).   

Plant factories are a unique interpretation of CEA, in that they have a large interior volume 

and can still attain high levels of environmental homogeneity in the plant growth areas. This 

attribute is crucial to maintain if the goal is to achieve the maximum productivity from each 

individual plant. Environmental homogeneity is only achieved when there is a high closure of the 

facility, with little to no influence from the exterior environment. Such a high level of closure also 

enables the recapture of transpired water vapour, which can be condensed and returned to the 
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fertigation solution reservoir (Graamans et al., 2018). Within a highly closed CEA facility, a WUE 

of 0.93-0.98 can be achieved (Kozai et al., 2020). 

Plant factories may prove to be invaluable during disruptive natural events due to their high 

levels of automation and proximity to local urban markets. In an era when purchasing locally 

grown food is quickly becoming a determining factor for many families in North America 

(OMAFRA, 2016; USDA, 2015; Zepeda & Nie, 2012), plant factories could take advantage of this 

societal shift from a marketing perspective. While produce derived from plant factories currently 

captures only a small portion of the total agricultural market, the concept is still in its infancy and 

large investments have been secured by producers. As of late 2019 in the United States, Bowery 

Farming and AeroFarms have received investments totaling 122.5 and 115 million dollars 

respectively (Reiley, 2019), while Plenty, a San Francisco based vertical farming company secured 

an investment of 200 million dollars (Kobyashi-Solomon, 2019).  

The most important feature of the plant factory, however, is that these facilities have the 

power to potentially change how land is used in the future (Despommier, 2010). By reducing; (1) 

the footprint of area needed for current and future agricultural production, and (2) farming 

practices that emit large amounts of greenhouse gas (GHG) emissions, there exists an opportunity 

to fundamentally increase the Earth’s carbon sink capacity by returning farmland to forest and 

grassland (Despommier, 2010). 

2.2.1 Future challenges for plant factories 

While plant factories have an immense potential to fundamentally change how food is 

produced in the future, it is worth noting that they face a number of operational challenges that 

reduce their overall resource use efficiency (Kozai et al., 2020). Many of these problems are not 
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unsolvable, yet they require a persistent investment of both time and money to make meaningful 

progress. “Circularization” of resource use within plant factories, achieved by reducing material 

inputs and waste outputs, has been touted as a solution to increase overall resource use efficiency 

(RUE) (Dsouza et al., 2021; Kalantari et al., 2018; Bubenheim & Wignarajah, 1997). While a 

selection of specific drawbacks will be addressed in this section, it can be expected that process 

automation, utilisation of artificial intelligence, and advances in plant breeding will all play 

important roles in improving the resource use efficiency of plant factories (Kozai et al., 2020). 

2.2.1.1 Electricity cost 

Electricity costs are typically cited as being both extremely high (up to 20% of total costs 

in some cases) and a large barrier to entry for new companies (Kozai et al., 2020). Plant factories, 

while theoretically capable of growing staple grains, are far more economically viable and 

logistically functional when growing leafy greens (lettuce, basil, swiss chard, arugula, etc.) and 

dwarf vegetables (tomatoes, peppers). This is largely due to the high light and space requirement 

of staple grains, as well as a longer growth cycle (Kozai, 2013a,b). While this is true, technological 

advancements in LEDs, heat pumps, and CO2 monitoring technologies have caused these 

historically heavy users of electricity to greatly increase in efficiency every year (Kozai et al., 

2020). Intra-canopy lighting as well as the use of reflectors, combined with appropriate CO2 

enrichment schedules, are a cost-effective way to ensure a larger fraction of photons are intercepted 

as efficiently as possible when contacting photosynthetic tissues (Kozai et al., 2020).   

2.2.1.2 Fertilizer use 

Although there is little to no available literature in regard to inorganic FUE, disposed 

fertigation solution can contribute to heightened levels of N, P, and K in the local watershed and 
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could eventually contribute to larger eutrophication events in larger water bodies, an event that has 

already been strongly linked to field agriculture (Sharpley et al., 2003). This disposal practice 

represents a loss of valuable nutrients from the system. In addition, macronutrients are generally 

taken up at different rates, meaning that a test of the solutions EC will not identify specific nutrient 

deficiencies. Alternatively, fertigation samples could be drawn daily and sent to a lab for HPLC 

analysis, but this method incurs a large time and financial cost (Bamsey, 2012). 

To begin to remedy this, an automated suite of ion-specific sensors could be deployed to 

monitor the concentration of individual ion-species in solution (Bamsey, 2012). While there are 

commercial ion-specific sensors available, consistent problems such as an excessive need for 

calibration and temperature induced drift stifle its mass adoption; though these could be remedied 

over successive development cycles (Bamsey, 2012).  

2.2.1.3 CO2 use 

As mentioned earlier, CO2 enrichment is a common practice in CEA systems (Wittwer, 

1986). This process will cause positive growth attributes in C3 plants because it lowers RuBisCo’s 

affinity for O2 (i.e., photorespiration) and creates a larger pool of available carbon in the 

atmosphere that can be fixed (Li et al., 2018; Porter & Grodzinski, 1985). Enrichment of this 

odourless and colorless gas has been shown to increase; (1) fruit size and number, (2) rate to fruit 

filling, and (3) time of fruit ripening (Pierantozzi, 2003; Kenig & Kramer, 2000). However, it has 

been found that plants grown from seed in an environment that is enriched with CO₂ have been 

observed to abort their fruit if there is a sudden and prolonged drop in atmospheric CO₂ 

concentration (Kenig & Seginer, 1993). It is therefore of paramount importance that the method 

of CO₂ enrichment is predictable and robust to mechanical failure. In CEA, factors such as 
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production cost, ease of distribution, ease of controllability, and gas purity will determine which 

method of CO₂ enrichment is most appropriate (Li et al., 2018; Kenig & Kramer, 2000). 

The most precise method for enriching a grow room is CO₂ injection from compressed 

cylinders containing liquified CO₂, out of nozzles from the ceiling (due to CO₂ having a higher 

density than air) at a typical rate of 20-50g/m²/hr (Dion et al., 2011; Kenig & Kramer, 2000). The 

concentration of CO2 within plant factories is maintained by a suite of sensors that are positioned 

at different heights within the grow room and will trigger a dosing event when CO₂ concentrations 

drop below a pre-set target concentration (most notable at the beginning of the photoperiod) (Li et 

al., 2018). This method is generally regarded as the most modern, most pure, and controllable, 

with the added benefit of not adding heat into the grow room during a dosing event (Kenig & 

Kramer, 2000). However, this method is also regarded as being the most expensive due to the 

relatively high cost of CO2 cylinders (Kenig & Kramer, 2000).  

Largely a by-product during the manufacture of synthetic ammonia (HN3), hydrogen gas 

(H2), and natural gas, CO2 is separated from the flue gas, purified, and compressed for bottling (Li 

et al., 2018; Pierantozzi, 2003; Kenig & Kramer, 2000). CO2 gas is scrubbed from an exhaust flue 

by counter-currently passing it through liquid potassium permanganate (KMnO4) or potassium 

dichromate (K2Cr2O7), or over solid zeolite and activated charcoal. CO2 is then removed from 

either the liquid or solid to be chilled into a solid, compressed into a liquid, or kept as a gas 

(Peirantozzi, 2003). The liquification process involves chilling the gas to 261-296 K and 

compressing it to pressures of up to 1600-2400 kPa. 

The carbon use efficiency (CUE) of a plant factory that has been enriched to 1000 µmol 

mol-1 CO2 is estimated to be 0.87-0.89 at a total air change rate of 0.02/h (Kozai et al., 2020). 
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While this is a marked improvement over the CUE of some greenhouses (0.5), there is room to 

increase CUE in plant factories while also actively reducing fossil-fuel derived inputs of CO2 by 

retaining existing carbon within the system.  

2.3 Inedible biomass: a linear flow of carbon through a plant factory 

Any plant organ produced in CEA that is not edible is considered organic waste. In some 

vegetable species grown in CEA,  around half of each individual plant (by dry mass) is considered 

waste (Table 2.1). This plant material, which is generally composed of carbon rich compounds 

like monosaccharides and highly recalcitrant lignocellulosic compounds, represents a production 

cost that currently is not recouped (Table 2.2).  

 

 

 

 

 

Common Name Harvest Index Value (Millions, USD) Reference(s) 

Romaine Lettuce (Heads) 0.95 901 Zabel et al., 2016 

Bell Pepper 0.5 533 Zabel et al., 2016 

Spinach 0.8 415 Zabel et al., 2016;  

Berkovich et al., 2009 

Soybean 0.44 - 0.57 41,308 Paradiso et al., 2014 

Spring Wheat (Durum) 0.5 344 Dong et al., 2015 

Leafy Cabbage 0.9  Berkovich et al., 2009 

Carrot 0.7 696 Berkovich et al., 2009 

Tomato (Determinate) 0.5  Berkovich et al., 2009 

Tomato (Indeterminate) 0.54-0.75 1,677 Moraru et al., 2004 

Table 2.1 - Harvest indexes of highly consumed plants grown via hydroponics. Valuations from the National 

Agriculture Statistics Service in field agriculture within the United States during the 2017 season 
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In essence, producers are paying for bottled CO2, water, electricity for lighting and heating 

as well as nitrogen rich fertilizer only to have a sizable fraction of what they grow be discarded. 

In addition, producers may also pay a disposal fee for organic waste/inedible biomass. The practice 

of CO2 enrichment represents one of the steps in a linear flow of carbon from the ground to the 

atmosphere overtime (Figure 2.4). It is exceedingly rare for plant factory operators to disclose the 

amount of organic waste that they produce, but it can be speculated to be quite substantial given 

the known production numbers and the harvest indexes of various leafy and vegetable crops. 

Common Name Carbon (%) Nitrogen (%) C:N Ratio Reference(s) 

Cowpea 35.2 1.3 27.7 Leopold et al., 2008 

Soybean 38.6 4.4 8.7 Leopold et al., 2008 

Tomato 38.4 1.8 20.5 Leopold et al., 2008 

Basil 36 4.6 7.7 Leopold et al., 2008 

Sweet Potato 31.6 3.2 10 Leopold et al., 2008 

Cucumber 33.8 3 11.2 Callejón-Ferre et al., 2011 

Eggplant 42.1 4.5 9.3 Callejón-Ferre et al., 2011 

Green Bush 

Bean  
42.9 4.8 8.9 Callejón-Ferre et al., 2011 

Peppers 39.3 4.2 9.3 Callejón-Ferre et al., 2011 

Table 2.2 - C:N ratios of various vegetable crop residues (Homogenized leaf, stem, root material) 
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2.3.1 Green bush bean (Phaseolus vulgaris L.) 

There is a potential for green beans to become a successfully cultivated commodity within 

plant factories, a topic that is more fully expanded upon in Chapter 3. The majority of an individual 

bean plant by dry mass is typically comprised of the roots, stem, and leaves; all of which are 

considered inedible. In addition, bean fruit that are not “reasonable and fairly uniform in size” are 

typically discarded (USDA Marketing Service 2002). The amount of resultant organic waste from 

the production of green beans is quite substantial and makes them a prime species to target for 

resource recovery experimentation. Much of the inedible biomass produced in the field, except for 

the roots, is currently used as cattle feed (Fageria, 2002). 

2.3.1.1 Horticultural background 

A member of the legume family, the common green bean (Phaseolus vulgaris L.) is 

classified as an herbaceous annual that originated in Central America (Delahaut & Newenhouse, 

1997). Green bean is an important source of dietary protein across the world (Fageria, 2002). In 

2018 alone, over 2 billion kg of beans were produced within North America (FAO Food Balance 

Sheet, 2018). The common green bean exists as either a bush bean, characterized by small 

Figure 2.4 - The current linear path of carbon utilisation from source to sink through a plant factory for the purpose 

of enrichment 
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internodes with a stem length of only 0.3 – 0.6 m, or as a runner bean which produces a 1.8-2.0 m 

vine (Boyhan, 2013). In this thesis, bush beans will be studied exclusively.  

Green bean production is in a vulnerable position in the face of a changing climate. Similar 

to romaine lettuce, green bean field production is currently confined to a relatively small number 

of locations across the contiguous United States. In 2019, 44% of green snap beans produced 

within the United States came from Wisconsin alone, while 35.5% of production came from the 

rest of the contiguous states combined and the remining 20.5% coming from organized territories 

(NASS, 2020). This lack of diversification in production location caused some concern for 

domestic supply in 2019 when wet conditions in Wisconsin and New York proved difficult for 

producers, resulting in many acres of land being abandoned (NASS, 2020).  

2.3.1.2 Growth and development 

Bush beans are grown from seed, germinating in 7 days or less at temperatures between 15 

– 29ºC (Boyhan, 2013). The daytime temperature for normal growth and development is 21ºC 

while nighttime temperatures as low as 15ºC can be tolerated (Boyhan, 2013). In the field, a soil 

pH range of 6 - 6.5 is preferred (Boyhan, 2013). Bush bean plants will typically set all of their 

pods at once, occurring 7 - 14 days after the emergence of inflorescence (Boyhan, 2013; MacLean 

et al., 2013). The emergence of inflorescence on any particular shoot marks the end of vegetative 

growth and encourages the further branching of the stem, hence the name “bush” bean (Delahaut 

& Newenhouse, 1997). The inflorescence is self-pollinating and does not require human 

intervention to induce pod set (Delahaut & Newenhouse, 1997). Most varieties reach harvest 

maturity after 48 - 60 days of growth, or 1050 - 1150 degree days, assuming a baseline temperature 

of 10ºC (Boyhan, 2013).  
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At harvest, beans should be dark green in color, tender when pinched, straight in shape, 

and should snap easily when bent, with a weight to length ratio of 0.41 - 0.5 (Boyhan, 2013; 

MacLean et al., 2013). Harvested bush beans are typically kept in the pod for fresh market sale, or 

either cut up to be further canned or frozen (Boyhan, 2013). Mature beans have a water content of 

90% and contain (per 100g) 31 kcal, 1.8g of protein, 0.1g of fat, 3.4g of fiber, and 0.07mg of 

Vitamin B6 (Maynard & Hochmuth, 2007).  

2.3.2 Current organic waste disposal methods 

Organic waste derived from a plant factory will typically; be (1) transported to a landfill 

(Levis et al., 2010), (2) transported to a municipal processing facility to be aerobically composted 

or anaerobically digested (Environment Canada, 2013), or (3) combusted (He et al., 2014; van Loo 

& Koppejan, 2008). 

When landfilled, organic waste decomposes in the anaerobic environment to release a high 

fraction of its fixed carbon as CH4, a much more potent GHG compared to CO2 (Environment 

Canada, 2013).  

When brought to a municipal processing facility or consolidation center, forced-air 

windrow composting is typically employed to convert organic waste into humus over many months 

(Environment Canada, 2013). Capacity issues may arise as large seasonal pulses of organic waste 

are common in both urban and suburban centers. It has also been found that corrosion of a 

consolidation centre’s infrastructure, caused by the release of water vapour mixed with other by-

product gases, is a ubiquitous problem during indoor forced air composting of fresh organic waste 

(Environment Canada, 2013).  
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Alternatively, the organic waste could be digested anaerobically to create biogas, yet 

during the lifecycle use of this process, carbon is eventually released into the atmosphere once 

combusted.  

While the notion of liberating CO2 gas via on-site biomass combustion has been explored, 

the practice is still challenging and expensive due to the complex composition of the exhaust gas, 

which includes CO, NOx, SOx, as well as various volatile organic compounds (VOCs), in addition 

to the high moisture content of the organic waste, and the high cost of gas scrubbing infrastructure 

(Dion et al., 2011).  

2.3.3 Hydroponic studies 

Most studies that involve the growth of green bean in hydroponics, which are sparce, have 

focused on manipulating nitrogen fertilizer applications. Results were generally found to be mixed, 

possibly due to heterogeneity in cultivars, fertilizer type, fertilizer concentration, and production 

methods between studies. Boyhan (2013) mentions that green bean plants require a relatively 

smaller amount of nitrogen fertilizer compared to other crops typically grown beside green bean 

in a field, a statement that is supported by Ayers & Westcot (1985) who suggests a nutrient solution 

EC threshold of 100mS/m should be followed, though this does not describe the specific content 

of nitrogen in solution. In general, studies by Sánchez et al., (2004), Bouchaaba et al., (2015), and 

Valdez (2021), found that lower concentrations of nitrogen fertilizer promoted positive growth 

characteristics compared to plants fertigated with a higher concentration solution, but some 

disagreement exists in leaf chlorophyll content between studies. On the other hand, Valdez et al., 

(2002), and Youssfi et al., (2012) found that a higher nitrogen content in the nutrient solution led 
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to more favorable agronomic outcomes, a higher leaf chlorophyll content, and a higher biomass 

partitioning to the stems.   

A small selection of studies highlights the effect of light spectrum on growth and 

development of green bean, all with generally agreeable results. In excised leaf tissue experiments, 

Van Volkenburgh et al., (1990) and Blum et al., (1992) found that blue and red light wavelengths 

are both major contributors to leaf cell expansion and that one wavelength is not preferable to the 

other, though the later did find that red light caused a 10 second delay in expansion compared to 

blue light. Blum et al., (1992) also found that light wavelength does not affect potassium 

accumulation in leaf cells. A chamber study using variable wavelength LED lights, conducted by 

Ziegler (2020), found that early growth of the common green bean (grown to 16 days) was 

promoted by red wavelengths of light and resulted in a larger leaf area but shorter statured plants. 

Visually, plants grown under red wavelengths of light were found to be the more mature (both in 

shoot and root development) at the conclusion of the experiment.  

The interaction effect of light spectrum and nutrient solution concentration on green bush 

bean has yet to be studied at present time. 

2.4 Aerobic Composting 

Mesophilic and thermophilic bacteria such as, but not limited to; Bacillus spp., Clostridium 

spp., Lactobacillus spp., Thermoactinomyces spp., and Acetobacter spp. in tandem with fungi such 

as, but not limited to: Aspergillus fumigatus, Absidia ramose, Mucor pusillus, and Chaetomium 

thermophile, will spontaneously metabolize complex lignocellulosic molecules in the presence of 

O2 into simple carbon-containing compounds via aerobic respiration (Partanen et al., 2010; Von 

Klopotek, 1962; Chang & Hudson, 1967; Kane & Mullins, 1973; Niese, 1959; Hessen, 1957). In 
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the case of the bacterial community, a slurry of enzymes is secreted to facilitate a breakdown of 

the strong molecular bonds within polysaccharidic molecules (Ahmed, 2007; Rynk et al., 1992). 

