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Sustainable disposal of food waste is recognized by The National Academy of 

Engineering as one of the fourteen grand challenges facing engineers today (National 

Academy of Engineering, 2017). 35% of the food produced in the United States goes 

uneaten or unsold, and 56% of food waste – 35.3 million tons – is sent directly to 

landfills, causing a myriad of environmental, societal, and economic issues (EPA, 

2020). Food waste sent to landfills forfeits the opportunity to repurpose or recycle 

organic materials to create energy, fertilizers, and other valuable products. The most 

common sustainable solutions used today are commercial composting and anaerobic 

digestion, biological degradation processes which recover biogas and inert biosolids. 

These disposal methods are beneficial in many ways; however, these sustainable 

technologies are underutilized due to challenges such as convenience and upkeep. As 

such, development of new biochemical and thermal technologies for the sustainable 

disposal of food waste is a growing field of research. 

Aerobic bio-digesters are upcoming sustainable technologies that address the 

issues faced by larger disposal facilities. They are designed to be installed directly into 

commercial kitchens to microbially process food waste on-site, effectively liquifying 

the food waste and diverting it from the landfill. Currently, the liquified food waste is 

being sent through the sewer system to a wastewater treatment plant, not making use 

of the valuable organic materials. However, preliminary studies of this aerobic bio-

digester suggest that the liquefied food waste effluent is rich solids and organics and 

has potential to be collected and repurposed for food waste valorization. Therefore, the 
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primary objective of this dissertation was to assess the potential of the aerobic bio-

digester to be a sustainable food waste valorization technology to rival existing 

alternatives.  The research laid out here considers all aspects of sustainability in this 

evaluation, including the environmental, social, and economic impacts. 

The first phase of this research aimed to determine the potential environmental 

benefit of the digester to be used for resource recovery by understanding the microbial 

degradation of food waste and the composition of the liquified effluent. A mass 

balance of solids and organics comparing a representative influent food waste sample 

to the collected digestate showed 100% recovery of solids in the effluent. Organics 

were 50-80% recovered in the effluent, indicating the microbial community degraded 

readily available organics while still preserving most solids and organics in the 

liquified digestate. Analysis of the breakdown of starch and proteins in the digester 

further supports these findings by showing microbial degradation of complex 

macromolecules to simpler monomers which are quickly taken up by microbes in the 

digester. Finally, increase in microbial enzymes solidifies the correlation between food 

waste breakdown with the activity of microorganisms. The findings from these 

experiments suggest that the microbes are working to break down food waste in the 

digester, but that solids and organics are preserved, making this digestate an attractive 

feedstock for subsequent valorization and resource recovery through anaerobic 

digestion and the production of biomethane.  

The second objective of this research was to further assess the potential 

environmental benefit of the digester by using it to pretreat food waste feedstocks 

subsequently fed to anaerobic digesters for biogas production. Batch-scale anaerobic 

reactors were fed two food waste feedstocks: one that was aerobically pretreated by 
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the bio-digester, and one that was mechanically grinded to represent a raw food waste 

stream. Reactors fed with the pretreated feedstocks produced considerably more 

biomethane than the reactors fed with untreated feedstocks, and in the case of a high-

protein lentil feedstock, the pretreatment helped prevent reactor failure from volatile 

fatty acid accumulation that was observed in raw-feed reactors. 

Social benefits of the digester were explored through the evaluation of the 

digester as a teaching tool in K-12 classrooms. An aerobic bio-digester was installed at 

a K-12 school in Wilmington, Delaware, and a relationship was formed between high 

school teachers and researchers to develop lesson plans that utilize the digester 

technology to teach science, engineering, and sustainability using a hands-on 

approach. Results of this study show that students increased their knowledge of 

sustainability issues, food waste, and aerobic respiration. Students also reported 

increased interest in STEM-related careers as a result of the lesson.  

Finally, the social and economic impacts of the digester were evaluated via 

surveys to digester users from a field installation of the digester at Grotto Pizza in 

Newark, Delaware, as well as a nationwide survey of longstanding digester users.  At 

the pizzeria, employee perception varied from positive to negative. Negative opinions 

were developed when the digester had some initial issues with smell after installation 

that were quickly resolved but had lasting impact on user perception of the digester. 

However, feedback received from the nationwide survey was overwhelmingly positive 

when considering user perception. Additionally, the digester has economically 

benefitted many of the surveyed digester owners. To help economically incentivize the 

adoption of this digester technology, The Delaware Solid Waste Authority has rolled 

out a grant program to overcome economic hurdles to bio-digester implementation.  



 xix 

Through these studies, it is shown that the aerobic bio-digester can be 

considered a competitive sustainable food waste management strategy to rival existing 

options, as it has positive impacts in all three dimensions of sustainability: 

environment, society, and economy.