The first step of aerobic respiration involves the hydrolysis of polysaccharidic molecules into 

monosaccharoses (Equation 2.1) (Jakobsen, 1994). Through a number of intermediary reactions 

described by Jakobsen (1992), acetic acid is finally converted in the presence of O2 to CO2 and 

water (Equation 2.2), with the gross reaction being summarized by Equation 2.3 (Jakobsen, 1994). 

(Eq. 2.1)    (C6H10O5)n + n H2O ⇌ n C6H12O6  

(Eq. 2.2)    CH3COOH + 2O2 → 2CO2 +2H2O 

(Eq. 2.3)    C6H10O5 + 6O2 → 6CO2 +5H2O 

In addition to off-gassing CO2, N may be volatized as NH3 during this process. Even still, most  

of the N, P, K, and micronutrients stay in the substrate, typically trapped inside the dead cell 

structures of the microorganisms (Rynk et al., 1992).  

Aerobic composting itself is a highly dynamic process where the pace of decomposition is 

governed by several abiotic variables, chief amongst these are O2 availability, substrate 

temperature, the ratio of total organic carbon (TOC) to total nitrogen (TN) present in the substrate, 

moisture content, particle size, and pH (Rynk et al., 1992; Finstein & Morris, 1975). If these 

parameters are left unchecked, the decomposition process may proceed either too quickly (days to 

weeks), resulting in the release of NH3 and a lower quality final compost, or too slowly (months 

to years), resulting in a prolonged storage period that requires more inputs of labour to maintain 

(Environment Canada, 2013; Rynk et al., 1992).  
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Mesophilic bacteria (persisting below ~40ºC) are part of a very diverse and opportunistic 

group of microbes that have the ability to rapidly decompose organic matter. Should O2, water, C, 

or N all be non-limiting, then metabolic heat produced from the microbial community will begin 

to heat the compost environment. Should these variables continue to be non-limiting, there will 

then be a rapid emergence of a highly specialized thermophilic bacterial community (persisting 

between 45-75ºC) where most human and plant pathogens are destroyed (Partanen et al., 2010; 

Hultman et al., 2010; Epstein, 1996). As heat accumulates within the compost, the number of 

fungal species that participate in the degradation of lignin, cellulose, and hemicellulose are reduced 

until the substrate temperature reaches ~65 ºC, where all fungi cease to play an active role 

(Hultman et al., 2010).  

While there is no clear “end point” in the decomposition process, a reduction in both the 

substrate’s internal temperature and the rate at which CO2 is released will signal the ongoing 

contraction of the microbial community, caused by the asymptotic depletion of the lignocellulosic 

material (Rynk et al., 1992). This is also the point at which fungi reappear in the substrate and 

begin to metabolize the remaining organic matter alongside mesophilic and psychrophilic bacteria. 

During this ‘maturing period’, the O2 requirements of the microbial community drop, and the 

substrate will continue to be slowly metabolized for a number of months. At this point, the 

substrate contains many humic-acids and is generally referred to as “humus”. It is up to the 

producer to weigh the benefits of continuing the composting process to increase the horticultural 

value of the final substrate against the drawbacks of not having the room to begin composting fresh 

organic waste. 
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2.4.1 In-vessel aerobic composting 

Aerobically decomposing organic waste within a semi-closed system, where there is a certain 

level of control exerted over abiotic variables, is referred to as ‘in-vessel aerobic composting’ 

(Ham & Komilis, 2002). There are many advantages to composting organic waste in this way, as 

opposed to windrow composting. In-vessel composting can increase the productivity of the 

microbial community within the compost substrate and will typically result in a more complete 

sanitation of the waste, a greater reduction in bulk mass, and a faster decomposition while retaining 

a high nutritional quality in the humus (for use as a soil conditioner) (Ahmad et al., 2007; Jakobsen, 

1994; Finstein & Morris, 1975).  

In-vessel composting allows for more precise control over the previously mentioned abiotic 

parameters. In addition, it allows the user to extract a more continuous data stream from the 

compost pile, making this method attractive to researchers. O2 availability and moisture content 

can be manipulated into their respective optimal ranges throughout the composting process as the 

demand for each changes over time. In-vessel composting also presents the unique challenge of 

balancing the maintenance of an elevated temperature while also meeting the O2 needs of the 

microbial community at the same time in order to prevent both anaerobic conditions as well as 

excessive convective losses. Should the aeration rate be too fast, the temperature of the substrate 

can drop quickly, and the pace of decomposition will slow. If the pace of aeration is too slow, then 

anaerobic conditions will persist. Should this occur, the microbial community will begin to form 

methane gas, foul odours, and leachate that is difficult and costly to responsibly manage due to its 

high content of N and P (Rynk et al., 1992; Environment Canada, 2013). De Bertoldi et al. (1988) 

suggests that maintaining an O2 concentration between 15% and 20% inside the headspace of the 

composting vessel throughout the entire process is satisfactory.  



 

 

30 

Sufficient water (i.e., the moisture content of the substrate) is necessary to sustain a 

habitable environment for the microbial community. Similar to maintaining temperature within 

the vessel, finding a balance between an appropriate rate of aeration and the prevention of 

excessive evaporative losses can prove problematic (Jakobsen, 1992). A faster rate of aeration will 

tend to dry out the substrate and cause decomposition to slow or even cease. An aeration rate that 

is too slow will fail to remove enough moisture and result in substrate clumping. This is especially 

problematic because clumping reduces the free air space within the substrate and in turn, causes a 

reduction in the surface area which O2 can reach. In this case, anaerobic conditions will persist. 

Maintaining a moisture content around 60% (w/w) has been repeatably shown in the literature to 

support a healthy aerobic microbial community while keeping the chance of developing anerobic 

conditions low (Schloss et al., 2000; Campbell et al., 1990b; Suler & Finstein, 1977).  

A list of small to medium scale in-vessel aerobic composting systems used for research 

purposes is presented in Chapter 4. 

2.4.2 Aerobic composting as an alternative source of gaseous CO2 

Composting within a vessel allows for the capture of gaseous CO2 that is liberated from 

the substrate (Bidlingmaier & Müsken, 2007). While there is currently a lack of CEA facilities that 

take advantage of aerobic composting, least of all for CO2 enrichment purposes, there is an 

opportunity to explore the idea of implementing in-vessel aerobic composting infrastructure to 

manage the organic waste that is continuously produced by plant factories while also providing 

the added benefit of deriving a value-added gaseous product from the process (Li et al., 2018, Beck 

et al.,1992; Figure 2.5). Such a proposition could, in theory, provide a meaningful supplementation 

of CO2 gas to plant factories. Various studies have shown that 50-85% of all the CO2 that is 
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originally fixed can be recaptured through aerobic decomposition under ideal circumstances 

(Zarkadas et al., 2018; Anderson et al., 2010; Boldrin et al., 2009; Ham & Komilis, 2003; 

Hellebrand, 1998). In practice, it is expected that the percentage of reclaimed carbon will be 

smaller, due in part to various physical and chemical characteristics of the feedstocks as well as 

the expectation to sell the compost (additional revenue stream) before a long maturing phase can 

be completed.      

 

 

This idea has been investigated by Jin et al., (2009), Karim et al., (2020), and Hao et al., 

(2020), wherein all cases open compost pile(s) were placed in a greenhouse and used to elevate 

the ambient CO₂ concentration. All researchers found no ill effects towards plant life. Atmospheric 

CO2 concentrations of 1000-1500 µmol mol-1 within experimental greenhouses were achieved. 

While these experiments lack continuous and precise CO2 measurement, as well as the ability to 

capture the gas and pinpoint the optimum time of day to enrich the greenhouses, their results 

provide a foundation to further investigate the theory of enriching a plant factory with CO2 derived 

from an on-site, in-vessel aerobic composting process.  

Figure 2.5 - A potential circularized carbon flow through a plant factory. Aerobic decomposition would liberate CO2 

from plant residues produced in the factory as well as organic waste items from local industry 
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2.4.3  C:N ratio 

It is widely agreed upon in the literature that a substrate will quickly and efficiently 

decompose without releasing an excess of NH3 if its C:N ratio is between 20:1 – 30:1 (Villaseñor 

et al., 2011;Wong & Fang, 2000; Diaz et al., 1993; Rynk et al., 1992; Finstein & Morris, 1975). 

Should there be an excess of C, resulting in a high ratio (i.e., ≥40:1), the decomposition pace will 

be reduced as the relatively low N availability will cause the microbial community to immobilize 

what little N is present in the substrate, and reduce the community’s capacity to grow (Galler & 

Davey, 1971). Conversely, if there is an excess of N in the substrate and the resulting ratio is 

narrow (i.e., ≤15:1), there is a risk of excessively volatizing NH3, which can reduce the N content 

of the final substrate and result in a lower marketability as a soil conditioner (Finstein & Morris, 

1975). In addition, a low C:N ratio (i.e., ≤15:1) will cause a substrate to produce foul odours and 

excessively consume O2 (Finstein & Morris, 1975). The C:N ratio is not static. Respiration will 

result in the release of CO2 and a decrease of the ratio over time (Finstein & Morris, 1975). As the 

ratio narrows, the pace of decomposition will be reduced, and less CO2 will be released. 

2.4.3.1 Replacing the outgoing carbon 

When a plant factory is enriched with CO2, that same C will eventually exit the facility as 

edible or inedible biomass that is either sold or disposed of, respectively. CO2 may also leak out 

of the facility through doorways or the air handling system, though this is less of a concern due to 

tight building tolerances and the fact that larger grow rooms can act as an effective capacitor to 

account for any leakage (Kozai et al., 2020). Loss of carbon from a CEA system in the form of 

edible biomass, coupled with the fact that aerobic decomposition cannot liberate 100% of the fixed 

C from inedible residues, would decrease the amount of C that is available to be cycled within the 
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system over time. Additional inputs of C (in either gaseous or organic form) would be needed to 

offset the exiting carbon.  

Instead of using fossil-fuel derived CO2 to fill this gap, locally sourced organic waste items 

derived from other sectors, such as the food service industry or a municipal household organics 

collection program, could be brought into the compost to be used as an additional C source (Dsouza 

et al., 2021). Up to 40% of the total annual residential waste stream in Canada, the equivalent of 

200kg per household, is comprised of organic matter (Environment Canada, 2013). This technique, 

known as ‘co-composting’, is a common practice to fundamentally change the physical 

characteristics (porosity, moisture content) and chemical characteristics of a compost (Barthod et 

al., 2018). 

In broad terms, a good co-composting amendment should be an organic compound that is 

readily available, inexpensive, locally sourced, and has a beneficial influence over the compost 

dynamics. In this context, a ‘beneficial influence’ would be regarded as causing an increase in both 

CO2 production and compost temperature (for the eradication of pathogens). Potential C rich 

additions such as sawdust (Chang & Chen, 2010), woodchips (Zhu-Barker et al., 2017), tree bark 

(Campbell et al., 1990a), municipal solid waste (Francou et al., 2005), coffee grounds (Santos et 

al., 2017), and jaggery (i.e., cane sugar) (Gabhane et al., 2012), have all been used in some capacity 

to augment the physical and chemical characteristics of a compost pile with varying degrees of 

success. Though a considerable amount of research has been conducted on co-composting, site 

specific applications like the one presented in this thesis require a more focused exploration of 

amendments and an expansion of bench-scale experimentation to quantify the benefits and 

drawbacks of different ‘compost recipes’. 
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2.4.4 Limits to using aerobic composting as an alternative source for CO2 

On-site resource recapturing technologies related to waste management are largely absent 

from most CEA facilities. This gap can be in-part attributed to; (1) plant factories being a relatively 

new concept, yet to be adopted on a global scale with most initial research and development being 

placed on the production aspect of the facility, and (2) the practice not making economic sense as 

current disposal methods are comparatively less expensive and easier to implement in the short-

term.  

Under current composting procedures used by municipalities, organic waste is generally 

not dried, shredded, or tested for its chemical composition to determine its C:N ratio. Should on-

site composting be desired, these processes should be implemented to achieve a productive 

compost and avoid excessive volatilization of ammonia, which could pose a hazard to workers, 

negatively affect plant growth (Fangmeier et al., 1994), and corrode infrastructure over time 

(Environment Canada, 2013). In addition, VOC, particularly ethylene (C2H4), emissions (which 

can vary depending on the feedstocks) need to be taken into account and scrubbed out of the gas 

stream before it reaches the growth room (Dsouza et al., 2021).  

Unfortunately, semi-drying the residues will introduce the need to reserve space within the 

facility to act as a drying room, and not as a plant growth area for revenue generation. In addition, 

there is an associated cost to heat that space to temperatures upward of 70ºC and have the 

appropriate condensation collection infrastructure in place to recapture water vapour. 

Alternatively, a roller-press could be employed for rapid dewatering, though it is unknown how 

much nitrogen would be lost via leachate production. Physical space requirements should also be 

weighed when considering the installation of an in-vessel composting system. Floor space that is 
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taken up to compost organic waste could potentially be otherwise used to produce plants and 

generate revenue. A report by Agrilyst (2017) has stated that only about 50% of CEA operations 

are currently profitable which highlights the value of each square meter within the facility.  

Labour continues to be one of the largest expenses associated with CEA. For a composting 

system to be successfully integrated within or proximal to a plant factory, workers with a 

specialized knowledge of organic waste management would need to be hired to operate the system. 

Automation would be a key enabling feature to aid in the management of an on-site and in-vessel 

composting system.    

2.5 Hypothesis 

This study aims to further the concept of carbon reuse in CEA by quantifying the physical 

and chemical properties of plant residues grown in different environments, while also 

decomposing them with amendments to evaluate compost mixtures. 

HO1: The interaction of different proportions of blue light and different concentrations of 

nutrient solution will result in no significant difference in either the content (g) or 

concentration (%) of carbon and nitrogen within the homogenized residues of green bush 

bean. 

HA1: The interaction of different proportions of blue light and different concentrations of 

nutrient solution will result in significant differences in either the content (g) or 

concentration (%) of carbon and nitrogen within the homogenized residues of green bush 

bean. 
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HO2: Exposing green bush bean plants to different proportions of blue light alone or 

nutrient solution concentrations alone will result in no significant difference in either the 

content (g) or concentration (%) of carbon and nitrogen within their homogenized 

residues. 

HA2: Exposing green bush bean plants to different proportions of blue light alone or 

nutrient solution concentrations alone will result in a significant difference in either the 

content (g) or concentration (%) of carbon and nitrogen within their homogenized 

residues. 

HO3: Waste peat moss growth substrate is not suitable for co-composting with 

homogenized green bush bean residues. 

HA3: Waste peat moss growth substrate is suitable for co-composting with homogenized 

green bush bean residues. 

2.6 Objectives 

1. Successfully grow green bush beans hydroponically using four combinations of light 

and fertigation treatments to understand any individual or interaction effects on the 

content (g) and concentration (%) of both carbon and nitrogen in the homogenized 

residues.  

2. Design, construct, and test a relatively low-cost respirometric system. Document 

preliminary decomposition trials that aim to progressively refine the operational 

parameters of the system. 
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3. Measure the relative effects on decomposition by co-composting organic waste derived 

from a commercial CEA facility (spent peat moss growth substrate) with green bush bean 

residues.  
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Chapter 3 

 

Effect of blue light and nitrogen-fertilizer concentration on the 

carbon and nitrogen content of hydroponic green bush bean 

(Phaseolus vulgaris L. cv. Bronco) tissues 

3.1 Introduction 

Green bush bean (Phaseolus vulgaris L.) production is poised to begin a steady transition 

out of the field and into large CEA facilities, known as “plant factories”, largely due to its short 

growth cycle and protein content. Green bush bean has been successfully grown to maturity using 

hydroponics on a few occasions (Azariz et al.,2020; Lucena et al., 2008) and is an excellent 

candidate to be grown within a CEA facility due to its relatively small size, short growth cycle, 

ease of cultivation, relatively high protein content, and high market demand. Unfortunately, green 

bush bean has a relatively low harvest index (Scully & Wallace, 1990), meaning a large portion of 

the produced biomass (and therefore inputs of water, nutrients, and CO2) are typically discarded 

after harvest. 

In most modern CEA facilities, the derivation of value-added products from plant residues 

and spent growth substrate has generally gone unaddressed, resulting in a linear utilisation of 

resources and inflated material costs. Currently, this has called into question both the long-term 

sustainability of CEA (Frantz, 2011), as well as the argument that CEA has a far smaller ecological 

impact than field production (Kalantari et al., 2018). Aerobically decomposing green bush bean 

residues at the site of production may prove to be a viable method of recycling valuable 

horticultural components back into the growth system by means of recapturing emitted carbon 
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dioxide gas (Sánchez et al., 2015), water vapour (Jakobsen, 1994), heat (Smith et al., 2017) and 

by further leaching nutrients from the now decomposed substrate (Lunn et al., 2017; Strayer & 

Atkinson, 1997; Mackowiak et al., 1996).  

It is unknown how viable this method of resources recovery is in the context of green bush 

bean production and as such, it is proposed that research begins at the plant level to investigate 

how different CEA environments may, if at all, alter the physical and chemical characteristics 

(primarily regarding carbon and nitrogen) of the residues. Gaining a better understanding of any 

potential relationship would give more insight towards how to best produce, process, and amend 

green bush bean residues. While some studies have found evidence of a relationship between light 

wavelength (i.e., proportions of red and blue light) and morphology in different cultivars of the 

common bean (Lavee et al., 2002, Hanyu & Shoji, 2000), its effect on total carbon and nitrogen 

accumulation is sparsely explored (Blum et al., 1992). In addition, evidence of “luxurious 

consumption” of nitrogen has been identified in green bush beans grown in the field by de 

Varennes et al., (2002) under non-limiting nutrient conditions and is in agreement with the 

correlation found between nitrogen uptake and availability during biochar trials conducted by 

Prapagdee & Tawinteung (2017). Furthermore, Sánchez et al., (2004) found that fertigation 

solutions that contained higher concentrations of NH4NO3 dramatically decreasing the root and 

foliar biomass. 

The goal of this exploratory study was to investigate any change in the total content on a 

mass basis or concentration on a percentage basis of carbon and nitrogen present in the residues of 

hydroponically produced green bush beans (Phaseolus vulgaris L. cv. Bronco) due to the 

interaction of two different light spectra and two different fertigation solution concentrations. 
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3.2 Materials and methods 

3.2.1 Hydroponic system 

Two identical recirculating NFT hydroponic systems were constructed, side-by-side, in a 

walk-in and environmentally controlled growth chamber at the University of Guelph’s Controlled 

Environment Systems Research Facility (CESRF). Each hydroponic system consisted of four 

plastic troughs that were spaced apart by 300mm, set on a 1º downslope, and were constantly 

fertigated with either a full-strength (FS) or half-strength (HS) solution that was then drained back 

into its respective reservoir to be recirculated through the system again. Each hydroponic system 

was illuminated by a dedicated “Aurora” programable multi-channel LED light array (Intravision 

Group AS, Norway) positioned 850mm above the troughs (Figure 3.1).  

 

 

Figure 3.1 – Hydroponic NFT system with black vinyl trough covers removed 
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3.2.2 Light Treatments 

Each lighting array operated on an identical 16hr day/8hr night (7 days per week) 

photoperiod. The targeted photosynthetic proton flux density (PPFD) from each light array was 

250µmol m-2s-1 at the trough. The spectra provided from the first array was targeted to deliver 10% 

or 25µmol m-2s-1 blue light (400-500nm), 15% or 37.5µmol m-2s-1 green light (500-600nm), and 

75% or 187.5µmol m-2s-1 red light (600-700nm). The spectra provided from the second array was 

targeted to deliver 40% or 100µmol m-2s-1 blue light (400-500nm), 15% or 37.5µmol m-2s-1 green 

light (500-600nm), and 45% or 112.5µmol m-2s-1 red light (600-700nm). A light map for each 

array was produced by taking PPFD measurements with an LI-180 Spectrometer (LI-COR, USA) 

placed 850mm below each array at each position where a plant will be grown (Figure 3.2). Ambient 

light was blocked out on all 4 sides using a combination of white plastic boards and extendable 

white blinds. 

 

 

 

 

Figure 3.2 - Overhead light map for each light treatment 
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3.2.3 Fertigation solution treatments 

Under each light treatment, two troughs received the HS fertigation solution while the 

remaining two received the FS fertigation solution. Treatments were assigned to troughs on an 

alternating basis (Figure 3.3). This method ensured that each treatment was present in a relatively 

higher PPFD area once and a relatively lower PPFD area once. Both fertigation solutions were 

mixed in separate 100L black plastic reservoirs, each with identical aeration, pumping (Eco396, 

EcoPlus, USA), and drainage capabilities. Both reservoirs were drained and replenished with new 

fertigation solution every fifteen days to prevent nutrient imbalances.  

 

 

 

 

3.2.3.1 Half-Strength (HS) and Full-Strength (FS) nutrient solution treatments 

A HS fertigation solution was made by dissolving 57.5g of 6:11:31 fertilizer (10471, 

Master Plant-Prod Inc., CA) and 42.5g of greenhouse grade calcium nitrate (Ca(NO3)2) (15:0:0, 

Figure 3.3 - Alternating nutrient solutions under each light treatment and the relative position of each plant 
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CALCINIT, YaraLiva, USA) in 100L of DI water to achieve an expected EC of 120mS/m and a 

pH of 5.8 using additions of 0.5M potassium hydroxide (KOH) and 0.5M nitric acid (HNO3).  

A FS fertigation solution was made by dissolving 115g of 6:11:31 fertilizer (10471, Master 

Plant-Prod Inc., CA) and 85g of greenhouse grade calcium nitrate (Ca(NO3)2) (15:0:0, CALCINIT, 

YaraLiva, USA) in 100L of DI water to achieve an expected EC of 240mS/m and a pH of 5.8 using 

additions of 0.5M potassium hydroxide (KOH) and 0.5M nitric acid (HNO3). 

3.2.4 Environment conditions 

Environment conditions of the walk-in chamber were maintained at targeted setpoints 

throughout the experiment (Table 3.1) via a suite of sensors (Titan, Argus Controls, CA). CO2 

concentration in the chamber could not be altered. Actual environment conditions are reported in 

Table 3.2. 

 

Environment Condition Set Point Value 

Photo Period (Hrs) 
Day: 16 

Night: 8 

Temperature (°C) 
Day: 23 

Night: 20 

Relative Humidity (%) 
Day: 60 

Night: 50 

Vapour Pressure Deficit (kPa) 
Day: 1.14 

Night: 1.18 

Carbon Dioxide (µmol mol-1) 410 

 

 

 

Table 3.1 - Targeted environment conditions 
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Environment Condition Actual Value 

Photo Period (Hrs) 
Day: 16 

Night: 8 

Temperature (°C) 
Day: 23.01 ± 0.29  

Night: 20.35 ± 0.75 

Relative Humidity (%) 
Day: 54.24 ± 9.35  

Night: 53.65 ± 9.86 

Vapour Pressure Deficit (kPa) 
Day: 1.28 ± 0.26  

Night: 1.10 ± 0.24 

Carbon Dioxide (µmol mol-1) 434.7 ± 25.8 

 

3.2.5 Propagation and growth protocol 

Thirty-two rockwool cubes (100 x 100 x 63.5mm Gro-Blocks, Grodan [ROXUL Inc.], CA) 

were rinsed and drained to complete saturation with DI water in triplicate. Fifteen grams of dry 

arcilite (Pro League Champion Brown, Turface Athletics [PROFILE Products LLC], IL) was then 

placed into each cube’s pre-cut hole. Two green bush bean seeds (G15G, Phaseolus vulgaris L. 

cv. Bronco, Stokes Seeds, USA) were placed atop the arcilite (hilum down) and covered with an 

additional of 10g of arcilite. DI water was lightly sprayed over the arcilite to moisten the substrate. 

Four cubes were then placed in each trough, leaving 200mm between cubes. Each trough was then 

covered with a single black vinyl sheet (with pre-cut holes to allow for plant growth) to prevent 

algae growth.  

The pH and EC of each fertigation solution was monitored and adjusted daily using a 

combo pH/EC meter (BLU2300E, BlueLab, New Zealand). At ten days after planting (DAP), one 

cube was discarded from each trough based upon its visually compared rate of growth relative to 

the others in the same trough. The remaining three cubes in each trough were thinned down to a 

Table 3.2 - Mean environment conditions over the entire 

experiment. Values are the mean ± SD 
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single plant per cube and spaced 400mm apart. A new black vinyl sheet was then used to 

accommodate the reduced number of plants.  

Green bush beans were destructively harvested after fifty-three days and immediately 

replanted. In total, four harvests were completed. There were four distinct treatment groups: 10% 

Blue Light + HS solution, 10% Blue Light + FS solution, 40% Blue Light + HS solution, and 40% 

Blue Light + FS solution. To account for chamber effects, the spectra from each lighting array 

alternated between each replicate so that each array would output a spectrum that contained 10% 

Blue Light twice and 40% Blue Light twice.  

3.2.6 Harvest procedure 

The harvesting procedure for a single plant was as follows; (1) the stem was cut as close to 

the top of the rockwool cube as possible, (2) all leaf biomass was removed (trimmed at the leaf 

base), weighed, and placed in a paper bag for drying, (3) all beans were removed and separated on 

a mass basis into two groups: mature beans (≥2g in fresh mass), and immature beans (≤1.9g in 

fresh mass). Once categorized, immature beans were weighted, counted, and placed into a paper 

bag for drying, (4) the stem was then weighed, measured for length, and placed into a paper bag 

for drying. The root mat from each trough was separated as best as possible from the cubes, 

compressed by hand to expel excess water, weighed, and then placed in separate paper bags for 

drying. 

All fresh mass was dried at 70ºC in the University of Guelph’s Edmund C. Bovey 

Greenhouse drying facility until a constant mass was achieved. Individual organs from the same 

treatment group were homogenized by grinding them together using a commercial blender (InStyle 

HH-362, E.F. Appliances Canada Ltd., Canada) down to pellet sizes ranging from 1mm to 3mm. 
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The blender was cleaned in-between each grinding event. Ten 0.07-0.09g sub-samples from each 

organ was drawn for chemical analysis. To obtain C:N data from homogenized plant tissue, all 

ground residues that belonged to the same treatment group were manually mixed. Ten 0.07-0.09g 

sub-samples were then drawn from each treatment group for chemical analysis. This procedure 

was repeated after each harvest. 

3.2.6.1 C:N ratio analysis 

Five sub-samples from each organ and homogenized tissue sample were analyzed for 

carbon concentration (%) (CR-412, LECO, USA). The remaining five sub-samples from each 

sample were analyzed for nitrogen concentration (%) (FP-528, LECO, USA). In every case, the 

mass of the sub-sample was taken into account when computing final carbon and nitrogen 

concentrations.  

3.2.7 Statistical analysis 

The experiment was a split-plot design, with data from each treatment being pooled 

together across the four harvests. The main plot treatment was the light spectra, and the sub-plot 

treatment was the concentration of each fertigation solution. Six agronomic measurements (one 

per plant) were considered sub-samples and were taken per experimental unit (the two troughs 

under each light treatment with the same nutrient solution treatment). The sub-sample mean in that 

experimental unit was the sample. Elemental measurements followed the same procedure except 

only five sub-samples were drawn per experimental unit. No agronomic sub-samples were drawn 

from the root biomass because they could not be separated on an individual plant basis within the 

hydroponic troughs. There were four total samples, and they were replicated four times. While 

sub-sampling error was accounted for in the model, only the SD of the samples are reported. Error 
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attributed to “chamber effects” between harvests was minimized by alternating the lighting 

position between replicates; however, it was still included in the final statistical model as a 

potential source of random error. After testing for normality in the data and removing outliers that 

fell outside 99.9% of the data spread (residual value +/- 3.4), a general linear mixed model using 

the PROC GLIMMIX procedure (Equation 3.1) accompanied by a Tukey-Kramer multiple 

comparisons test was completed using SAS© Studio (SAS institute Inc., USA) statistical software. 

Due to constraints on both time and resources, only 3 replicates could be analysed for carbon and 

nitrogen concentrations regarding individual organ data. 

(Eq. 3.1) Y= µ + Light + Nutrient Solution + Light*Nutrient Solution + Chamber Effects + ε + δ 

 

Where: 

Light = Fixed Effect 

Nutrient Solution = Fixed Effect 

Light*Nutrient Solution = Fixed Effect 

Chamber Effects = Random Effect 

ε = Random Error 

δ = Random Sub-Sampling Error 
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3.3 Results 

3.3.1 Agronomics 

3.3.1.1 Interaction effect of light and nutrient solution  

Agronomic differences between treatments were found in every measured metric when 

accounting for the interaction effect between light and nutrient solution strength expect for stem 

length and root dry mass (Tables 3.3 – 3.4). The size of the interaction effect between light and 

nutrient solution concentration is illustrated in Figures 3.4 - 3.5. With respect to all of the 

treatments, root biomass was the largest source of residues by dry mass, followed by leaf biomass, 

then stem biomass, and finally immature bean biomass. The largest plants were produced by the 

combination of 10% Blue Light + HS nutrient solution (Figure 3.6), yielding significantly more 

total dry residue mass. This treatment also produced significantly more mean dry stem mass, leaf 

dry mass and leaf area. Significant differences between the remaining agronomic measurements 

were less prevalent. Overall, the remaining three treatments produced less total mean residue with 

shorter stems and less foliage from both a mass and area perspective. 
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Treatment Stem FM (g) Stem DM (g) Stem Length (mm) Leaf FM (g) Leaf DM (g) Leaf Area (m2) 

10% + HS 80.3 ± 9.3a 8.3 ± 0.8a 408.3 ± 40.8a 173.9 ± 23.1a 15.6 ± 1.4a 0.9 ± 0.07a 

10% + FS 61.2 ± 7.3b 6.4 ± 0.9b 346.3 ± 31.9ab 130.9 ± 10.8b 11.4 ± 0.4b 0.7 ± 0.04b 

40% + HS 68.1 ± 3.1b 6.6 ± 0.4b 320 ± 7.1b 148.1 ± 9.2ab 13.7 ± 0.5ab 0.7 ± 0.02b 

40% + FS 63.1 ± 6.1b 6.1 ± 0.4b 288.8 ± 31.3b 147.2 ± 9.6ab 13.2 ± 0.6ab 0.6 ± 0.06b 

Treatment 
 Total Residue 

 FM (g) 

Total Residue 

DM (g) 

Root  

FM (g) 

Root  

DM (g) 

Imm. Bean FM 

(g) 

Imm. Bean 

DM (g) 
Imm. Bean Count 

10% + HS 2357.9 ± 284.4a 172.7 ± 14.2a 704.3 ± 52.2a 20.9 ± 2.6a 21.5 ± 4.5a 1.4  ± 0.3a 21.6 ± 6ab 

10% + FS 1800.1 ± 119.7b 129.1 ± 9.7b 551.2 ± 10.1b 17.3 ± 0.8b 16 ± 4.1a 1.1 ± 0.3a 16.7 ± 4.9b 

40% + HS 2038.9 ± 77.4b 146.9 ± 3.2b 615.6 ± 18.9c 18.5 ± 1.4ab 15.9 ± 4.1a 1.1 ± 0.2a 17.3 ± 2.7ab 

40% + FS 1962.8 ± 125.4b 140.4 ± 8b 568.5 ± 44bc 17.6 ± 1.6ab 22.2 ± 3.5a 1.5 ± 0.3a 24 ± 2.2a 

Table 3.3 - Mean agronomic measurements for various green bush bean (Phaseolus vulgaris L. cv. Bronco) plant organs (n = 4, α = 0.05) 

when accounting for the interaction of light and nutrient solution concentration. Comparisons were made within the columns. Values are 

the mean ± sample SD 

Table 3.4 – Continuation of Table 3.3 
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Figure 3.4 - Agronomic means of each treatment level for green bush bean (Phaseolus vulgaris L. cv. Bronco). In all plots, solid black points represent the 10% 

Blue Light treatment, while the open points represent the 40% Blue Light treatment. Asterisk denotes a significant interaction (n = 4, α = 0.05). a = Total Residue 

FM (g), b = Total Residue DM (g), c = Stem FM (g), d = Stem DM (g), e = Stem Length (mm), f = Leaf FM (g), g = Leaf DM (g), h  = Leaf Area (m2) 
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Figure 3.5 – Agronomic means of each treatment level for green bush bean (Phaseolus vulgaris L. cv. Bronco). In all plots, solid black points represent the 10% 

Blue Light treatment, while the open points represent the 40% Blue Light treatment. Asterisk denotes a significant interaction (n = 4, α = 0.05). a = Immature Bean 

FM (g), b = Immature Bean DM (g), c = Immature Bean count, d = Root FM (g), e = Root DM (g)  
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3.3.1.2 Main effects of light and nutrient solution concentration 

Plants grown under 10% Blue Light produced stems with a mean length of 377.3mm ± 47.5mm, 

which was significantly longer than the stems of plants grown under 40% Blue Light at a mean length 

of 304.4mm ± 26.9mm (p = 0.0010), regardless of nutrient solution. When grown under only 10% Blue 

Light, mean stem length was seen to decrease when fertigated with a more concentrated nutrient 

solution, which was also seen in plants grown under 40% Blue Light to approximately the same degree 

of severity. Plants fertigated with HS nutrient solution produced stems with a mean length of 364.2mm 

± 54.5mm, which was significantly longer than the stems of plants fertigated with a FS nutrient solution 

at a mean length of 317.5mm ± 42.45mm (p = 0.0136), regardless of light. 

Plants grown under 10% Blue Light produced roots with a mean dry mass of 19.1g ± 2.6g, 

which was not significantly different from the dry mass derived from plants grown under 40% Blue 

Light with a mean dry mass of  18.1g ±  1.5g (p = 0.2104), regardless of nutrient solution. When grown 

under only 10% Blue Light, mean root dry mass was seen to decrease when fertigated with a more 

concentrated nutrient solution, which was also seen in plants grown under 40% Blue Light but not to 

the same degree of severity. Plants fertigated with HS nutrient solution produced  a mean root dry mass 

of 19.7g ± 2.3g, which was significantly more compared to plants fertigated with a FS nutrient solution, 

which produced a mean root dry mass of 17.5g ± 1.2g (p = 0.0173), regardless of light. 
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Figure 3.6 - Visual differences in the stem length and overall morphology of Phaseolus vulgaris L. cv. Bronco grown 

under 10% blue light (A & C) and 40% blue light (B & D) at 250 µmol m-2s-1 when given a half-strength (100ppm nitrate) 

nutrient solution for 53 days 
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3.3.2 Carbon and nitrogen in homogenized residues 

Carbon and nitrogen data are expressed as the mean concentration of each element within 

the residues on a percentage basis.  

3.3.2.1 Interaction effect of light and nutrient solution 

No significant differences were seen in the carbon concentration of the homogenized 

residues between treatments (Figure 3.7). Interaction effects were not seen to be significant when 

measuring carbon concentration (p = 0.05014), though more replication would be needed to draw 

stronger conclusions (Figure 3.8).  

 

 

 

 

 

Figure 3.7 - Mean carbon concentration (%) in homogenized green bush bean (Phaseolus vulgaris L. cv. Bronco) 

residues, accounting for the interaction of light and nutrient solution concentration for each treatment (n = 4, α = 0.05). 

Error bars are ± sample SD 
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No significant differences between the treatments were seen in nitrogen concentration on 

a percentage basis (Figure 3.9). Interaction effects were not seen to be significant when measuring 

nitrogen concentration (p = 0.4885) (Figure 3.10).  

 

 

Figure 3.9 - Mean nitrogen concentration (%) of homogenized green bush bean (Phaseolus vulgaris L. cv. Bronco) 

residues, accounting for the interaction of light and nutrient solution concentration for each treatment (n = 4, α = 0.05). 

Error bars are ± sample SD 
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Figure 3.8 - Interaction plot depicting the mean carbon concentration of each treatment level for green bush bean 

(Phaseolus vulgaris L. cv. Bronco) (n = 4). The solid black points represent the 10% Blue Light treatment, while the 

open points represent the 40% Blue Light treatment for each level of nutrient solution concentration 

a a a a

0

1

2

3

4

5

6

10% Blue + HS 10% Blue + FS 40% Blue + HS 40% Blue + FS

N
it

ro
g
en

 (
%

)

Treatment



 

 

56 

 

 

 

 

 

 

Figure 3.10 – Interaction plot depicting the mean nitrogen concentration of each treatment level for green bush bean 

(Phaseolus vulgaris L. cv. Bronco) (n = 4). The solid black points represent the 10% Blue Light treatment, while the 

open points represent the 40% Blue Light treatment for each level of nutrient solution concentration. 

 

Homogenized residues derived from all treatments had similar C:N ratios (Table 3.5), 

with the 10% Blue Light + HS treatment producing the highest ratio and the 40% Blue Light + 

FS treatment producing the lowest ratio. 

 

 

 

 

 

 

 

 

 

Treatment  C:N Ratio 

10% + HS 8.6 : 1 

10% + FS 8.4 : 1 

40% + HS 8.45 : 1 

40% + FS 8.2 : 1 

Table 3.5 – C:N ratios of the homogenized 

residues derived from each treatment when 

accounting for the interaction effect of 

light and nutrient solution concentration (n 

= 4) 
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3.3.2.2 Main effect of light 

Mean carbon concentration was significantly different (p = 0.0297), with residues derived 

from plants grown under 10% Blue Light containing 38.8% ± 0.6% carbon compared to 37.9% ± 

0.9% when grown under 40% Blue Light (Figure 3.11), regardless of the nutrient solution 

treatment. Mean nitrogen concentration was not significantly different (p = 0.7535), with residues 

derived from plants grown under 10% Blue Light containing 4.6% ± 0.3% nitrogen compared to 

4.5% ± 0.3% when grown under 40% Blue Light (Figure 3.12).  