 1 

INTRODUCTION 

1.1.1 Food Waste as a Sustainability Issue 

One of the largest sustainability challenges in waste management today is the 

issue of food waste disposal. Thirty-five percent of food goes uneaten or unsold in the 

United States. According to the Environmental Protection Agency (EPA), more food 

waste is sent to the landfill than any other single material in our everyday trash. In the 

US alone, 63.1 million tons of food waste were generated in 2018, and 56% (35.3 

million tons) of this food waste went directly to the landfill, as is demonstrated in 

Figure 1.1 (EPA, 2020). 

 

 

Figure 1.1 Percentage distribution of wasted food to various disposal methods. 

Copied from EPA (EPA, 2020). 
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There are many issues associated with disposal of food waste to landfills. 

1) Food waste takes up large amounts of space in already limited landfills. 

Twenty-four percent of landfill inputs across the US consist of food waste (Jaglo et al., 

2021), and 38.6 million cubic meters of space in landfills across North America is 

taken up by food waste (Commission for Environmental Cooperation, 2018). 

2) Disposal of food to landfills is a waste of valuable materials. The food wasted 

accounts for approximately 2% of the US gross domestic product (approximately $285 

billion dollars) (ReFED, 2021), and if this food is not recycled, none of this money is 

recovered. Additionally, the wasted food across North America contains 217 trillion 

kcal of potential energy that is lost when disposed to the landfills (Commission for 

Environmental Cooperation, 2018), which is the equivalent of three times the total 

amount of energy consumed in Delaware in 2021 (US Energy Information 

Administration, 2021). 

3) Food waste in landfills can generate harmful greenhouse gasses (GHG). Across 

North America, 193 million tons of carbon dioxide equivalents of GHG emissions are 

generated per year from food waste, which equates to 41 million cars being driven 

continuously for a year (Commission for Environmental Cooperation, 2018). In the 

United States, 4% of the total GHG emissions come from wasted food (ReFED, 2021). 

Food waste in landfills also contributes to the production of potent leachate. 

This glaring problem of food waste management has prompted the United 

States to adopt the goal of reducing food waste by 50% by 2030 (EPA, 2020). ReFED, 

a non-profit organization founded to address this issue, has generated a “roadmap” to 

reach this goal. Prevention of food waste is the key strategy, followed by rescue of the 

food waste to feed people in need. While prevention and rescue are the preferred 
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courses of action to minimize food waste, inevitably some food waste will still need to 

be addressed beyond these measures. When these options are no longer possible, food 

waste should be recycled to recover valuable resources (ReFED, 2021). The goal of 

recycling, according to ReFED, is to “find the highest and best use for any remaining 

food or food scraps in order to capture nutrients, energy, or other residual value” 

(ReFED, 2021). It is imperative that recycling technologies are developed to address 

the issue of food waste management.  

As can be seen in Figure 1.1 above, only 44% of food waste is redirected from 

landfills; 29% is repurposed for land application or animal feed and 15% is recycled 

for resource recovery (EPA, 2020). The current disposal methods which redirect food 

waste from landfills are evidently insufficient, particularly when it comes to food 

waste recycling. 

There are many small-scale technologies for individual households to 

sustainably dispose of their food waste, such as at-home composting options. 

However, there have been far fewer large-scale options of sustainable food waste 

disposal for commercial businesses, such as restaurants, cafeterias, and grocery stores. 

Since more than 50% of wasted food comes from the commercial sector (EPA, 2020), 

there is an increasing need to find sustainable food waste solutions for these 

businesses. 

There are currently two primary existing methods for sustainable food waste 

recycling with energy recovery: composting and anaerobic digestion. Composting is 

an aerobic biodegradation process in which food waste is biologically converted to 

soil amendment. Anaerobic digestion is an anoxic biodegradation process in which 

organic wastes are biologically converted to biogas and inert solid materials. Benefits 
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and downfalls of these disposal options are explored further in the literature review. 

Despite the many strengths of these existing disposal technologies, they tend to be 

underutilized due to key challenges such as transportation of waste and immense 

amounts of resources used by these facilities. To address the shortcomings of these 

technologies, new sustainable food waste disposal solutions must be established. 