 

 

Figure 3.11 - Effect of light on the mean carbon concentration (%) of homogenized green bush bean (Phaseolus 

vulgaris L. cv. Bronco) residues (n = 4, α = 0.05). Error bars are ± sample SD 
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3.3.2.3 Main effect of nutrient solution concentration 

No significant difference in mean carbon concentration (p = 0.1435) was seen between 

residues derived from either nutrient solution treatment, regardless of light (Figure 3.13). Residues 

derived from the HS nutrient solution had a mean carbon concentration of 38.6% ± 0.5%, 

compared to 38.1% ± 1.1% in residues derived from plants that were fertigated with a FS nutrient 

solution. Nutrient solution concentration did not cause a significant difference in the mean 

concentration of nitrogen (p  = 0.3054) between residues derived from either nutrient solution 

treatment, regardless of light (Figure 3.14). Residues derived from the HS nutrient solution had a 

mean nitrogen concentration of 4.5% ± 0.3%, compared to 4.6% ± 0.3% in residues derived from 

plants that were fertigated with a FS nutrient solution 

Figure 3.12 - Effect of light on the mean nitrogen concentration (%) of homogenized green bush bean (Phaseolus 

vulgaris L. cv. Bronco) residues (n = 4, α = 0.05). Error bars are ± sample SD 
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Figure 3.13 - Effect of nutrient solution concentration on the mean carbon concentration (%) of homogenized green 

bush bean (Phaseolus vulgaris L. cv. Bronco) residues (n = 4, α = 0.05). Error bars are ± sample SD 

Figure 3.14 - Effect of nutrient solution concentration on the mean nitrogen concentration (%) of homogenized green 

bush bean (Phaseolus vulgaris L. cv. Bronco) residues (n = 4, α = 0.05). Error bars are ± sample SD 
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3.3.3 Carbon and nitrogen in individual organs that are considered residues 

Carbon and nitrogen data are expressed as the mean concentration of each element within 

the residues on a percentage basis.  

3.3.3.1 Interaction effect of light and nutrient solution concentration 

The treatments did not cause significant differences in carbon concentration within organ 

groups, though roots were found to have the smallest mean concentration across all of the 

treatments (Table 3.6). The interaction of light and nutrient solution concentration was not found 

to be a significant source of variation in the concentration of carbon for any organ (Figure 3.15). 

The treatments did not cause significant differences in nitrogen concentration within organ 

groups (Table 3.7) Stems had the smallest nitrogen concentration on a percentage basis. The 

interaction of light and nutrient solution concentration was not found to be a significant source of 

variation in the concentration of nitrogen across every organ (Figure 3.16). 
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Treatment  Stem C (%) Leaf C (%)  
Imm.  

Bean C (%)  
Root C (%) 

10% Blue + HS 38.8 ± 1.1a 39.6 ± 0.7a 39.8 ± 0.6a 36 ± 4.7a 

10% Blue + FS 38.9 ± 0.9a 39.3 ± 0.7a 39.2 ± 0.8a 35.6 ± 4a 

40% Blue + HS 37.2 ± 0.1a 39 ± 0.9a 39 ± 2.2a 36.6 ± 1.8a 

40% Blue + FS 37.4 ± 0.8a 38.7 ± 0.9a 39 ± 1a 34.2 ± 2.4a 

 Treatment Stem N (%) Leaf N (%) 
Imm.  

Bean N (%)  
Root N (%) 

10% Blue + HS 3.5 ± 0.4a 5.5 ± 0.2a 5.2 ± 0.3a 4.8 ± 0.2a 

10% Blue + FS 3.8 ± 0.3a 5.7 ± 0.2a 5.5 ± 0.3a 4.9 ± 0.7a 

40% Blue + HS 3.8 ± 0.5a 5.6 ± 0.3a 5.3 ± 0.3a 4.5 ± 0.4a 

40% Blue + FS 3.7 ± 0.3a 5.5 ± 0.3a 5 ± 0.2a 4.5 ± 0.5a 

Table 3.6 - Mean carbon concentration (%) from individual green bush bean (Phaseolus 

vulgaris L. cv. Bronco) macro organs when accounting for the interaction of light and 

nutrient solution concentration (n = 3, α = 0.05). Comparisons were made within the 

columns. Error is ± sample SD 

 

Table 3.7 - Mean nitrogen concentration (%) from individual green bush bean (Phaseolus 

vulgaris L. cv. Bronco) macro organs when accounting for the interaction of light and 

nutrient solution concentration (n = 3, α = 0.05). Comparisons were made within the 

columns.  Error is ± sample SD 
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Figure 3.15 - The mean carbon concentrations (%) of each treatment level for individual organs of green bush bean (Phaseolus vulgaris L. cv. Bronco) (n = 3). Solid black points 

represent the 10% Blue Light treatment, open points represent the 40% Blue Light treatment for each level of nutrient solution concentration. a = Stem C (%), b = Leaf C (%), c = 

Immature Bean C (%), d = Root C (%) 
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Figure 3.86 – The mean nitrogen concentrations (%) of each treatment level for individual organs of green bush bean (Phaseolus vulgaris L. cv. Bronco) (n = 3). Solid black points 

represent the 10% Blue Light treatment, open points represent the 40% Blue Light treatment for each level of nutrient solution concentration. a = Stem N (%), b = Leaf N (%), c = 

Immature Bean N (%), d = Root N (%) 

4.8

5

5.2

5.4

5.6

HS FS

N
it

ro
g
en

 (
%

)

a 

 

e 

 

a 

 

e 

 

a 

 

e 

 

a 

 

e 

b 

 

f 

 

b 

 

f 

 

b 

 

f 

 

b 

 

f 

c 

 

g 

 

Tabl

e 3.9 

- 

Mea

n 

carb

on 

and 

nitro

gen 

conc

entra

tion 

(%) 

from 

indiv

idual 

macr

o 

orga

ns of 

gree

d 

 

h 

 

d 

 

h 

 

d 

 

h 

 

d 

 

3.3

3.4

3.5

3.6

3.7

3.8

3.9

HS FS
N

it
ro

g
en

 (
%

)
5.3

5.4

5.5

5.6

5.7

5.8

HS FS

N
it

ro
g
en

 (
%

)

4.4

4.5

4.6

4.7

4.8

4.9

5

HS FS

N
it

ro
g
en

 (
%

)



 

 

64 

3.3.3.2 Main effect of light 

Stems that were derived from plants grown under 10% Blue Light had a higher carbon 

concentration than those derived from plants grown under 40% Blue Light (p = 0.0043) (Table 

3.8). Light did not significantly change the nitrogen concentration in any plant organ (Table 3.8). 

3.3.3.3 Main effect of nutrient solution concentration 

Fertigation solution did not cause a significant difference in carbon or nitrogen 

concentration across all organs (Table 3.9). 
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 Treatment Stem C (%) Stem N (%) Leaf C (%) Leaf N (%) 
Imm. Bean 

C (%)  

Imm Bean 

N (%) 
Root C (%) Root N (%) 

10% Blue 38.9 ± 0.9a 3.7 ± 0.4a 39.4 ± 0.7a 5.6 ± 0.2a 39.5 ± 0.7a 5.4 ± 0.3a 35.8 ± 3.9a 4.9 ± 0.5a 

40% Blue  37.3 ± 0.5b 3.8 ± 0.4a 38.9 ± 0.8a 5.6 ± 0.3a 39 ± 1.5a 5.1 ± 0.3a 35.4 ± 2.3a 4.5 ± 0.4a 

 Treatment Stem C (%) Stem N (%) Leaf C (%) Leaf N (%) 
Imm. Bean 

C (%) 

Imm. Bean  

N (%) 
Root C (%) Root N (%) 

HS 38 ± 1.1a 3.7 ± 0.5a 39.3 ± 0.8a 5.6 ± 0.3a 39.4 ± 1.5a 5.3 ± 0.3a 36.3 ± 3.2a 4.7 ± 0.3a 

FS  38.2 ± 1.1a 3.8 ± 0.3a 39 ± 0.8a 5.6 ± 0.3a 39.1 ± 0.9a 5.3 ± 0.4a 34.9 ± 3a 4.7 ± 0.6a 

Table 3.8 - Mean carbon and nitrogen concentration (%) from individual macro organs of green bush bean (Phaseolus vulgaris L. cv. Bronco) (n = 3, 

α = 0.05) when accounting for the effect of light only. Comparisons were made within the columns. Error is ± sample SD 

SD 

 

Table 3.9 - Mean carbon and nitrogen concentration (%) from individual macro organs of green bush bean (Phaseolus vulgaris L. cv. Bronco) (n = 3, 

α = 0.05) when accounting for the effect of nutrient solution concentration only. Comparisons were made within the columns. Error is ± sample SD 

Table 3.8 - Mean carbon and nitrogen concentration (%) from individual macro organs of green bush bean (Phaseolus vulgaris L. cv. Bronco) (n = 3, 

α = 0.05) when accounting for the effect of light only. Comparisons were made within the columns. Error is ± sample SD 

SD 

Table 3.9 - Mean carbon and nitrogen concentration (%) from individual macro organs of green bush bean (Phaseolus vulgaris L. cv. Bronco) (n = 

3, α = 0.05) when accounting for the effect of nutrient solution concentration only. Comparisons were made within the columns. Error is ± sample SD 

 

Table 3.9 - Mean carbon and nitrogen concentration (%) from individual macro organs of green bush bean (Phaseolus vulgaris L. cv. Bronco) (n = 

3, α = 0.05) when accounting for the effect of nutrient solution concentration only. Comparisons were made within the columns. Error is ± sample SD 
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3.4 General Discussion  

3.4.1 Agronomics 

The interaction of light and nutrient solution concentration on the morphology of green 

bush beans has been sparsely explored, if at all. The vast majority of work with green bush beans 

in regard to manipulation of the environment has been studies on the effect of lighting or nutrient 

solution concentration alone. A significant interaction was seen in every measured agronomic 

metric except for stem length and root dry mass. Plants grown under 10% Blue Light and fertigated 

with a HS nutrient solution resulted in the largest mean yields of both total residue and on an 

individual organ basis. Interestingly, plants grown under 10% Blue Light but fertigated with a FS 

nutrient solution produced the least total residue.  

Similar to the results obtained by Hanyu and Shoji (2000), when growing kidney beans at 

a reduced PPFD for only thirty-three days, lower proportions of blue light caused stems to 

elongate, resulting in larger plants overall but not in terms of mass, though the interaction with 

nutrient solution concentration was not explored in this study. Furthermore, higher proportions of 

blue light were seen to reduce biomass partitioning to stems, which is in agreement with the results 

obtained by Mass et al., (1995) when growing kidney beans, though the interaction with nutrient 

solution concentration was not explored in this study. Interestingly, root dry mass was higher under 

both lighting treatments when fertigated with HS solution compared to when fertigated with the 

FS solution, yet the observed decrease in mass when fertigating with a FS solution was much more 

severe in plants grown under 10% Blue Light. When looking at light alone, root dry mass results 

are in agreeance with research conducted by Hanyu and Shoji (2000), though it should be noted 

that their effect was relatively small with dry root masses differing by less than 0.1g between light 

treatments. 



 

 

67 

The effects of using a FS nutrient solution alone reduced all mean growth metrics under 

both light treatments, except for immature beans on a mass and count basis when plants grown 

under 40% Blue Light actually increased in these metrics when fertigated with FS solution, 

possibly signalling a delay in bean development. The observed effect of a stronger nutrient solution 

concentration on plant growth are in agreement with the results reported by Sánchez et al., (2004) 

who found that the development of green bean plants are sensitive to high concentrations of 

nitrogen in the fertigation solution. It should be noted that the majority of other studies use 

ammonium nitrate instead of calcium nitrate as the nitrogen source, making comparisons difficult. 

While nitrogen toxicity is suspected, it is possible that a higher concertation of other 

macro/micronutrients also contributed to the relative decrease in growth metrics when fertigating 

with a FS solution. 

Nitrate (NO3
-) was the main form of nitrogen given to plants, which must be reduced to 

nitrite (NO2
-) by nitrate reductase, and again to ammonium (through multiple steps) by nitrite 

reductase (NH4
+) within the plant tissue. Nitrite accumulation is thought to be toxic to plants due 

to its relatively reactive nature (Robert et al., 1994). Accumulation may occur when nitrate is non-

limiting due to a heightened activity of nitrate reductase compared to nitrite reductase (Goodman 

et al., 1974; Kelso et al., 1997). Alternatively, agronomic differences could be explained by 

Andreeva et al., (1998), who found that accumulation of NO3
- ions in mustard plants changed 

nitrogen assimilation pathways, leading to ammonium toxicity and a suppression of 

photosynthesis, though the mechanisms of ammonium toxicity are not well understood at this time 

(Wang, 2021).  
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3.4.2 Carbon 

The interaction of light and nutrient solution was not seen to cause significant differences 

in the mean carbon concentration of homogenized residues, though it was found that the 40% Blue 

Light + FS treatment resulted in the smallest mean carbon concentration in the homogenized 

residues.  

The effect of light alone caused the mean carbon concentration in homogenized residues 

to be significantly higher in plants grown under 10% Blue Light. Hanyu et al., (1996) noted that 

kidney bean plants grown under lower proportions of blue light tended to increase dry matter 

partitioning to its stem, which are comprised of large lignocellulosic compounds, instead of other 

organs such as the mature beans and could explain why light contributed to differences in carbon 

concentration. 

The effect of nutrient solution concentration alone caused no significant difference in the 

mean carbon concentration of homogenized residues. It should be noted that plants fertigated with 

a FS solution did however have a lower mean carbon concentration in the homogenized residues. 

These results agree with the findings from Andreeva et al., (1998) who showed that higher 

concentrations of nitrogen fertilizer caused a reduction in the accumulation of starch in the tissues 

of mustard plants via the previously described pathway. 

3.4.3 Nitrogen 

The interaction between light and nutrient solution concentration was not shown to cause 

significant differences in the mean content of nitrogen in the homogenized residues on a percentage 

basis. The effect of light alone did not cause a significant difference in the concentration of 

nitrogen on a percentage basis. The effect of nutrient solution alone also did not cause the 
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concentration of nitrogen to significantly change. These results indicate that neither variable, either 

alone or combined, had a significant influence over the concentration of nitrogen on a percentage 

basis. 

Nutrient solutions that are typically used in hydroponics share many commonalities in their 

respective compositions. Improving fertilizer use efficiency has been cited as an area of 

improvement during the operation of large CEA systems (Kozai et al., 2020). It is up to the 

producers discretion to make an informed decision regarding the concentration of the solution 

based upon many factors such as fertilizer cost, crop requirements, and water availability. In this 

study it was shown that a FS nutrient solution, regardless of lighting, did not increase the 

concentration of nitrogen in any of the sampled plant tissues, meaning it was not limiting at HS 

levels.  

3.4.4 Considerations for future residue recycling in CEA  

Agronomic and chemical content trade-offs should be considered when choosing what 

environment conditions to implement if the goal is to integrate these residues back into the 

production system to produce CO2 gas via aerobic decomposition. For example, even though plants 

grown under 40% Blue Light and fertigated with either nutrient solution concentration were found 

to have lower mean carbon concentrations in their homogenized residues, their compact stature 

would allow for a higher planting density. Regardless of environmental conditions during plant 

growth, a carbon-rich feedstock will have to be added to the residues. All treatments resulted in 

residues that had a low C:N ratios within the range of 8.2 – 8.6, far below what is considered an 

acceptable ratio (~25:1) for practical aerobic decomposition rates. In addition, composting at such 

a low C:N ratio will increase the chance of excessively volatizing nitrogen as ammonia or other 
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VOCs, thereby reducing the marketability of the mature compost. Green bush bean residues are 

not recommended as a sole composting feedstock. Alternative organic waste items produced by 

CEA would be the most convenient option as an amendment, such as spent growth substrate in the 

form of peat moss or coco coir. These feedstocks would not only add carbon to the compost 

mixture, but would also potentially increase the water holding capacity, cation exchange capacity, 

and structural integrity of the final compost. These characteristics could prove to be highly 

marketable if the mature compost is to be sold as a soil conditioner, or equally beneficial if it is 

intended to be reused as a growth substrate within the CEA system.   

3.5 Conclusion 

Plant factories are able to continuously produce food at high densities and will play a 

substantial role in supplying fresh produce to urban and peri-urban markets. That being said, there 

is still room for improvement when it comes to carbon use due to the need for externally sourced 

supplemental CO2. In addition, knowledge regarding the growth of green bush bean in CEA was 

very limited, especially across multiple environments. In this study, it was shown that green bush 

beans are a suitable candidate crop for CEA production and that their morphology can be altered 

by light, strength of fertigation solution, or specific combinations of them. It is recommended that 

higher proportions of blue light should be used to keep plants short, compact, and produce less 

overall leaf area to allow for higher planting densities. It was also shown that a fertigation solution 

that contains 200ppm produced plants that were generally delayed in developed under 10% and 

40% blue light. Manipulation of the light or fertigation solution given to green bush beans was not 

shown to be an effective method for altering the concentrations of carbon and nitrogen in the 

residues. If an alternative source of CO2 is to be drawn upon via the decomposition of green bush 
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bean residues, a carbon-rich amendment will be needed to successfully evolve enough gas to meet 

the needs of the plant factory, regardless of the environment in which the plants grew.   
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Chapter 4 

 

Development of an automated multi-vessel respirometric system to 

evaluate decomposition of composting feedstocks1 

4.1 Introduction 

During aerobic biodegradation, microorganisms consume gaseous oxygen (O2) to 

metabolize organic matter and release gaseous carbon dioxide (CO2) as a respiratory by-product 

(Epstein, 1996). The rate of respiratory O2 uptake or CO2 evolution—termed as respiration indices, 

can be related to the rate of microbial metabolic activity (Gómez et al., 2006). Estimating the rate 

of microbial metabolism by measuring these respiration indices within a controlled aerobic system 

is referred to as ‘respirometry’. Since CO2 evolution is typically associated with microbial activity 

during aerobic metabolism, it is used as a dependant variable to determine substrate 

biodegradability and stability over time (Gómez et al., 2006; Kalamdhad et al., 2008). Respired 

CO2 is also used to estimate the amount of carbon in the substrate that is available for microbial 

decomposition—referred to as Biodegradable Organic Carbon (BOC)—which can be further used 

to characterize raw materials and to formulate optimum feedstock mixtures for composting (Ponsá 

et al., 2011; Puyuelo et al., 2011). 