1.2 Aerobic Bio-Digesters 

Recognizing this need for sustainable food waste disposal solutions, a 

company called BioHiTech, now Recoup Environmental, created an aerobic bio-

digester to rapidly break down food waste (BioHiTech, 2018), (Recoup 

Environmental, 2023). These digesters were designed to be small enough to be 

implemented directly into restaurants, cafeterias, grocery stores, etc., negating the 

need for transportation of food waste off-site to large facilities. These digesters divert 

food waste from landfills by biologically liquefying the food waste, which can instead 

be sent through the sewers to be treated in wastewater treatment plants (as it is 

functioning today), or more ideally be collected and repurposed for resource recovery 

from food waste in the future.  

The BioHiTech Seed digester (Figure 1.2) was donated to our research team. 

This digester is BioHiTech’s smallest model and approximately the size of a washing 

machine. It has the capacity to handle 500 pounds (227 kg) of food waste over a 24-

hour period (BioHiTech, 2018).  
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Figure 1.2 BioHiTech Seed Aerobic Bio-Digester (BioHiTech, 2018). 

 

Figure 1.3 This schematic shows important internal features of the aerobic bio-

digester. 
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The diagram in Figure 1.3 shows the internal workings of the digester. Food 

waste is placed into the digester by lifting the lid, and the aerobic digestion process 

takes place within the internal digestion chamber. Here, the food waste is broken down 

into small particles which fall through a grate with 3mm diameter holes at the bottom 

of this chamber. The basin under the digestion chamber collects and dilutes the 

liquefied food waste. After 3-5 gallons of diluted, liquified food waste is collected in 

the basin, it is expelled from the bottom of the digester into the sewer pipes. The 

liquified food waste flushes from the digester approximately once every 45-60 

minutes. 

The process within the internal digestion chamber of the digester (Figure 1.4) 

is an aerobic process, meaning the food waste is degraded by microorganisms in the 

presence of oxygen. Because the system is not sealed to the environment, oxygen 

enters the system naturally, and the food waste is aerated by the mixing arms, which 

also provide mechanical breakdown of the food waste. Warm water is supplied from a 

shower nozzle in the chamber to maintain the temperature within the system to around 

40-50oC. Finally, a mixture of 6 types of bacteria and 2 types of fungi are added to the 

digester from a freeze-dried powder packet (a proprietary mixture supplied by 

BioHiTech with the donation of their technology). Once in the digester, the 

microorganisms grow on black plastic biomedia pellets, which serves to increase the 

contact area of the biofilm with the food waste.  
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Figure 1.4 This image shows the aerobic digestion process within the digestion 

chamber. 

1.2.1 Life Cycle Assessment of Aerobic Bio-Digester 

A preliminary life cycle assessment of this technology was conducted to 

understand whether this technology had a lesser environmental impact than existing 

food waste disposal technologies. In the life cycle assessment, the three most common 

pathways of food waste disposal were compared to disposal via aerobic digestion 

technology. These pathways are shown in Figure 1.5 and include trash can to 

composting, trash can to landfill, and truck to anaerobic digestion facility (Kim et al., 

2018). 

Four environmental impact parameters were considered for each pathway, 

including global warming potential, acidification potential, eutrophication potential, 

and photochemical/smog forming potential. Of the four pathways, aerobic digestion 

performed comparably to, or better than, other methods of food waste disposal on each 
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of these impact parameters (Kim et al., 2018). The results of this study show that 

aerobic digestion technology could prove to be a viable food waste disposal solution to 

rival existing options. Research to modify and improve this technology could help to 

further confirm this technology as a sustainable food waste management strategy, 

especially if bio-resources can be recovered. 

 

 

Figure 1.5 This image shows the four pathways of food waste disposal studied in the 

LCA analysis (Kim et al., 2018). 

1.2.2 Preliminary Laboratory Studies 

Prior to completing the studies outlined in detail in this dissertation, the 

research group conducted preliminary laboratory studies to understand the basic 

functionality of the digester. Important findings for these studies are summarized here; 

more detailed reports of these preliminary studies can be found in Appendix A and B. 

The first step in evaluating the digester as a sustainable food waste technology 

was to understand the digestion process and the liquified food waste product. 

Preliminary studies had three aims: (1) perform in-depth characterization of digestate 
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based on different mixed food waste feedstocks to understand the chemical 

composition of typical digester effluent, (2) understand the impact of residence time 

on the effluent composition in the digester by tracing the flow of solids, organics, and 

water through the digester, as well as (3) understand the impact of microbial 

degradation of solids and organics with increased residence time. 

For Aim 1, the average compositions of solids, organics, nutrients, FOG, and 

heavy metals were determined in the digester. Results of these experiments show that 

effluent from the digester is rich in solids, organics, and nutrients, and may be well 

purposed in the future to recover resources from food waste through methods such as 

anaerobic digestion or for use as fertilizers. 