The microbe-driven biodegradation process and the resultant CO2 evolution are 

largely influenced by the physico-chemical properties of the substrate (carbon to nitrogen ratio, 

moisture content, pH, particle size) and the prevailing environment conditions (oxygen supply, 

temperature) (Diaz & Savage, 2007). Specialized respirometric systems can 

 
1 Chapter 4 is co-authored with Ajwal Dsouza (SES, University of Guelph) with an indicated 

section contribution from Jamie A. Lawson (SES, University of Guelph) 

 

 

Figure 4.1 - A typical temperature progression observed in a large-scale composting process. The composting 

process begins at ambient temperature, during which the growth and activity of mesophilic microbes rapidly raise 
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be used to study the effects of these parameters under optimized conditions on aerobic 

biodegradation processes of organic matter (Beck-Friis et al., 2001; Eiland et al., 2001; Guo et al., 

2012; Santos et al., 2016). Respirometric composting systems require four key components: (a) 

vessels where active biomass decomposition takes place; b) oxygen supply to maintain aerobic 

conditions; (c) a sampling method for CO2 measurement (Kijchavengkul et al., 2006); and (d) the 

ability to allow for a natural temperature progression (Lashermes et al., 2012).  

Several bench-scale (<25L) respirometric composting systems have been developed for 

various purposes, such as simulating large-scale composting processes (Magalhães et al., 1993; 

Smårs et al., 2001), evaluating compost biodegradability and stability (Komilis & Kanellos, 2012; 

Tseng et al., 1995), characterizing and optimizing feedstock biomass (Garcia-Gomez et al., 2002; 

Ponsá et al., 2011; Puyuelo et al., 2011), studying composting process dynamics under different 

treatments (Hwang et al., 2006; Li et al., 2013; Suler & Finstein, 1977) and for analysing 

biodegradability of natural and synthetic polymers (Dřímal et al., 2007; Jayasekara et al., 2001; 

Kijchavengkul et al., 2006; Way et al., 2010). These systems can be challenging to access for 

researchers due to their high component cost and operational complexity. In addition, 

certain technical limitations such as CO2 sensing capability and not allowing a natural temperature 

progression to occur within the vessels can compromise the data resolution and reliability, 

respectively, generated from respirometric systems. It is postulated that  substantial value can be 

derived from a scalable and low-cost respirometric system. Here, we present a design for 

a respirometric system built using off-the-shelf commercial CO2 sensors and microcontrollers that 

costs, in total, about $5K CAD. We demonstrate the quality and accuracy of the data as well as the 

repeatability of the system through a series of diagnostic decomposition tests.  It is intended that 

this design is to be used as a springboard for other researchers to adapt to their needs.  
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4.1.1 Carbon dioxide sampling limitations 

In terms of CO2 sampling, manual methods such as alkaline traps (Campbell et al., 1990a; 

Komilis & Ham, 2000; Li et al., 2013; Suler & Finstein, 1977; Száraz & Beczner, 2003), or gas 

chromatography (Calmon et al., 2000; Dřímal et al., 2007; Komilis & Ham, 2000) and infrared 

analysers (Haney et al., 2018; Dagnon et al., 2014; Kijchavengkul et al., 2006; Lashermes et al., 

2012; Way et al., 2010) are commonly employed in respirometric systems.  

Alkaline traps are a passive capture method for CO2 sampling that involves the absorption 

of gas from single or multiple vessels through a sodium hydroxide or potassium hydroxide 

solution, and then quantification of the dissolved CO2 through a secondary titration process. This 

method can be labour intensive due to the need for hourly or daily replacement of alkaline trap 

solution. In addition, manual titration can be cumbersome, time-consuming, and prone to user error 

(Calmon et al., 2000). Alkaline traps also cannot provide continual sampling and generate only 

cumulative results with low resolution.  

Sampling methods such as Gas Chromatography (GC) or Infra-Red (IR) analysers use 

either a manual input of gas samples or a computer-controlled system to dictate an automatic 

sampling schedule. These methods are highly accurate and can generally be less labour intensive 

in comparison with the alkaline trap methods. However, traditional GC and IR analysers are 

expensive, require extensive calibration, and need dedicated and highly trained personnel to 

operate efficiently. Typically, a single analyser unit which can cost $5-10K CAD alone, has been 

used in multi-vessel composting systems, meaning only one vessel can be sampled at a time, 

making the sampled data staggered and discontinuous. These analysers also require purging 

between subsequent sampling events, further increasing the overall sampling duration and 
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reducing the number of samples drawn per day. Although this results in data with a relatively 

higher resolution, it still strays away from a desired “continuous” sampling regiment.  

4.1.2 Individual vessel temperature progression 

In a large-scale composting process, the heat generated during biodegradation is retained 

within the substrate as a function of airflow and insulative capacity, resulting in a distinctive 

temperature progression (Figure 4.1). However, in bench-scale vessels there is a relative lack of 

insulation due to the restricted substrate volume and a lower potential to generate heat energy 

compared to a larger system. Hence, the metabolically generated heat is more easily lost 

conductively through the reactor walls (Petiot & de Guardia, 2004). To reduce conductive heat 

losses and to make the vessel walls isothermal to the compost substrate, vessel walls have typically 

been heated externally (with water baths or electric heating wraps) and maintained at a temperature 

0.5–5 °C below that of the substrate temperature through feedback-driven systems (Mason & 

Milke, 2005). Such heating systems are called Controlled Temperature Difference (CTD) systems 

and are employed to reduce metabolic heat loss by minimizing the temperature differential 

between substrate and vessel wall (Oazana et al., 2018). Vessel walls maintained at fixed 

temperature cannot effectively simulate the temperature dynamics of a large-scale composting 

process, meaning at all times the substrate is over or under-insulated (Mason & Milke, 2005; 

Oazana et al., 2018; Petiot & de Guardia, 2004). Moreover, heating systems that are “communal”, 

wherein multiple vessels in a respirometric system are heated by a common source, prevent 

independent and simultaneous temperature progressions. A respirometric composting system with 

independent heating capability that follows a CTD regime for each vessel could attain a higher 

diversity for its applications. 



 

 

76 

 

 

 

 

 

 

  

4.1.3 Reproducibility limitations  

A bench-scale respirometric system with a high degree of reproducibility between a large 

number of vessels, as opposed to systems with 1-4 vessels, enables increased reliability of 

detecting treatment differences and helps to obtain a consistent process outcomes (Schloss & 

Walker, 2001). Low reproducibility due to the interplay of multiple physio-chemical and 

environmental factors is a major limitation for biodegradation studies (Castro-Aguirre et al., 2017). 

Figure 4.1 - A typical temperature progression observed in a large-scale composting process. The 

composting process begins at ambient temperature, during which the growth and activity of 

mesophilic microbes rapidly raise the biomass temperature beyond 45 °C (rapid heating phase). 

The temperature plateaus briefly at a peak thermophilic level (brief temperature peak phase). At 

these temperatures, thermophilic microbes dominate until the available nutrient sources in the 

biomass are depleted, resulting in a slow temperature decline to ambient levels (slow cooling and 

maturation phases)  
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Therefore, achieving reproducibility across many vessels in a respirometric system through 

adequate experimental repetition is desirable to ensure the systems reliability and validity of 

generated data.  

4.1.4 Study Objectives 

The main goal of this study was to design a low-cost respirometric system for use with 

compost feedstock mixtures to generate continuous sensing of evolved CO2 gas during 

decomposition of organic matter. Outlined is the design and operation, as well as the initial 

verification tests, of a tightly controlled and streamlined multi-vessel respirometric system at a 

bench scale. The specific objectives were to:  

1. Collect real-time CO2 data using miniaturized NDIR CO2 sensors from multiple vessels in 

a continuous and autonomous fashion 

2. Demonstrate reproducibility of the system and refine operational procedures through 

multiple experimental trials 

3. Demonstrate the use of a CTD system that acts on a per vessel basis 

4.2 The respirometric system 

4.2.1 Overview of design an operational description 

A respirometric system was designed and constructed at the University of Guelph’s 

Controlled Environment Systems Research Facility in Guelph, Ontario, Canada. The complete 

respirometric system was operated inside a sealed and environmentally-controlled walk-in growth 

chamber. The environmental parameters within the growth chamber, such as ambient temperature 

and humidity was kept constant throughout the operation period of the respirometric system to 

minimize the effects of variable external environmental conditions on the experimental processes. 
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The respirometric system consisted of seventeen identical and insulated vessels, each with 

the ability to independently regulate vessel temperature using the CTD protocol. All seventeen 

vessels were continuously oxygenated through controlled forced aeration. Air outflow from each 

vessel was routed through dedicated water traps housed inside a condenser unit meant to remove 

water vapour from the effluent gas stream before reaching any electronic hardware. The 

dehumidified outflow air from each vessel was passed through one of seventeen dedicated 150-

micron particle filters (CM-0117, Gas Lab Sensor Specialists, USA) and then into a dedicated CO2 

sensor housing. Each housing contained a single NDIR CO2 analyser (SCD 30, Sensirion, 

Switzerland) that outputs a continuous data stream (including ppm CO2 [temperature adjusted], 

RH%, and °C) to a central CPU. Air outflow lines from all sensor housings were ganged and 

vented away from the system. A schematic and picture of the system is shown in Figures 4.2 – 4.3.   

  Figure 4.2 - Overview of the air flow path through a single vessel within the respirometric system manifold. R = 

Rotameter, T = Thermistor, H = Heating pads, NDIR = NDIR CO2 gas analyser, MC = Micro-controller 

 

Figure 4.4 – The completely assembled respirometric system. Credit: Ajwal DsouzaFigure 4.5 - Overview of the 

air flow path through a single vessel within the respirometric system manifold.  R = Rotameter, T = Thermistor, 

H = Heating pads, NDIR = NDIR CO2 gas analyser, MC = Micro-controller 
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Figure 4.3 – The completely assembled respirometric system. Credit: Ajwal Dsouza 
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4.2.2 Individual vessels 

Each vessel was a 2L glass jar (Bernardin, Canada) with an airtight and corrosion-resistant 

screw-on lid. Each vessel had an identical air inlet and an exhaust outlet, created by drilling two 

holes through the lid and screwing 6.35mm union bulkhead fittings (20-4-P-O, JACO, USA) into 

both holes. Quick-connect elbow fittings were attached to both the inlet and outlet lines 

(PP0308W, John Guest, USA) (Figure 4.4). A third hole was drilled through each lid to fit an 

airtight gland bulkhead (1545.07.06, ARGO AG, Switzerland) and associated locking nut (8207, 

ARGO AG, Switzerland). A thermistor (MA100 Series, Amphenol, USA) was inserted into the 

vessel through the gland bulkhead. This thermistor relayed the substrate temperature which was 

logged by a central Raspberry Pi (RPi) 3 Model B CPU (Raspberry Pi Foundation, UK). All three 

bulkheads were sealed on both sides of the vessel lid using silicone O-rings (41UK80, Grainger 

Inc., USA). Inlet air was directed to the bottom of the vessel via a 6.35mm PTFE tube. The vessels 

were arranged on a two-level shelving unit, with eight vessels (#1-8) placed on the bottom level 

and nine on the top level (#9-17). 

Each vessel was first wrapped in a layer of aluminum foil to encourage the even distribution 

of heat generated by two 150×50mm electrical heating pads (HF0515, Adafruit Industries, USA) 

affixed to opposite sides of the vessel. Heat resistant silicone tape held the foil and heating pads in 

place. A second thermistor was affixed, using silicone tape, to the inside midpoint of the vessel 

wall (not contacting a heating pad) and reported the vessel wall temperature to the CPU. To reduce 

heat loss from the substrate, each vessel was wrapped with a single layer of thermal insulation with 

a metallized polyethylene surface (facing towards vessel wall) (M2V, Resisto, Canada). 
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4.2.3 Temperature control 

The heating pads on each vessel can reach temperatures up to 60 ºC and can be used to 

maintain either a fixed temperature or act as a feedback-driven CTD regulator. When used as a 

CTD regulator, the temperature of the vessel walls can be regulated to within 0.5-5 °C below that 

of the core temperature to avoid actively heating the substrate. Temperature data from both the 

internal thermistor and the thermistor affixed within the vessel wall were relayed to the CPU to 

determine if there was sufficient insulation at that particular time. These temperature values were 

refreshed every 5 seconds. Moreover, the vessels themselves were thermally isolated from each 

other on the shelving unit by 25mm thick polystyrene insulation (Foamular 150, Owens Corning, 

USA).  

 

Inlet

Thermistor (substrate)

Diffuser

Gland bulkhead

Outlet

Thermistor (wall)

Aluminum foil

Heating pads

Thermal insulation  
wrap

 a  b

Figure 4.4 - Breakdown of an individual vessel. a) Internal components b) Heating and insulation 

 

Figure 4.15 - Left to right: 3D printed novel diffuser using PLA and software sketches showing internal air 

channelsFigure 4.16 - Breakdown of an individual vessel. a) Internal components b) Heating and insulation 

 

Figure 4.17 - Left to right: 3D printed novel diffuser using PLA and software sketches showing internal air channels 

Figure 4.18 - Breakdown of an individual vessel. a) Internal components b) Heating and insulation 

 

Figure 4.19 - Left to right: 3D printed novel diffuser using PLA and software sketches showing internal air 

channelsFigure 4.20 - Breakdown of an individual vessel. a) Internal components b) Heating and insulation 
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4.2.4 Aeration  

An oilless electric diaphragm pressure/vacuum pump (DOA-P704-AA, GAST Mfg Inc., 

USA) delivered air to each vessel through a branching manifold made from 6.35mm PTFE tubing. 

Before reaching each vessel, the air in the main line was humidified by passing it over 500ml of 

DI water in a sealed glass container, connected through the same fittings used on each vessel. The 

humidified air was then split into seventeen sub-lines. Each sub-line entered an individual 

rotameter (MMA-21, Dwyer Instruments, USA) before the inlet of each vessel. Each rotameter 

controlled the air flowrate (0 - 2.5 L/min) into its respective vessel and was calibrated by hand 

using a constant airflow rate. Inlet air was routed to the bottom of each vessel and passed through 

a novel 3D-printed diffuser made from acrylonitrile butadiene styrene (Figure 4.5). The diffuser 

was added to increase the uniform dispersal of air within each vessel and prevent air channelling 

described by Way et al. (2010). 

Outflow air from each vessel then passed through one of seventeen dedicated medical-

grade inline water traps (with removable threaded caps) (7001-0-25, Salter Labs, USA) to 

condense and remove water vapour from the effluent gas. It was decided that passing the outflow 

gas over a solid sorbent material would be too cumbersome and costly due to frequent refills. To 

enhance each water trap’s ability to condense moisture from the effluent air streams, they were 

collectively passed through a portable insulated cold box (P65 KargoKooler, Koolatron) that was 

cooled to ~ 6.6 °C for the duration of each experiment.  The water traps were emptied as needed. 
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4.2.5 CO2 analysers 

Dehumidified effluent air from each vessel was directed into one of seventeen CO2 analyser 

housings. Each housing is a 500ml glass jar (Bernardin, Canada) whose lids were modified 

similarly to the vessels lid. A single small (35 mm x 23 mm x 7 mm) Non-Dispersive Infrared 

(NDIR) CO2 analyser (SCD 30, Sensirion AG, Switzerland) with an overall sensing range of 0 - 

40,000 ppm (±30 ppm @ 25°C) was suspended in the center of each housing (Figure 4.6). The 

sensor requires ~5V at a max amperage of 75mA. The sensor also records the air temperature (-40 

- 70°C ± 0.4°C) and relative humidity (0 - 100% ± 0.3%) within the housing. The SCD30 sensor 

automatically accounted for relative humidity and temperature changes when reporting CO2 

concentration values to the CPU every ≥ 2 seconds, though due to the number of sensors used a 5 

second sampling rate was found to be the fastest interval achievable.   

 

Figure 4.5 - Left to right: 3D printed novel diffuser using PLA and software sketches showing internal air channels 
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4.2.6 Electronic hardware, software, and datalogging1 

Each of the CO2 “analyser units” consisted of an ItsyBitsy M4 Express microcontroller 

board (Adafruit, NY, USA), a Sensirion SCD30 CO2 sensor, a thermistor to measure the compost 

temperature, heater, and control circuitry with a second thermistor for the vessel wall temperature 

control (Figure 4.7). 

The SCD30 communicates over the microcontrollers I2C bus. The thermistors were wired 

as part of a voltage divider with each connected to individual analog inputs. The heating pads were 

powered by a 12V DC 2.5A supply throttled through a logic level MOSFET using pulse width 

modulated (PWM) outputs. The blank vessel also had a BME680 pressure sensor connected to it. 

The sensor units were connected together through a multi-drop logic level serial communications 

 

1 Written by Jamie A. Lawson 

Figure 4.21 – Sensirion SCD30 CO2 sensor 

 

Figure 4.22 - Circuit diagram for a single complete sensing unit 

within the daisy chainFigure 4.23 – Sensirion SCD30 CO2 sensor 

 

Figure 4.24 - Circuit diagram for a single complete sensing unit 

within the daisy chain. Credit: Jamie A. Lawson 

 

Table 4.1 - Environment setpoints and actual mean valuesFigure 

4.25 - Circuit diagram for a single complete sensing unit within the 

daisy chain. Credit: Jamie A. LawsonFigure 4.26 – Sensirion 

SCD30 CO2 sensor 

 

Figure 4.27 - Circuit diagram for a single complete sensing unit 

within the daisy chainFigure 4.28 – Sensirion SCD30 CO2 sensor 
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network using the microcontrollers UART. This serial network then connected to one of the USB 

ports on the RPi through a serial to USB converter. 

There were two software components, (1) the firmware running on the microcontroller and 

(2) the software running on the station controller (RPi). The RPi acted as the time-keeper, data 

handler, and communications controller. Each monitoring unit hand a unique address which was 

supplied as part of the command. The monitoring units do not initiate any communications but 

wait for a valid command from the RPi. There are global commands, which all units will receive, 

and addressed commands, which only the unit with the matching address will receive (the others 

will ignore it). In this way the RPi can initiate a “store current reading” to all units essentially 

simultaneously and can then sequence through them to retrieve the requested data. 