Aim 2 was accomplished by performing tracer studies of bromide, heavy 

metals, and solids in the digester to understand the residence time of food waste. 

Results of these experiments give an introductory picture of microbial breakdown in 

the digester. Bromide exited the digester most quickly, indicating that the residence 

time of liquids through the digester is very short. Heavy metals and solids 

concentrations were measured to determine solids retention times in the digester. 

Because heavy metals were released more quickly than the solids were released in the 

digester, it can be assumed that the solids exiting the digester initially were simpler 

molecules, and the solids leaving the digester with the heavy metals were first broken 

down by microbes in the digester before exiting at a slower rate.   

Finally, for Aim 3, the concentrations of solids, organics, and nutrients in the 

effluent of the digester were measured for an abiotic run versus a microbially seeded 

run to further understand the impact of the microorganisms on the breakdown of food 

waste in the digester. Results from this experiment link the acclimation and growth of 
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the microbial community in the digester to the increased breakdown of food waste 

materials.  

These results provide foundational knowledge for subsequent research 

endeavors concerning the digester. The establishment of microbial activity and 

breakdown in the digester, with the implication that solids and organics are largely 

recovered in the effluent digestate, lays the groundwork for a more controlled 

experiment to understand the extent of microbial breakdown in the digester and the 

potential of the digestate to be used for recourse recovery pathways. 

1.3 Research Objectives 

Aerobic digesters, like the one manufactured by BioHiTech, are currently 

being implemented in various locations in the United States and internationally. As 

this technology grows in popularity, new avenues for resource recovery from these 

digesters should be explored to recycle valuable food waste materials. The motivation 

for this research was the potential of the liquified food waste product from these 

digesters to be used for resource recovery. 

The goal of this study was to evaluate aerobic bio-digesters as a sustainable 

method of food waste disposal to rival existing options and assess potential resource 

recovery pathways from food waste using this technology. Viable sustainable 

technologies are beneficial in environmental, social, and economic contexts. As such, 

the specific objectives of this research incorporate these core aspects of sustainability: 

 

1. Chapter 3 evaluates the potential environmental benefit of the digester to 

be used for resource recovery by understanding the microbial degradation 

of food waste in the digester and composition of the liquified effluent. 
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Breakdown of solids and organics in the digester were measured over a 24-

hour period to track the mass balance in the system and determine the extent of 

biological degradation of solids and organics in the digester. Additionally, 

complex starch and protein in the feedstocks were measured into and out of the 

digester to understand the decomposition of complex molecules to simplified 

components (glucose and amino acids) by microbes in the digester. Finally, 

enzymatic activity was monitored in the digester to link observed breakdown 

of molecules to activity of microbes, as well as observe any growth of 

microbes in the digester.  

2. Chapter 4 assesses the potential environmental benefit of the digester to 

be used for resource recovery by generating biogas from the aerobically 

pretreated food waste feedstock in a subsequent anaerobic digestion 

process. Liquified food waste effluent from the aerobic digester was used as 

feedstock for lab-scale anaerobic biodegradability experiments. Bio-methane 

production of this feedstock was compared to generation of methane from non-

treated (raw) food waste feedstocks to determine whether the aerobically 

pretreated feedstock increased methane generation or process efficiency in the 

anaerobic system, and whether the aerobic bio-digester could be a considered 

an effective pre-treatment option for food wastes. 

3. Chapter 5 assesses the social benefit of the digester through evaluation of 

the digester as a teaching tool in K-12 classrooms. An aerobic bio-digester 

was installed at a K-12 school in Wilmington, Delaware. Researchers 

collaborated with secondary school teachers to develop lesson plans utilizing 
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the digester technology to teach science, sustainability, and engineering 

concepts to students in their classrooms.  

4. Chapter 6 further assess the social and economic benefits of the digester 

through evaluations of a field installation, user feedback, and 

implementation of grant programs. An aerobic bio-digester was installed at 

a local field location and evaluated for performance and user experience. 

Owners of aerobic digesters across the country were polled to report their 

experience with aerobic bio-digesters. Finally, a collaboration between the 

research group and the Delaware Solid Waste Authority led to the 

establishment of a grant program for biodigesters, increasing the economic 

feasibility and social demand for this sustainable food waste technology.  
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LITERATURE REVIEW 

Food waste is a large and growing problem in the United States and around the 

world today, and aerobic bio-digesters are being proposed as a potential solution to 

address food waste produced in commercial kitchens and grocery stores. This chapter 

provides necessary background information about characteristics of food waste, 

current food waste management strategies, the current state of research around food 

waste valorization, and the benefits and drawbacks of current biological degradation 

methods for food waste valorization. 