By default the SCD30 sampled CO2, temperature, and relative humidity once every two 

seconds and the latest values were stored when commanded. On each measurement cycle the RPi 

sent the global command “store latest data” and all monitoring units sampled the data from the 

SCD30 and other sensors and stored them locally. The RPi then stepped through each address 

requesting the data that was just stored. This takes approximately 5 seconds. These data are stored 

along with a time stamp into a file on the RPi and also sent to a secondary repository on an internet 

connected server. 
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Figure 4.29 - Circuit diagram for a single complete sensing unit within the daisy chain. Credit: Jamie A. Lawson 

 

Table 4.2 - Environment setpoints and actual mean valuesFigure 4.30 - Circuit diagram for a single complete sensing unit 

within the daisy chain. Credit: Jamie A. Lawson 
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4.3 Materials and methods 

4.3.1 Sodium bicarbonate and acetic acid trial 

This trial was conducted to understand the effect of flow rate on the accuracy of the CO2 

sensors when in operation. Eight of the sixteen vessels were randomly assigned to receive an air 

flow rate of 0.5 L/min, and the remaining eight received a rate of 0.25L/min. Ten grams of 99.9% 

pure sodium bicarbonate (S233-500, Fisher Scientific, USA) was placed in each vessel and 27.29 

ml of 5% acetic acid (White vinegar, Great Value, Canada) was gradually and evenly added to 

each vessel through a sealed passageway in each lid using a burette to achieve an expected 

stoichiometric yield of 1g CO2  (Equation 4.1). The reaction was left to procced for 30 hours. 

During this trial, the temperature control system and condenser were turned off, and the humidifier 

was bypassed. The environment setpoints for the walk-in chamber are given in Table 4.1.  

 

(Eq. 4.1) CH3COOH (l)    +    NaHCO3 (s)    →    CH3COONa (aq)    +   CO2 (g)    +    H2O (l)    

 

  

4.3.2 Biomass trials 

The purpose of this experimental trial series was to identify areas of improvement 

regarding the system’s design and verify that it can reliably monitor decomposing organic matter 

using several compost feedstock mixtures over three seven-day trials.  

Chamber Parameter Set levels Actual levels 

Chamber temperature (°C) 23 22.1 

Chamber RH (%) 60 64.6 

Chamber CO2 (ppm) - 452 

Table 4.1 - Environment setpoints and actual mean values 
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Materials that were used to make compost mixtures included spent coffee grounds (SCG), 

leaf litter (LL), and calcium nitrate fertilizer (FERT). SCG were sourced from Cavan Coffee in 

Guelph, Ontario, Canada during spring 2021. SCG were chosen as a feedstock due to its ubiquitous 

abundance as an organic waste item in urban settings, physico-chemical homogeneity, and its 

favourable carbon and nitrogen content. SCG were dewatered in a 70ºC drying room before 

incorporation into a compost mixture. Red Maple (Acer rubrum) LL was collected from the Priory 

Park area in Guelph, Ontario, Canada during the fall of 2020. LL was chosen as a feedstock due 

to its ubiquitous nature in suburban areas, seasonal availability, and high carbon content. LL was 

dewatered in a 70ºC drying room and subsequently ground into particle sizes ranging from 1-3mm 

using a commercial blender (InStyle HH-362, E.F. Appliances Canada Ltd., Canada) before 

incorporation into a compost mixture. Greenhouse grade calcium nitrate (Ca(NO3)2) fertilizer 

(15:0:0, CALCINIT, YaraLiva, USA) was selected as a nitrogen source due to its widespread use 

in CEA.   

Five 1g samples were drawn from various depths of the LL and SCG feedstock piles for 

carbon and nitrogen analysis (Table 4.2). TOC (%) and TN (%) for the LL and SCG were analysed 

using a CR-412 carbon analyser (LECO Corporation, USA) and a FP-528 nitrogen analyser 

(LECO Corporation, USA) respectively. The pH of each feedstock was obtained by measuring a 

20:1 (w/w, DI water to dried solid) solution with a combo pH/EC meter (BLU2300E, BlueLab, 

New Zealand) after 30 minutes of constant stirring.  
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Each trial was run as a completely randomized design (CRD) and comprised four distinct 

compost mixtures established on the basis of C:N ratio (Table 4.3). Compost mixtures were created 

using a calculator provided by the Innovative Waste Management Research Program from the 

Faculty of Agriculture at Dalhousie University. Four replicates of each mixture were randomly 

assigned to the vessels, totalling 16 experimental units. The 17th vessel functioned as a blank. DI 

water was added to the compost mixtures to attain a desired moisture content level based on 

Equation 4.2. In Trial 1 only, airflow into two replicates per treatment were 

actively humidified above ambient while the remaining two were fed ambient air at ~65% RH.  

(Eq. 4.2)                  𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (%) =  
𝐹𝑟𝑒𝑠ℎ 𝑤𝑒𝑖𝑔ℎ𝑡−𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡

𝐹𝑟𝑒𝑠ℎ 𝑤𝑒𝑖𝑔ℎ𝑡
 ×  100                         

Air flowrate was kept constant throughout each trial to meet the oxygen demand for all 

treatments yet was manually reduced from 0.5L/min to 0.25Lm/min between Trials 2 and 3. The 

temperature control system was set to hold the vessel walls at 2°C lower than that of the substrate 

temperature throughout the entire experiment once the compost exceeded 25°C.  

At the end of each trial, the compost mixtures were removed from each vessel, individually 

weighed, and were dewatered in a drying room set to 70°C until a constant weight was achieved. 

A dry 1g sample from each vessel was analysed for TOC, TN, and pH using the previously 

Feedstock TOC (%) TN (%) C/N ratio pH 

Leaf litter 46 ± 3 0.96 ± 0.095 48:1 5.6 

Spent coffee grounds 44.45 ± 0.6 1.45 ± 0.25 30:1 5 

Fertilizer 0 15 - 6 

Table 4.2 – Chemical characteristics of individual feedstocks (n =5, pH n = 1). Values are the mean ± SD 
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described methods. All vessels were subsequently cleaned with soapy water (Dawn Ultra Original, 

Procter & Gamble, USA), thoroughly rinsed, and air dried before the next trial commenced. 
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  Treatment # Components C:N Ratio 
Airflow rate 

(L/min) 

Initial Moisture  

Content (%, w/w) 

Carbon 

Content (g) 

Nitrogen 

Content (g) 

Trial 1 

1 

100g SCG 

100g LL 

42g FERT 

10:1 0.5 40 89.5 8.7 

2 

100g SCG 

100g LL 

5g FERT 

25:1 0.5 40 89.5 3.1 

3 200g SCG 30:1 0.5 40 88 2.9 

4 200g LL 48:1 0.5 40 91.1 1.9 
        

Trial 2 

1 
200g LL 

28g FERT 
15:1 0.5 40 91.1 6.1 

2 
200g LL  

11.5g FERT 
25:1 0.5 40 91.1 3.6 

3 
100g SCG 

100g LL 
35:1 0.5 40 89.5 2.4 

4 200g LL 48:1 0.5 40 91.1 1.9 
        

Trial 3 

1 
200g LL 

28g FERT 
15:1 0.25 50 91.1 6.1 

2 
200g LL  

11.5g FERT 
25:1 0.25 50 91.1 3.6 

3 
100g LL 

100g SCG 
35:1 0.25 50 89.5 2.4 

4 200g LL 48:1 0.25 50 91.1 1.9 

Table 4.3 - Composition and characteristics of each compost mixture across three diagnostic trials. Carbon and nitrogen content data are 

given on a per vessel basis based upon the feedstock mixture 
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4.3.3 CO2 sampling 

CO2 concentration in the exhaust from each vessel was read and logged by the sensor every 

5 seconds. The mass of CO2 and carbon (g) alone for the time interval between successive 

samplings for each vessel were calculated using Equation(s) 4.3 and 4.4 respectively.  

(Eq. 4.3)                                              g𝐶𝑂2 = 
(𝐶𝑒𝑥−𝐶𝑏𝑙)𝐹 𝑡 44 

𝑅𝑇 106
                                                           

(Eq. 4.4)                                                gC = 
(𝐶𝑒𝑥−𝐶𝑏𝑙)𝐹 𝑡 12 

𝑅𝑇 106
                                                            

Where, gCO2 is the mass of CO2 evolved from the substrate (g), Cex and Cbl is the 

concentration (ppm) of CO2 in the vessel and blank exhaust, respectively. F is the air flowrate 

(L/m), and t is the time between successive measurements (minutes), while R is the ideal gas 

constant (0.082057 L atm K-1 mol-1). T is the temperature of exhaust gas at the sensor (K). Finally, 

106 is the concentration ppm conversion factor, 44 g/mol is the molar mass of CO2 and 12 g/mol 

is the molar mass of carbon. The cumulative gCO2 and gC  for a trial was determined by adding 

the calculated values for all the sampled datapoints.   

4.3.4 Carbon mineralization 

Total carbon mineralization (%) was calculated by Equation 4.5, with gsub representing the 

dry mass of the initial substrate (grams) and %Csub representing the percent C in the initial 

substrate. 

(Eq. 4.5)                              % mineralization =  
gCO2

gsub (
%Csub

100
)  (

44

12
)

 ×  100   
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4.3.5 Data analysis 

Final values of CO2 concentration, relative humidity, and exhaust, as well as vessel core 

temperature data were processed using RStudio Version 1.3.1056 (RStudio Team,  MA, USA). 

The datasets for each day of a trial period was first stringed together serially and saved as a master 

datafile. To calculate the cumulative CO2 and carbon on a mass basis, Equation 4.3 and 4.4 was 

applied for each sampled datapoint, respectively, and the results were totalled using “mutate” 

function and basic numeric operator functions. To plot the time-dependent curves for CO2 

evolution and temperature, a subset of the master dataset was created by retaining sampling points 

of every 10 minutes and plotted. All graphical figures were generated using the GGPLOT2 

package. 

4.4 Results and General Discussion  

4.4.1 Trial 1 

The aim of this trial was to gauge the functionality of the respirometric system, gather 

information regarding what maintenance should be completed during operation, 

and to understand the effect of humidifying the airflow on the final moisture content of the 

substrate at the end of the trial. The SDC30 sensors were all was calibrated at the same time 

electronically to ambient CO2 levels by comparing it to an Argus OMNI Sensor (Titan, Argus 

Controls, CA) in the growth chamber. During the trial, it was discovered that water traps filled at 

a faster rate than what was expected, resulting in a partial blockage of airflow through the system 

for various replicates. In addition, the particle filters were found to be the cause of secondary 

moisture buildup in the PTFE lines which resulted in a further  blockage of various gas lines. This 

combination of unforeseen events resulted in data dropouts and some sporadic changes in the 

CO2 curves among some replicates (vessels #6, #8, #13, and #16) (Figure 4.8).  
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CO2 evolution rates were different for each treatment while the duplicates within each 

treatment, on a humidification basis, followed similar evolution curves (Figure 4.8). Figure 4.9 

shows temperature data across all treatments for each vessel, which closely matched with CO2 

production on a time basis. Every treatment showed signs of water loss relative to the initial water 

content (Figure 4.10), though active humidification resulted in less water loss compared to the un-

humidified vessels in every treatment. Treatment 2 (25:1) CO2 production peaked after ~3 days 

while Treatment 4 (48:1) peaked after only ~2 days. Immediately following the peak, a sharp 

decline in CO2 evolution was seen for each.  Treatment 2 declined at a slower rate (~3 days) than 

Treatment 4 (~1 day). Only a single replicate (vessel #1) of Treatment 1 (10:1) produced any 

measurable CO2, which took ~4 days to start. Treatment 3 (30:1) also took ~4 days to begin 

evolving CO2 but began to decline after a small pulse. Interestingly, when SCG alone were 

decomposed, much less CO2 was evolved than what might have been expected due to its C:N ratio 

of 30:1. SCG were found to have a slightly acidic initial pH of 5 using a 20:1 w/w DI water to 

dried solids solution (data not shown), which may have negatively affected the microbial 

community as was postulated by Liu & Price (2011).  

 

 

 

 

 



 

 

95 

 

Figure 4.33 - CO2 production curves during Trial 1 over seven days using actively humidified (#1–8) (a, b); and non-humidified (#9–16) (c, d) 

airflow (0.5 L min-1). The dotted line with grey field is the mean curve (n = 4) and the 95% confidence intervals, respectively. k =  103 (Y-axis 

scale) 

 

Figure 4.34 - Temperature progression curves for each treatment during Trial 1 over seven days using humidified (#1–8) (a, b); and non-

humidified (#9–16) (c, d) airflow (0.5 L min-1). The dotted line with grey field is the mean curve (n = 4) and the 95% confidence intervals, 

respectively 
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 Figure 4.36 - Temperature progression curves for each treatment during Trial 1 over seven days using humidified (#1–8) (a, b); and non-humidified 

(#9–16) (c, d) airflow (0.5 L min-1). The dotted line with grey field is the mean curve (n = 4) and the 95% confidence intervals, respectively 

 

Figure 4.37 - Comparison of the final mean moisture content (%) of each treatment on a wet basis. Error bars are ± SEM (n = 2) 
Figure 4.38 - Temperature progression curves for each treatment during Trial 1 over seven days using humidified (#1–8) (a, b); and non-humidified 

(#9–16) (c, d) airflow (0.5 L min-1). The dotted line with grey field is the mean curve (n = 4) and the 95% confidence intervals, respectively 
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Figure 4.39 - Comparison of the final mean moisture content (%) of each treatment on a wet basis. Error bars are ± SEM 

(n = 2) 
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The decomposability in terms of carbon mineralization is given in Figure 4.11. A 

discrepancy between initial carbon and the sum of final C and CO2-C was observed. This could be 

due to losses of carbon from the system as methane, volatile organic compounds containing 

carbon, or CO2 dissolved in moisture, through the later was described to be negligible by 

Kijchavengkul et al., (2006). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11 - Mean total grams of CO2-C exiting the system in relation to the mean total grams of carbon left in the 

various treatments. The difference between initial values and the combined final + CO2-C values is accounted for by 

the weight of oxygen, methane, and other carbon containing VOCs exiting the system. Error bars are ± SEM (n = 4). 

The numbers on top of each treatment bar are the carbon mineralization percentages ± SD 

 

 

 

Figure 4.40 - CO2 production curves for each treatment during Trial 2 over seven days using actively humidified 

airflow (0.5 L min-1). The dotted line with grey field is the mean curve (n = 4) and the 95% confidence intervals, 

respectively. k =  103 (Y-axis scale) 
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4.4.2 Trial 2 

The aim of this seven-day trial was to (1) evaluate the systems performance when all 

treatments are actively humidified in comparison to Trial 1 and (2) expand the compost mixture 

compositions. For Trial 2, the particle filters were removed from the system entirely and the water 

traps were drained daily to prevent clogging and data losses. Three new substrate mixtures were 

used while Treatment 4 remained the same as in Trial 1 (Table 4.3). This was done to gain more 

experience with using nitrate fertilizer as a nitrogen source. Each treatment was present in four 

vessels. The SDC30 sensors were not recalibrated for Trial 2. 

Overall, Trial 2 yielded a visually tighter grouping within treatments than Trial 1, showing 

that repeatability could be achieved with the system. Treatments 2 (25:1), 3 (35:1), and 4 (48:1) 

showed similar profiles of CO2 evolution, with production peaking after ~2 days (Figure 4.12). 

Treatment 1 (15:1) yet again experienced a comparative lag, not peaking until ~3.5 days. At their 

respective peaks, Treatment 2 produced an additional ~1000ppm CO2 per sampling event than 

Treatments 3 and 4, and ~2000ppm more than Treatment 1. In the afternoon of Day 4, an 

unexpected electrical event caused the air pump to increase the flowrate of air moving into each 

vessel to 1L/min. This was not noticed until the next day where all rotameters were readjusted to 

the starting flowrate of 0.5L/min. The surge and readjustment of flowrate affected the 

CO2 readings as observed with the sudden rise and drop in  CO2 readings across all treatments, 

inadvertently confirming the high sensitivity of the system to detect differences caused by internal 

or external factors.  The problem of dropping CO2 readings and data losses due to the clogging of 

particle filters and gas lines observed in Trial 1 was eliminated in Trial 2.  In comparison, Trial 2 

showed substantially lower levels of CO2  evolution. This was postulated to be a result of the air 
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flowrate cooling the biomass and thereby discouraging the temperature rise required for microbial 

proliferation. This was seen in the relatively lower substrate temperature for Trial 2 (Figure 4.13).  

Similar to Trial 1, it was observed that all treatments exhibited a similar degree of water 

loss, even when actively humidified (Figure 4.14). It was postulated that water losses could be 

attributed to the relatively high flow of air into each vessel, causing the compost to gradually dry 

out over time. The water loss resulted in final moisture content reaching close to 30% which is 

considered below the range of optimum moisture content of 50-55% needed to sustain microbial 

activity (Rynk et al., 1992).  

In terms of cumulative CO2 production, Treatment 2 evolved the largest mass of CO2, 

followed by Treatments 3 then 4, and ending with Treatment 1 which again evolved a far smaller 

amount in comparison (Figure 4.15). This was in line with what would have been expected due to 

the differences in the initial C:N ratios of the treatments.  

The quantity of carbon mineralized for Trial 2 is given in Figure 4.16. However, the 

mineralization percentage was considerably lower than observed in Trial 1. It is postulated that 

sensor accuracy may have been affected by the removal of particle filters. Removal could have 

inadvertently caused an increase in airflow speed entering the sensor housings compared to Trial 

1, meaning that the airflow into the sensor housings during Trial 1 may have actually been slower 

than 0.5L/min.  
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Figure 4.12 - CO2 production curves for each treatment during Trial 2 over seven days using actively humidified airflow (0.5 L min-1). The dotted 

line with grey field is the mean curve (n = 4) and the 95% confidence intervals, respectively. k =  103 (Y-axis scale) 

 

Figure 4.44 - Figure 4.45 - CO2 production curves for each treatment during Trial 2 over seven days using actively humidified airflow (0.5 L min-

1). The dotted line with grey field is the mean curve (n = 4) and the 95% confidence intervals, respectively. k =  103 (Y-axis scale) 
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Figure 4.13 - Temperature progression curves for each treatment during Trial 2 over seven days using actively humidified airflow (0.5 L min-1). The 

dotted line with grey field is the mean curve (n = 4) and the 95% confidence intervals, respectively 
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Figure 4.14 - Comparison of the final mean moisture content (%) on a wet basis of each treatment 

in Trial 2. Error bars are ± SEM (n = 4) 

Figure 4.15 – Comparison of the mean grams of CO2 produced from each treatment in Trial 2 over 

seven days. Error bars are ± SEM (n = 4) 
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Figure 4.16 - Mean total grams of CO2-C exiting the system in relation to the mean total grams of carbon left in the 

various treatments in Trial 2. The difference between initial values and the combined final + CO2-C values is 

accounted for by the weight of oxygen, methane, and other carbon containing VOCs exiting the system. Error bars are 

SEM (n = 4). The numbers on top of each treatment bar are the mean carbon mineralization percentages ± SD 

 

 

Figure 4.50 - Cumulative CO2 (g𝑪𝑶𝟐) readings from the carbonate trial. The means were compared using unpaired 

T-test (p = 0.1). The bold cross bar shows the mean, error bars show ± SD of the sampled data (n = 8) and the point 

range bars indicate the inherent sensor error of 30 ppm as given in the manufacturer’s datasheet translated to 

cumulative CO2 over the trial period of thirty hours for the respective airflow rate 

 

 

Figure 4.51 - Mean total grams of CO2-C exiting the system in relation to the mean total grams of carbon left in the 

various treatments in Trial 2. The difference between initial values and the combined final + CO2-C values is 

accounted for by the weight of oxygen, methane, and other carbon containing VOCs exiting the system. Error bars are 

SEM (n = 4). The numbers on top of each treatment bar are the mean carbon mineralization percentages ± SD 
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4.4.3 Sodium bicarbonate and acetic acid trial 

The aims of this trial were to (1) evaluate the effect of air flowrate (0.25 & 0.5L/min) on 

the accuracy of CO2 sensors as given by cumulative CO2 and (2) to overlay the inherent sensor 

error with the variability seen from the sampled data. Sensors were calibrated at the same time 

electronically by pumping a reference gas (CO2 concentration of 2040 ppm), through 

the entire manifold for five minutes.  

CO2 sensor hysteresis was reduced at a lower flow rate. Even when accounting for the 

30ppm sensor error for both treatments, a flowrate of 0.25 L/min (n = 8) was seen to 

reduce sensor variability compared to a flowrate of 0.5L/min (n = 8) (Figure 4.17). However, the 

difference of the mean cumulative CO2 between the two flowrates was not statistically significant 

(Unpaired T-test, p = 0.1). Vessels receiving a lower flowrate sensed an average 

of 0.99g ± 0.137 g (mean ± SD) of cumulative CO2 exiting the system, while the vessels running 

at the higher flowrate sensed an average of 1.102g ± 0.118 g of cumulative CO2. For this reason, 

combined with the potential to remedy issues with moisture loss, a flowrate of 0.25 L/min was 

employed for the third compost trial.  

The inherent variability of the sensors equates to ±0.02428 and 

± 0.04855 grams cumulative CO2 for flowrate of 0.25 and 0.5 L/min respectively over the  period 

of 30 hours (Figure 4.17). The lower variability of the  sensors than the sampled data demonstrates 

the reliability and accuracy of the sensors for the purposes of this study.   
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Figure 4.17 - Cumulative CO2 (g𝑪𝑶𝟐) readings from the carbonate trial. The means were compared using unpaired 

T-test (p = 0.1). The bold cross bar shows the mean, error bars show ± SD of the sampled data (n = 8) and the point 

range bars indicate the inherent sensor error of 30 ppm as given in the manufacturer’s datasheet translated to 

cumulative CO2 over the trial period of thirty hours for the respective airflow rate 

 

 

 

 

Figure 4.52 - CO2 production curves for each treatment during Trial 3 over seven days using actively humidified 

airflow (0.25 L min-1). The dotted line with grey field is the mean curve (n = 4) and the 95% confidence intervals, 

respectively. k =  103 (Y-axis scale) 
Figure 4.53 - Cumulative CO2 (g𝑪𝑶𝟐) readings from the carbonate trial. The means were compared using unpaired 

T-test (p = 0.1). The bold cross bar shows the mean, error bars show ± SD of the sampled data (n = 8) and the point 

range bars indicate the inherent sensor error of 30 ppm as given in the manufacturer’s datasheet translated to 

cumulative CO2 over the trial period of thirty hours for the respective airflow rate 

 

 

 

0.6

0.8

1.0

1.2

0.25 0.5

Airflow rate (L min
-1)

C
u
m

u
la

ti
v
e

C
O

2
(g

ra
m

s
)



 

 

107 

4.4.4 Trial 3 

The main changes made in Trial 3 were (1) employing a reduced flowrate of 0.25 

L/min and (2) increasing the initial moisture content to 50% on a wet basis while decomposing 

compost mixtures that were similar to that of Trial 2, and (3) dissolving the appropriate amounts 

of FERT in DI water before incorporation into the compost mixtures. Trial 3 was conducted 

immediately after the bicarbonate trial and the CO2 sensors were not recalibrated back to ambient 

level.  The system performed considerably better in Trial 3 compared to Trials 1 and 2 by attaining 

higher CO2 evolution peaks (Figure 4.18), achieving higher substrate temperatures (Figure 4.19), 

achieving a greater final moisture content (Figure 4.20), achieving the most grams of evolved CO2 

(Figure 4.21) and the highest percentage of carbon mineralization (Figure 4.22).  

Treatment 2 (25:1) produced the largest cumulative mean grams of CO2 followed by 

Treatment 4 (48:1). Treatment 1 (15:1) produced the least amount of cumulative CO2, similar to 

previous trials, due to a lower C/N ratio. Treatment 3 (35:1) produced a lower quantity of 

cumulative CO2 than would be expected from a compost mixture of its C:N ratio. This could be due 

to the chemical properties of SCG, such as low pH that can limit microbial proliferation (Liu & 

Price, 2011). Overall, the CO2 evolution curves were distinctly different between treatments and 

were consistent between replicates within the same treatment except for two anomalies seen 

in vessel #10 (Treatment 3) and #12 (Treatment 4). These anomalies were found to be the result 

of faulty heating pads after the trial had concluded which caused them to remain on after Day 3, 

resulting in vessel temperatures in excess of 70°C. The sudden increase in substrate 

temperature likely resulted in the collapse of mesophilic microbes in these vessels resulting in an 

initial decline in CO2 evolution. The steady increase of thermophilic bacteria is thought to have 

caused the subsequent rise of CO2 evolution seen in both of these vessels.   
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Reducing the flowrate and increasing the initial substrate moisture content seemed to 

improve the decomposition process, as evident through higher CO2 peaks for all treatments in 

comparison to the corresponding treatments in Trial 2. Lower air flowrate and a higher initial 

moisture also resulted in acceptable final moisture content in all treatments, thereby avoiding 

excessive drying of the substrate beyond levels desirable for microbial activity.  The level of 

moisture drop in the decomposed biomass was similar across treatment except two outliers for 

Treatment 3 and 4. These outliers were the vessels with faulty heating pads that resulted in 

excessive drying due to overheating.  
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Figure 4.18 - CO2 production curves for each treatment during Trial 3 over seven days using actively humidified airflow (0.25 L min-1). The 

dotted line with grey field is the mean curve (n = 4) and the 95% confidence intervals, respectively. k =  103 (Y-axis scale) 
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Figure 4.19 - Temperature progression curves for each treatment during Trial 3 over seven days using actively humidified airflow (0.25 L min-1). 

The dotted line with grey field is the mean curve (n = 4) and the 95% confidence intervals, respectively 
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Figure 4.20 - Comparison of the final mean moisture content (%) on a wet basis in Trial 3. Error 

bars are ± SEM (n = 4) 

Figure 4.21 - Mean grams of CO2 produced from each treatment in Trial 3. Error bars are ± SEM 

(n = 4) 
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4.4.5 Evaluation of the compost mixtures  

Treatments were slightly altered between Trials 1 and 2 to expand the number of tested 

C:N ratios, yet they did not differ between Trials 2 and 3. Barring any physical and 

environmental incubation conditions that changed from one trial to the next (i.e., humidification, 

air flowrate), trends based solely on mixture composition/C:N ratio did persist.  

Across all trials, the treatments that had the lowest C:N ratios (10:1 or 15:1) evolved the 

least CO2 by mass and achieved the lowest temperature peaks. In addition, treatments with these 

Figure 4.22 - Mean total grams of CO2-C exiting the system in relation to the average total grams of carbon left in the 

various treatments. The difference between initial values and the combined final + CO2-C values is accounted for by 

the weight of oxygen, methane, and other carbon containing VOCs exiting the system. Error bars are ± SEM (n = 4). 

The numbers on top of each treatment bar is the carbon mineralization percentage ± SD 

 

 

 

 

Table 5.1 – Physical and chemical characteristics of feedstock and treatments. Mass and water content are reported 

on a wet basis 

Figure 4.54 - Mean total grams of CO2-C exiting the system in relation to the average total grams of carbon left in the 

various treatments. The difference between initial values and the combined final + CO2-C values is accounted for by 

the weight of oxygen, methane, and other carbon containing VOCs exiting the system. Error bars are ± SEM (n = 4). 

The numbers on top of each treatment bar is the carbon mineralization percentage ± SD 
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low C:N ratios took the longest amount of time to attain a peak CO2 evolution before quickly 

declining. In these treatments, there was not enough bioavailable carbon relative to nitrogen in 

the substrate to satisfy the biological requirements of the microbial community. As described by 

Tate (1995), if aerobic microbes respire half of its carbon uptake as CO2 and has a C:N ratio 

itself of 10:1, carbon in the substrate will become limiting to the microbes below a ratio of 20:1. 

In Trials 2 and 3, treatments with an optimal ratio of 25:1 achieved higher peak CO2 

production levels, more overall grams of evolved CO2, and a higher percentage of mineralized 

carbon compared to treatments with a C:N ratio of 35:1. While the C:N ratio of both treatments 

can be considered conducive to sustaining a microbial population for a prolonged period of time, 

the SPG that were present in the 35:1 treatment may have contributed to its slightly 

underperforming nature compared to treatments with a ratio of 25:1. This could potentially be 

due to the previously described chemical characteristics of SCG. The results from Trial 1, when 

decomposing SCG (30:1) only, support this claim due to that treatment’s negligible carbon 

mineralization percentage (0.1% ± 0.05%) relative to the other treatments. Missing from this trial 

series is a treatment with a C:N ratio of 30:1 – 35:1 comprised of LL and FERT only, which 

would help to elucidate the viability of SCG as a suitable carbon source and co-composting 

amendment.  

Leaf litter, though having a higher C:N ratio (48:1) than what is considered optimal, 

proved to be a readily available carbon source and decomposed quickly. When decomposed 

alone, it was seen across all trials to consistently and rapidly evolve the most grams of CO2 

within the first 2-3 days, though this pace quickly declined as the carbon content of the substrate 

could no longer sustain the size and pace of the rapidly growing microbial community. As a 
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result, CO2 evolution remained at a lower level for the duration of the trials in comparison to the 

other more optimal C:N ratio mixtures. 

Calcium nitrate fertilizer was chosen to be the primary source of nitrogen in the compost 

mixtures due to (1) its chemical uniformity, (2) its ease of handling, and (3) its widespread use in 

CEA. Nitrogen in this form is immediately available to the microbial community and was most 

likely the largest determining factor in the pace of CO2 evolution. Using FERT made it possible 

to identify differences between the treatments and visualize a decomposition cycle in only seven 

days as opposed to using a nitrogen rich manure, which is typically less uniform in chemical 

composition and may have required additional time for microbes to access the nitrogen.  

4.4.6 Limitations and considerations 

Presented here is a low-cost and relatively reliable respirometric system capable of 

generating high-resolution CO2 evolution and substrate temperature data. However, certain 

limitations of the system were identified and need to be considered.    

For the purposes of diagnostic testing, only CO2 gas was sampled. While this is of 

relevance to research conducted in the field of aerobic decomposition, other gases (i.e., O2) that 

are of interest will require additional sensing infrastructure to be placed within the sensing vessel 

– further adding to the overall cost and complexity of the design. It was also recognized that for a 

larger reactor design, an increased number of temperature sensors within the substrate would likely 

provide a higher level of accuracy of the readings due to possible gradients that exist within a 

substrate pile as well as add redundancy to thermistor failure. For the purposes of the current 

diagnostic tests, the relatively smaller substrate volume used per vessel was determined to only 

require the use of a single thermistor. Another limitation to this reactor design was the decision 
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not to use a sorbent material to lower the moisture content of the effluent air before it reaches the 

gas sensor.  

The effluent gas passed through a medical grade water trap, which itself was run through 

a cold condensing unit that was held at ~6.6 °C for the duration of each composting trial. This 

method proved to be very effective and inexpensive compared to recharging sorbent material, but 

required the water traps to be drained every day, although this process only took 1-2 minutes with 

minimal to no disruption to the effluent gas flow. While the present study did not include the 

collection and titration of the condensate from each water trap to account for dissolved CO2, this 

reactor design makes that analysis a possibility in future studies, though it has been found to be a 

negligible amount compared to the CO2 that is recorded via the NDIR sensors (Kijchavengkul et 

al., 2006).   

4.5 Conclusion 

Access to a cost-effective means for decomposing composting feedstocks in respirometric 

studies could increase research potential. In addition, limitations to continuous CO2 sensing and 

expandability exist in most systems. To remedy these shortcomings, seventeen small and relatively 

inexpensive NDIR carbon dioxide sensors were deployed to continuously and independently detect 

CO2 emissions from multiple thermostatically controlled bench-scale aerobic composting vessels. 

Through repeated diagnostic trials, the system was refined through mechanical adaptions. The 

result is a system that provides value considering its cost to assemble and the quality of the data it 

provides.  
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Chapter 5 

 

Carbon dioxide yield from the aerobic decomposition of Green Bush 

Bean (Phaseolus vulgaris L.) residues mixed with spent peat moss 

growth substrate and leaf litter 

5.1 Introduction 

In CEA, supplemental CO2 is typically injected into the growth area to maintain 

atmospheric concentrations and to drive increased yields in most vegetable crops, respectively. 

When taken as a whole, this practice is can be costly to implement and have a negative ecological 

impact when supplemental CO2 gas is derived from a fossil fuel source (Dsouza  et al., 2021). 

Reducing inputs of fossil-fuel derived carbon to the CEA system could potentially reduce the 

impact of both these factors.  

Producers currently have limited options for organic waste disposal, which is largely 

comprised of plant residues. The creation of a circularized carbon flow within CEA could be 

accomplished by reintegrating plant residues back into the production system to become a source 

of carbon dioxide through aerobic decomposition. It has been shown, in a limited capacity, that 

aerobically decomposing organic residues produced within a CEA system can liberate a sufficient 

quantity of CO2 for reuse with no deleterious effects towards plant growth and development (Jin 

et al., 2009; Karim et al., 2020; Hao et al., 2020). There is, however, a lack of research in this 

context regarding the quantification of CO2 production through precise respirometry from compost 

mixtures that contain fresh residues and other carbon-rich organic waste items produced in CEA. 

A characterization study was conducted to aerobically decompose small representative samples of 

hydroponically produced green bush bean (Phaseolus vulgaris L. cv. Bronco) residues (GBBR) 
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with additions of a spent peat moss (PM) growth substrate and/or leaf litter (LL) to judge their 

respective suitability as an amendment.   

5.2 Materials and methods 

5.2.1 Feedstocks 

Freshly harvested and homogenized GBBR consisting of stems, leaves, roots, and 

immature beans were obtained from plants grown during the experimental trials described in 

Chapter 3. Residues were air dried at room temperature for seven days to remove moisture. It was 

decided that manual compression was not a suitable method of dewatering because nitrogen would 

be lost in the waste leachate, thereby reducing the quality and marketability of the finished 

compost. The residues were shredded by hand using scissors to pieces ranging in size from 100-

200mm2.  

Spent PM that had previously been used as a growth substrate for microgreens was 

acquired from GoodLeaf Farms in Guelph, Ontario, Canada. Peat moss was chosen as a feedstock 

due to its high carbon content and wide usage in CEA. To determine the moisture content of the 

PM, five 100g samples were dried at 70ºC in a drying room until constant masses were achieved. 

Particle sizes ranged from 1-5mm. 

Red maple (Acer rubrum) LL was used as another carbon feedstock, and as a comparison 

to the spent PM, due to its high carbon content and ubiquitous abundance around urban areas. Leaf 

litter was collected in Guelph, Ontario, Canada, during the fall of 2020 and dried at 70ºC in a 

drying room until a constant mass was achieved. Leaf litter was ground to a particle size that 

ranged  from 1-5mm using a commercial food blender (InStyle HH-362, E.F. Appliances Canada 

Ltd., Canada) 
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The C:N ratio of the GBBR and the LL was already known from previous work (Chapters 

3 & 4). Using the same analytical methods, the PM was found to have a C:N ratio of 101:1. Three 

compost mixture treatments were then created (Table 5.1) using a calculator provided by the 

Innovative Waste Management Research Program from the Faculty of Agriculture at Dalhousie 

University. Each treatment had a C:N ratio of 25:1. The pH of each feedstock and treatment was 

measured using a handheld pH meter (BLU2300E, BlueLab, New Zealand) after stirring a 20:1 

(w/w, DI water to dried solids) solution for 30 minutes. 

For Treatment 1, 195ml of water was added to each vessel to achieve a target moisture 

content of 60%, a content that could not have been achieved even if the bean residues had not been 

air dried. For Treatment 2, PM was dewatered to a moisture content of 55% using manual 

compression. No water additions or subtractions were needed for Treatment 3. 
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  Constituent 
C:N 

Ratio 

Constituent 

Wet Mass 

(g) 

Bulk 

Density 

(kg/m3) 

pH 

Total 

Carbon  

(g) 

Total 

Nitrogen 

(g) 

Initial 

Moisture 

Content (%) 

Final  

Moisture 

Content (%) 

 
              

Feedstock 

GBBR 9:1 - - 6.6 - - 64 - 

PM 101:1 - - 6 - - 88.9 - 

LL 48:1 - - 5.9 - - 1 - 
         

 

Treatment 1 
GBBR 

25:1 
110 

460.65 5.9 78.9 3.1 28.7 60 
LL 140 

          

Treatment 2 
GBBR 

25:1 
110 

341.9 6.1 55.35 2.2 80.1 58.2 
PM 200 

          

Treatment 3  

GBBR 

25:1 

110 

360.2 5.9 73.95 2.9 57.5 57.5 PM 175 

LL 110 

                    

Table 5.1 – Physical and chemical characteristics of feedstock and treatments. Mass and water content are reported on a wet basis 
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5.2.2 Experimental design 

All treatments were placed into the respirometric system described in Chapter 4 in order to 

measure decomposition. The experiment was conducted as a completely randomized design 

(CRD), with each treatment being randomly assigned to five vessels. A single vessel was left 

empty to act as a blank reference to account for the ambient temperature, relative humidity, and 

CO2 entering the system. The decomposition trial lasted seven days. Humidified airflow through 

each vessel was set to a rate of 0.25L/min. The constant temperature difference insulation system 

was set to maintain a ≤2ºC difference in temperature between the core of each substrate pile and 

the wall of its respective reactor once the core temperature surpassed 25ºC. Water traps were 

drained at the same time every day.  

5.2.3 Post-compost analysis 

At the conclusion of the experiment, the contents of each vessel were individually weighed 

and then dried at 70ºC until a constant mass was achieved. A 1g sub-sample was drawn from each 

replicate for C:N analysis using the methods described in Chapter 3. The methodology to compute 

the mass of liberated carbon (g) from each vessel can be found in section 4.3.5. 