2.1 Food Waste Characteristics 

Food loss and waste can happen at any stage of the food supply chain. In the 

United States, 16.8% of food waste comes from farms, 14.7% of food waste comes 

from manufacturers, 20% comes from consumer-facing businesses, and 48.2% of food 

waste comes from homes (Figure 2.1) (ReFED, 2021). Food loss has been defined as 

any food materials discarded during the harvesting and distribution phases, and food 

waste has been defined as any food that is discarded in the retail and household phases 

(Food and Agriculture Organization of the United Nations, 2019). Regardless of 

definition, food waste must be managed at all stages of the supply chain.  

Chapter 2 
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Figure 2.1 Percentage of food waste produced at each stage of the supply chain 

(ReFED, 2021). 

Globally, 931 million metric tons of food waste, or 121 kg food waste per 

capita, is produced annually at the retail and consumer phases alone (Figure 2.2). In 

the United States, the per capita food waste production increases to 139 kg annually, 

with 80kg per capita per year coming from retail and food services and 59 kg per 

capita per year coming from household food waste (United Nations Environment 

Programme, 2021).  

 

 

Figure 2.2 Total food waste per capita per year in the United States and around the 

world (United Nations Environment Programme, 2021). 
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Types of food produced worldwide are commonly categorized as dairy, 

cereals, fish and seafood, fruits and vegetables, meat, oil seeds and pulses, and roots 

and tubers. Figure 2.3 shows the breakdown of food waste into these categories, with 

fruits and vegetables being the most wasted food comprising 39% of total food waste 

followed by cereals and roots and tubers at 24% and 19%, respectively (Roy et al., 

2023).  

 

Figure 2.3 Percentage of total food waste from each category. Copied from review 

paper by Roy et. al. (Roy et al., 2023)  

Figure 2.4 shows the percentage of the total food production in each of these 

categories that is lost in the retail and consumer phases alone. Notably, nearly 50% of 

all fruits, vegetables, roots, and tubers produced worldwide end up being wasted 

(Ebikade et al., 2021). 

Like the trends seen globally, 80% of food waste in the United States comes 

from perishable items, with 35.3%, 20.3%, 16.0%, and 12% coming from produce, 

prepared foods, dairy products, and dry goods (ex. grains) respectively (Figure 2.5) 

(ReFED, 2021).  



 16 

 

Figure 2.4 Percentage of total food produced that was lost or wasted in each 

category. Copied from review paper by Ebikade et. al. ((Ebikade et al., 

2021)  

 

Figure 2.5 Makeup of food waste in the United States. Copied from ReFED. 

(ReFED, 2021) 
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Major components of food waste are carbohydrates, proteins, lignin, and lipids, 

as well as other various minerals and extractives. Food waste differs from other 

organic biomass materials in that it contains energy-rich or otherwise valuable 

components such as starch, essential oils, extractives, lipids, and proteins, whereas 

other biomass materials are primarily lignocellulosic (containing only cellulose, 

hemicellulose, and lignin) (Ebikade et al., 2021).  

Depending on the type of foods consumed and wasted in given regions, 

countries, or even individual cities and industries, the chemical makeup of the food 

waste will vary. However, some similarities across most food waste feedstocks are 

that they contain high total and volatile solids compositions, high concentrations of 

readily biodegradable carbohydrates, relatively high concentrations of proteins and 

lipids, low concentrations of lignin materials, low C:N ratios due to high protein 

concentrations, and high concentrations of macroelements such as phosphorus, sodium 

potassium, calcium and magnesium (Uçkun Kiran et al., 2014).  These general 

characteristics of food waste make them attractive options for resource recovery via 

food waste valorization processes  (Banks et al., 2018; Capson-Tojo et al., 2016). 

2.2 Food Waste Management Strategies 

When it comes to managing food waste, it is widely accepted that food waste 

disposal should follow a hierarchy (Figure 2.6). Food waste disposal options that 

minimize environmental, social, and economic harm are most preferred whereas 

options that dispose of food waste without recovering any resources are least preferred 

options. It is most favorable to reduce wasted food altogether, followed by donating 

food waste for human consumption and animal consumption. When none of these 

options are feasible, technologies that repurpose food waste to other usable products 
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are preferred to land application or disposal technologies without resource recovery, 

such as disposal to landfills, incinerators, or wastewater treatment plants. The food 

valorization technologies described in more detail in the next section would fall in the 

composting and anaerobic digestion category, which other sources have categorized as 

“industrial use” (Ebikade et al., 2021).  

It is worth noting here that though wastewater treatment plants do not recover 

resources from the food waste and are therefore one of the least favored options, this 

disposal pathway may still be the more desirable option to landfilling. Though 

comparable in their environmental impacts, treatment of food waste in the wastewater 

treatment plant effectively diverts food waste from the landfills, saving valuable space 

in the landfill. There is also more potential to recover a small fraction of the energy 

from the food waste via wastewater treatment plant versus in the landfill (Kenny et al., 

2023). The aerobic digester technology studied in this dissertation currently sends 

food waste to the wastewater treatment plants as a favorable option to divert food 

waste from landfills, though it would need to be used for food waste valorization to be 

sustainable food waste disposal solution.  



 19 

  

Figure 2.6 Food waste disposal hierarchy. Copied from EPA (EPA, 2023a). 

Food waste reduction is the best way to minimize the environmental and 

economic impacts of food waste. Current initiatives to reduce food waste include 

upgrading food storage systems, improving process efficiency for food harvesting and 

distribution, improving packaging to be more attractive to consumers, and donating 

food wastes (Roy et al., 2023). For example, there are smart technologies being 

developed to monitor gasses emitted from produce waste to alert consumers as the 

food begins to spoil (Müller & Schmid, 2019). Current policy in the US encourages 

businesses to donate food waste to local charities by providing tax incentives for 

donations and protecting business under a “Good Samaritan” clause in the Food 

Donation Act of 1996 (Buzby, 2020).   
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Inevitably, not all food waste will be able to be avoided or donated. Existing 

and upcoming food waste management strategies for food waste disposal differ 

depending on the stage of the supply chain in which the food waste is collected. The 

largest percentage of food waste comes from individual homes (ReFED, 2021), but 

collection of food waste at the household level can be challenging due to the dispersed 

nature of the homes. As such, household waste disposal solutions are primarily 

designed to handle small quantities of food waste for one family. A few existing 

solutions on the market include conventional compost bins, vermicomposting bins, 

tumbling compost bins, electric composters, and Bokashi composters (Lomi, 2022). 

Some of the conventional composting methods are outdoor composting systems where 

food waste degrades naturally in a pile or aerated container (Margo, 2022). Other 

indoor options quickly convert food waste to soil amendment using heat and grinding 

to speed up the aerobic degradation process (Lomi, 2022). Bokashi composters even 

utilize anaerobic fermentation to break down food waste (Vanderlinden & Marlowe 

Leverette, 2023). Some communities offer slightly larger-scale composting solutions, 

such as community compost piles (EPA, 2023c). 

Because the retail level is the second largest contributor to food waste in the 

United States, and due to the convenience of having large quantities of food waste 

concentrated in one area, this sector is ideal an target to implement sustainable food 

waste disposal technologies. However, current food waste disposal options at these 

locations are limited primarily to using garbage disposals, donating food waste to local 

famers for land application, composting, and anaerobic digestion (Rudoff, 2021), 

though there is current research to develop other valorization options for commercial 
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industries (Capson-Tojo et al., 2016; Ebikade et al., 2021; Nayak & Bhushan, 2019). 

More information on food waste valorization technologies can be found in section 2.3. 

On the manufacturing and farming level, similar waste disposal options have 

been developed as those for the retail sector, though these options are often 

implemented on a larger scale due to larger concentrations of food waste in one 

location. Anaerobic digestion is popular for these stages of the food supply chain, and 

they are often implemented on-site at farms that produce large quantities of waste 

(EPA, 2023b). 

2.3 Food Waste Valorization and Recycling 

Food waste valorization is the process of turning food waste into other 

valuable materials. There are several biorefinery pretreatments and techniques used for 

food waste valorization, and multiple potential byproducts from these processes. 

Figure 2.7 shows the intermediary steps and potential end products that can be derived 

from wasted food materials. 

 

Figure 2.7 Food waste valorization processes and potential end products. Copied 

from review paper by Roy et. al. (Roy et al., 2023) 
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The biochemical makeup of food waste makes these waste streams ideal for 

resource recovery. For example, carbohydrates break down to glucose, galactose, and 

glucosamine which can be used in the food and pharmaceutical industry. Proteins are 

converted to amino acids which can be used as flavor enhancers and nutritional 

supplements. Lipids can be converted to biodiesel and lubricants. Other components of 

food waste can be used to make health supplements and bioplastics (Ebikade et al., 

2021).  