5.2.4 Statistical analysis 

All statistical analysis was performed using SAS© Studio (SAS Institute Inc., USA). Data 

was tested for normality before a general linear model (GLM) using the GLIMMIX procedure. 

The statistical model used is presented in Equation 5.1. A Tukey-Kramer multiple comparisons 

test was used to identify potential differences between treatments. A logarithmic transformation 

was applied to the model to achieve normality where required.  
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(Eq. 5.1)    Y= µ + Treatment + ε 

 

5.3 Results 

5.3.1 Physical characteristics 

A summary of the average physical and chemical characteristics from each treatment can 

be found in Table 5.2. Due to mechanical issues, data regarding the nitrogen content of the compost 

mixture post-decomposition from each replicate could not be obtained. All treatments (n = 5) were 

found, on average, to have a reduced mass, but increased moisture content at the conclusion of the 

experiment; signalling that decomposition had successfully occurred across all treatments. While 

Treatments 1 and 3 gained marginal amounts of water (<6.5%), Treatment 2 was seen to increase 

its moisture content >20%. The water holding capacity of the PM in Treatment 2 helped maintain 

its bulk density by offsetting the mass of lost carbon. In comparison, the bulk densities of both 

Treatment 1 and 3 decreased by 34.7 % and 27.4% respectively on average. The final pH of every 

treatment was found to have risen, making the contents slightly alkaline. Figure 5.1 depicts fungal 

colonization at the top of each vessel upon first opening at the conclusion of the experiment. An 

abundance of white mycelium, covered in droplets of water, was evident in the upper portions of 

each replicate containing Treatments 1 and 3, though only visually present on the exterior of the 

biomass. White mycelium within the compost was not visible to the unaided eye. There was no 

visual sign of mycelium in or on any replicate of Treatment 2. 
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Treatment  
Wet  

Mass (g) 

Dry  

Mass (g) 

Moisture  

Content % 

Moisture 

Increase (%) 
 pH 

Bulk Density 

(kg/m3) 
C%  

1 380.5 ± 21.3 127.12 ± 23.6 66.4 ± 6.9 6.4 ± 6.9 7.75 ± 0.9  313.9 ± 49.3 45.1 ± 0.85 

2 274.8 ± 5  56.88 ± 2.6 79.3 ± 0.6 21.1 ± 0.6 8.15 ± 0.35  345.65 ± 23.45 43.6 0 ± 1.55 

3 347.36 ± 3.7  125.66 ± 6.25 63.8 ±1.9 6.3 ± 1.9 7.8 ± 0.3  261.4 ± 14.3 42.65 ± 1.55 

Table 5.2 - Summary of the mean characteristics of each treatment post-decomposition (n = 5). Values are the mean ± SD. Lowercase letters denote significant 

differences (α = 0.05) 
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Figure 5.1 - Fungal colonization in each vessel (n = 5) after seven days for three distinct compost mixtures (A = GBBR + LL, B = GBBR + PM, C = GBBR + LL 

+ PM) 

 

 

Figure 5.5 - Fungal colonization in each vessel (n = 5) after seven days for three distinct compost mixtures (A = GBBR + LL, B = GBBR + PM, C = GBBR + LL 



 

 

124 

5.3.2 CO2 production 

Treatment 1 produced the most CO2 by mass with an average of 36.4g ± 9.2g being released 

over seven days (Figure 5.2). However, this was not significantly different from Treatment 3 (p = 

0.8751), which produced on average 34.7g ± 1.6g of CO2. Treatment 2 produced a significantly 

lower (p < 0.0001) amount of CO2 compared to the other treatments, averaging only 9.95g ± 1.5g.  
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Figure 5.2 - Mean (n = 5) grams of cumulative CO2 evolved over seven days across three treatments (1 = GBBR + 

LL, 2 = GBBR + PM, 3 = GBBR + LL + PM). Lowercase letters denote significant differences (α = 0.05). Error bars 

are ± SD 
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While the C:N ratios were the same across all three treatments to satisfy the chemical needs 

of the aerobic microbes, the total initial grams of carbon present in each treatment varied as a 

function of the diverse feedstocks. When viewed on a proportional basis relative to the initial grams 

of carbon in each treatment, Treatment 3 converted on average 13.05% ± 0.6% of its initial carbon 

into CO2-C, the highest proportional average compared to the other treatments (Figure 5.3). There 

was no significant difference between Treatments 1 and 3 (p = 0.9195), with Treatment 1 

converting on average 12.85% ± 3.25% of its initial carbon into CO2-C. Treatment 2 converted on 

average 5% ± 0.65%, which was significantly lower than the other treatments (p <0.0001). 
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Figure 5.3 - Mean (n = 5) proportion of total carbon evolved as CO2 over seven days across three treatments (1 = 

GBBR + LL, 2 = GBBR + PM, 3 = GBBR + LL + PM). Lowercase letters denote significant differences (α = 0.05). 

Data were logarithmically transformed to ach achieve normality and then was back transformed for visual purposes. 

Error bars are ± SD 

 

Table 5.2 – Summary of the mean (n = 5) carbon retained in the substrate as well as evolved as gas. Values are the 

mean ± SD. Lowercase letter denote significant differences (α = 0.05) 

Figure 5.19 - Mean (n = 5) proportion of total carbon evolved as CO2 over seven days across three treatments (1 = 

GBBR + LL, 2 = GBBR + PM, 3 = GBBR + LL + PM). Lowercase letters denote significant differences (α = 0.05). 

Data were logarithmically transformed to ach achieve normality and then was back transformed for visual purposes. 

Error bars are ± SD 
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While Treatments 1 and 3 released less overall carbon (in any form) compared to Treatment 

2, the difference was not significant (p = 0.0643) though more replication should be completed to 

draw stronger conclusions (Table 5.3). When accounting for the weight of carbon evolved as CO2-

C, it was found that Treatments 1 and 3 released similar amounts, both of which were significantly 

higher (p = <0.0001) than Treatment 2 (Table 5.3).  

 

  

 

  

 

5.3.3 Compost dynamics 

The following time courses show the production of CO2 (Figure 5.4) as well as the 

temperature progression from each vessel, separated into the three treatments (Figure 5.5). All 

vessels that contained Treatments 1 and 3 show a steady and even increase in CO2 production, 

attaining the highest and second highest average peaks of CO2 production after 2 days, 

respectively. While replicates within Treatment 3 exhibited very similar CO2 production curves 

across the entire experiment, there was a large amount of variability seen within the replicates of 

Treatment 1. Vessels #4 and #10 experienced a much steeper drop in CO2 production shortly after 

reaching peak levels compared to the other replicates in this treatment. While vessels #2, #6, and 

#15 followed a gradual decline in CO2 production, vessels #4 and #10 experienced a second period 

Treat.  Initial C (g) 
Remaining C 

in compost (g) 

Total C 

released (g) 

Mass of  

CO2-C (g) 

1 78.9 57.3 ± 10.5 21.6 ± 10.5a  10.1 ± 2.55a 

2 55.35 24.8 ± 1.05 30.55 ± 1.05a 2.75 ± 0.35b 

3 73.95 53.55 ± 3.15 20.4 ± 3.15a 9.65 ± 0.45a 

Table 5.3 – Summary of the mean (n = 5) carbon retained in the substrate as well as 

evolved as gas. Values are the mean ± SD. Lowercase letter denote significant 

differences (α = 0.05) 

 

Figure 5.22 - CO2 evolution curves from individual vessels (n = 5) over seven days 

for three distinct compost mixtures (a = GBBR + LL, b = GBBR + PM, c = GBBR + 

LL + PM). Dark blue line is the mean curve. Credit: Ajwal Dsouza 

Table 5.4 – Summary of the mean (n = 5) carbon retained in the substrate as well as 

evolved as gas. Values are the mean ± SD. Lowercase letter denote significant 

differences (α = 0.05) 
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of heightened CO2 production for three additional days before dropping again towards ambient 

levels. Treatment 2 showed the shortest period of CO2 production, as well as the lowest overall 

average peak in production.   

Mirroring the CO2 production curves, there was also a large amount of variability in the 

temperature profile within replicates of Treatment 1. Vessels #2 and #6 showed a similar and 

expected temperature progression, initially increasing to ~35ºC followed by a slow decline to 

ambient. Vessel #15 fluctuated between two temperature peaks at ~38 ºC before following a 

similar temperature decline. After a nominal initial temperature progression, vessels #4 and #10 

sustained periods of high temperature, peaking at ~68ºC and ~55ºC, respectively. On the 6th day, 

these temperatures sharply decrease back to ambient levels.   

Within Treatment 2, vessel #3 was the only replicate to reach an internal temperature above 

25ºC, though this did not seem to cause a difference in the cumulative production of CO2 relative 

to the other replicates. Temperature increased to an average of ~23ºC and then tailed off quickly 

within the first 3 days. Replicates in Treatment 3 were able to attain internal temperatures with an 

average peak of ~30 ºC that slowly tailed off across the duration of the experiment. 
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Figure 5.4 - CO2 evolution curves from individual vessels (n = 5) over seven days for three distinct compost mixtures (a = GBBR + LL, b = GBBR + PM, c = 

GBBR + LL + PM). Dark blue line is the mean curve. Credit: Ajwal Dsouza 
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Figure 5.523 - Temperature curves from individual vessels (n = 5) over seven days for three distinct compost mixtures (a = GBBR + LL, b = GBBR + PM, c = 

GBBR + LL + PM). Dark blue line is the mean curve. Credit: Ajwal Dsouza 
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5.4 General discussion 

Amending GBBR with LL (Treatment 1), or a combination of GBBR, LL and PM 

(Treatment 3), produced significantly higher amounts of CO2 by mass on a cumulative basis 

compared to the addition of PM alone (Treatment 2). The lack of a difference between Treatment 

1 and 3 shows that the addition of PM did not significantly affect the amount of CO2 produced. A 

visual comparison of the CO2 production curves for Treatment 3, compared to Treatment 1, 

suggests that PM may play a stabilizing or buffering role in the decomposition process due to its 

slight acidity (Rynk et al., 1992). It is postulated that the presence of recalcitrant carbon 

compounds and phenolics (i.e., humic acids) in PM may have contributed to its relatively stable 

nature as an amendment (Taskila et al., 2016), though comparable literature regarding PM as an 

amendment is scant. By the time PM is used commercially in agricultural settings, the vast majority 

of the bioavailable organic carbon (BOC), contained within total organic carbon (TOC), has 

already been converted to gaseous CH4 or CO2 through thousands of years of anaerobic 

decomposition. Based on these characteristics, it can be inferred that in Treatment 3 the majority 

of CO2 produced originated from the carbon compounds present in the LL. 

In terms of CO2 production within replicates of Treatment 1 on a mass basis, vessels #4 

and #10 were not considered as outliers as they both fall within 99.9% of the data spread (residual 

values of -2.6 and -0.6, respectively), yet were seen to sporadically deviate from the gradual 

declining trend that was exhibited by vessels #15, #2 and #6 (Figure 5.4). Differences in water 

content and pH were ruled out as potential causes due to their similarities with replicates containing 

the same treatment (data not shown). A malfunction of the thermal insulation system may have 

caused these results as both vessels dramatically drop in temperature at relatively similar times, 



 

 

131 

indicating that similar biological processes were occurring within each. An increase in temperature 

generally reduces the number of opportunistic mesophilic bacteria that carry out aerobic 

decomposition and can lead to a reduction in CO2 production. A slight increase in CO2 production 

was seen in both vessels following the initial drop, indicating that thermophilic bacteria the 

dominant community at that time.  

While Treatment 2 did release the most mean carbon by mass, its was not significantly 

more than Treatment 1 (p = 0.1065) or Treatment 3 (p = 0.0643), yet increased replication would 

be needed to draw stronger conclusions. However, only a small portion of the carbon released by 

Treatment 2 was as CO2. It is postulated that the high water holding capacity of PM, and its 

tendency to clump, caused the observed increase in moisture content relative to the other 

treatments, which led to excessively moist conditions that may have allowed anaerobic bacteria to 

persist; causing the potential formation of methane and other carbon containing VOCs from the 

decomposition of the GBBR. However, foul odours were not detected. PM also contained the root 

material from its previous use as a growth substrate which could be an additional, and labile, source 

of carbon for anaerobic bacteria to decompose. Treatment 2 also had the most alkaline final pH, 

indicating that conditions could have supported ammonification which may have negatively 

affected the aerobic microbial community, as was also seen by Himanen & Hänninen (2009) when 

composting peat with green waste. In future studies, manual turning of the compost mixtures 

within the vessel may prove to be beneficial, as agitation would create new free air spaces and 

increase evaporative losses. In addition, this study could be rerun with either a lower initial 

moisture content of 50% at the same air flow rate (with humidification), or a higher flow rate (with 

humidification) of air but kept at an initial moisture content of 60%.  
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For future studies, maintaining an adequate oxygen supply within the vessels, which is a 

direct function of the flowrate, should also be considered during the composting process when 

using the respirometric system. The microbial requirements for oxygen are not static, and at any 

given time will be in a state of oxygen starvation or excess. Future experiments should test how 

the dynamic manipulation of the flowrate into each vessel across the length of each trial affects 

the overall productivity of the microbial community on a per treatment basis. 

5.4.1 Considerations for producers 

If aerobic decomposition is to be used as a viable means to produce CO2 for use in CEA, 

certain operational challenges must be overcome. For instance, plant residues may require some 

degree of dewatering before being incorporated into a compost mixture if an amendment with a 

relatively lower water content, and an acceptable C:N ratio, cannot be sourced to offset the high 

moisture content of the residues. Dewatering feedstocks may become an operational issue for 

producers as ambient air drying requires many days and floor space that could be used for crop 

production. Oven drying requires less time and space but introduces an electricity cost. 

Compression via a roller-press is more efficient, though some nitrogen losses can be expected in 

the extruded leachate and needs to be accounted for in the compost mixture. Alternatively, the act 

of dewatering residues could also be thought of as advantageous because it allows the producer to 

reclaim water with dissolved macro/micronutrients for reuse within the production system. 

Furthermore, to achieve a constant and predictable production of CO2, care should be taken 

into how the compost itself is managed. It is well understood that the production of CO2 from 

aerobic decomposition generally follows three phases; (1) a large pulse shortly after commencing 

the trial, followed by (2) a sharp yet short decline (but still producing CO2)-, and finally (3) a 
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prolonged decline (but still evolving CO2) due to the gradual metabolization of the remaining 

resources in the compost. One solution would be to consistently add feedstock as it becomes 

available to the compost, thereby maintaining the supply of bioavailable carbon that can be 

converted to CO2. Alternatively, multiple vessels could be used to compost a fixed amount of 

feedstock on a staggered basis over time. Staggering the time at which vessels are fed feedstocks 

could potentially ensure that there is a source of CO2 coming from at least one vessel at any given 

time. In addition, some feedstocks will only be available during certain parts of the year (i.e., LL) 

and need to be replaced without a large disruption to the composting process.  

Lastly, if aerobic decomposition is implemented on a large scale for the purposes of 

enriching a CEA system with CO2, effluent gas from a composting vessel will need to be filtered 

or purified to remove methane, ethylene (potassium permanganate filter), ammonia (water trap) 

and other trace VOCs before it reaches the active growth area of the facility. These filters and 

conditioning procedures represent consumable items in the resource use cycle that require frequent 

disposal or recharging.   

5.5 Conclusion 

This study has shown that there are other disposal options available to producers for their 

generated organic waste, either by reintegrating them back into the production cycle as CO2 or as 

a new revenue source through the sale of a high quality compost. In limited trials, additions of 

carbon-rich feedstocks such as a combination of LL and spent PM have been shown to aid in the 

aerobic decomposition of green bush bean residues. Peat moss, when added to LL and residues, 

did not significantly change the production of CO2 compared to only amending with LL, though 

secondary benefits such as increasing the water holding capacity and structural integrity of the 
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final compost may be a valid reason for inclusion. Peat moss is not recommended as a sole carbon 

source when amending organic waste due to its recalcitrant nature and high cost but may have 

value in modulating some decomposition dynamics with more labile carbon sources.  
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Chapter 6 

 

6.1 Conclusions 

As food products grown in CEA become more abundant, so too will be the organic waste that 

is produced in parallel. This thesis has outlined an alternative framework exploring how to address 

organic waste by potentially reintegrating them back into the production system. Green bush beans 

were shown to grow well in hydroponics, demonstrating that some physical characteristics of its 

residues could be altered by the interaction of blue light proportionality and strength of nutrient 

solution. These treatments did not affect the concentrations of carbon or nitrogen in the residues. 

Lower proportions of blue light combined with a less concentrated nutrient solution resulted in the 

largest production of homogenized residue mass. Overall, decomposing any of the residues alone 

without amendment, regardless of the initial growth environment is not recommended due to low 

C:N ratios. Alternatively, producers could utilise a greater proportion of blue light to achieve 

higher planting densities. To quickly and accurately quantify the productivity of composting 

feedstocks derived from CEA, a low-cost respirometric system was designed, built, and tested to 

demonstrate it’s overall value when compared to other more expensive methods. When used for 

this purpose, its was found that the addition of waste peat moss growth substrate alone did not 

significantly enhance CO2 production when composted with green bean residues due to its high 

content of recalcitrant compounds. Only secondary benefits such as an increased water holding 

capacity and structural integrity of the compost could be realized from additions of peat moss. 

Future research should be concentrated on expanding the number of potential feedstocks derived 

from CEA to use as an amendment to plant residues.    
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Figure 1.1 – ANOVA tables for agronomic measurements (n = 4, α = 0.05). Light represented as “light”, nutrient 

solution concentration represented as “ns”. a = Inedible Dry Mass (g), b = Stem Dry Mass (g), c = Leaf Dry Mass (g), 

d = Immature Bean Dry Mass (g), e = Root Dry Mass (g) 

 

APPEDNIX 2 

 

 

Figure 2.1 – ANOVA tables for elemental concentration measurements of homogenized green bush bean residues (n 

= 4, α = 0.05). Light represented as “light”, nutrient solution concentration represented as “ns”. a = Carbon (%), b = 

Nitrogen (%) 
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APPENDIX 3 
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Figure 3.1 – ANOVA tables for elemental concentration measurements of individual organs derived from green bush 

bean residues (n = 3, α = 0.05). Light represented as “light”, nutrient solution concentration represented as “ns”. a = 

Stem Carbon (%), b = Leaf Carbon (%), c = Immature Bean Carbon (%), d = Root Carbon (%), e = Stem Nitrogen 

(%), f = Leaf Nitrogen (%), g = Immature Bean Nitrogen (%), Root Nitrogen (%) 
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