Food waste valorization has been studied extensively in the literature over the 

past 27 years, and the field continues to grow (H. Chen et al., 2017). An overview of 

the current state of literature regarding food waste valorization techniques and 

products is supplied below.  

2.3.1 Repurposing Food Waste 

Upcycling for Human Consumption: Upcycling food waste means that during 

the production and manufacturing process, parts of food that might be thrown away 

are turned into new food products. Examples provided by the EPA include turning 

citrus peels into flavoring for drinks or turning spent grains from breweries into bread 

(EPA, 2023a). There are many other potential applications for inedible portions of 

food to be repurposed in other ways for human consumption.  

Animal/Fish Feed: Food waste is used raw or pre-treated by heat 

drying/dehydration, heat sterilization, or fermentation  (Cheng & Lo, 2016; San 

Martin et al., 2016), or by first feeding the food waste to black soldier fly larvae 

(Cheng et al., 2017) which become a nutrient-rich biomass that can subsequently be 

fed to animals and fish.  
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2.3.2 Biological and Biochemical Degradation of Food Waste 

Anaerobic Digestion: This process is the biological breakdown of food wastes 

to biogas (including methane in a one-stage system and methane and hydrogen in a 

two-stage system) and inert biosolids (Nayak & Bhushan, 2019). Anaerobic digestion 

is one of the most popular food waste valorization techniques and is discussed further 

in Section 2.4.2.  

Composting: This process is the aerobic biological breakdown of food waste in 

the presence of oxygen. Traditional composting systems produce a soil amendment 

from the degraded food wastes (Nayak & Bhushan, 2019). The digester technology 

used for this dissertation research is a form of aerobic biological degradation, and as 

such, composting and aerobic breakdown of food wastes are discussed further in 

Section 2.4.1.  

Fermentation: The fermentation process involves pretreatment, enzymatic 

hydrolysis, and fermentation of food wastes for ethanol recovery. In the pretreatment 

and enzymatic hydrolysis phases, food waste is broken down to glucose monomers 

which are then metabolized by microorganisms during the fermentation step to 

produce ethanol. Ethanol can then be distilled and recovered from the food waste 

(Prasoulas et al., 2020). Lactic acids can also be recovered in the hydrolysis phase. 

Biomass from this degradation process can be used to create biopolymers and 

bioplastics (Reis et al., 2011; Ventorino et al., 2016). Food waste can also be treated 

by dark fermentation, in which the fermentation process takes place in the absence of 

both light and oxygen. Dark fermentation has been shown to be a promising, 

sustainable source of hydrogen production (Łukajtis et al., 2018). Processing costs can 

be high for fermentation applications and variable depending on the food waste 

feedstocks used (Hadj Saadoun et al., 2021).  
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2.3.3 Thermal and Physical Breakdown of Food Waste 

Pyrolysis: Pyrolysis is the thermochemical treatment (heating at high 

temperatures) of food waste or lignocellulosic biomass in the absence of oxygen to 

produce biochar and bio-oil. This method is advantageous as it can handle a wide 

range of organic feedstocks. There are many ongoing studies about the length of the 

pyrolysis process to maximize environmental benefit (slow pyrolysis) vs maximizing 

profitability of this method (fast pyrolysis) (Brown et al., 2011; Jahirul et al., 2012; 

Kung et al., 2013; Roy & Dias, 2017). Bio-oil is the result of fast pyrolysis, and it can 

be used in industrial boilers and furnaces, or subsequently treated to create ethanol and 

biodiesel (Xiu & Shahbazi, 2012). Biochar is produced from slow pyrolysis and can be 

used for a variety of applications, including soil amendment and water purification 

(Ahmad et al., 2014). Moisture contents of food wastes can be problematic for the 

pyrolysis process, and the food wastes may need pretreatment to dehydrate the 

feedstock (Saqib et al., 2019). 

Incineration: Incineration is the burning of municipal solid waste (including 

food waste) to reduce waste volume and generate power during the burning process. 

Incinerators do not maximize power generation from food wastes, and the high water 

content of food waste causes problems for incineration (Capson-Tojo et al., 2016; Roy 

et al., 2023). Incineration plants may reduce trash sent to landfills, but they emit 

harmful greenhouse gases into the environment and produce large quantities of fly ash, 

making them a less-than ideal option for food waste disposal (Haiying et al., 2010; 

Saqib et al., 2019).  

Gasification: The gasification process applies extremely high temperatures 

and a gaseous stream (generally comprised of steam, carbon dioxide, or nitrogen) to 

food waste, converting solid matter to a gaseous material called syngas (Ebikade et al., 
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2021). Syngas can be used directly as fuel for gas engines or used as a feedstock for 

subsequent production of chemicals (Nayak & Bhushan, 2019). 

Hydrothermal Carbonization (HTC): This process heats food wastes at a 

lower temperature than pyrolysis and incineration, so it is more capable of handling 

the moisture content of food waste feedstocks. Products from HTC include an energy-

dense hydrochar which can be used as a soil amendment and adsorbent for pollutants 

as well as a feedstock for carbon fuel cells (Berge et al., 2011).  

Hydrothermal Liquefaction (HTL): This process involves high temperature 

and pressure liquefaction of food wastes to produce biocrude which can further be 

refined to produce ethanol and biodiesel. This process works well for high moisture 

content feedstocks. Use of homogenous catalysts can improve bio-oil yield and quality 

but can also increase the process cost (Minowa et al., 1995; Ross et al., 2010; Shuping 

et al., 2010).  

2.3.4 Economic Benefits of Food Waste Valorization 

In addition to the environmental benefits posited by these food waste 

valorization strategies, food waste valorization has the added economic benefit of 

selling recovered products. Several studies on the economic benefit of biological food 

waste treatment (biogas and soil amendment from anaerobic digestion or recovery of 

lactic acids through fermentation) show positive economic impact (Guo & Yang, 

2019; Slorach et al., 2019), with one study reporting up to $900 million revenue 

annually from biogas produced through anaerobic digestion (RedCorn et al., 2018). 

Ethanol produced from food waste also has comparable economic benefits 

(Muhammad & Rosentrater, 2020).  
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Chemicals extracted from food waste via thermal and thermocatalytic 

valorization technologies have the potential to generate the greatest revenues (Lin et 

al., 2014; Ravindran & Jaiswal, 2016), but market demand for these products remains 

low, in part due to a necessity to perform pre- or post-treatment step for many of these 

processes (Tuck et al., 2012).  

2.4 Existing Sustainable Commercial Food Waste Disposal Solutions 

Biological valorization, and anaerobic digestion in particular, is the most used 

valorization technique for food waste today (Banks et al., 2018). Life cycle 

assessments of food waste disposal options show that anaerobic digestion is a more 

environmentally and economically viable option than incineration, landfilling, and in-

vessel composting (Khoo et al., 2010; Slorach et al., 2019; Xu et al., 2015). Literature 

has suggested that recovering individual components of food waste may potentially be 

more economically and environmentally beneficial than biological degradation 

processes because anaerobic digestion is a slow process that is not currently able to be 

applied on a distributed small scale (Ebikade et al., 2021). However, literature has also 

shown that aerobic pretreatment of feedstocks for subsequent anaerobic digestion 

increases anaerobic processes efficiency (Fisgativa et al., 2018; Montalvo et al., 2018; 

Rafieenia et al., 2017; Wu et al., 2018). Additionally, the small-scale nature of the 

aerobic biodigesters addresses the dispersion issue for food waste collection. As such, 

aerobic and anaerobic digestion were the valorization techniques in the research 

studies outlined in the following chapters. The following section further details the 

aerobic and anaerobic digestion processes, and their applications for food waste. 
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2.4.1 Aerobic Digestion 

Aerobic degradation is the breakdown of organic matter by heterotrophic 

microbes in the presence of oxygen. Organic matter is either utilized by microbes to 

synthesize new biomass or oxidized into carbon dioxide, water, ammonia, and soluble 

inert materials through metabolism. Ammonia can then be further oxidized into nitrate 

(Water Environment Federation Municipal Resource Recovery Design Committee, 

2017). In typical aerobic digestion systems, the input solids concentration should not 

be greater than 4%, the temperature is usually between 15-20oC, and oxygen is 

actively pumped into the system intermittently with mixing (Davis, 2011). 

2.4.1.1 Aerobic Applications for Food Waste Management 

There are several types of aerobic digestion systems, but the most common 

system used for the degradation of food waste is commercial composting. There are 

three types of commercial composting: windrows, aerated static pile, and in-vessel. 

When organic waste is composted with windrows, it is piled in long rows that are 

mechanically turned to expose them to oxygen. When composting via aerated static 

piles, organic waste is heaped in large piles that have air pumped directly into them. 

After active composting, the static pile is moved to another location to cure (EPA, 

2002). In-vessel composting means that the organic materials are placed in a silo or 

tunnel and aerated and mixed within the vessel. Degradation in the aerobic digesters is 

most like in-vessel composting, though most in-vessel composting units add 

significantly less water than the aerobic bio-digesters (EPA, 2000).  

During composting, organic waste is supplemented with a bulking agent (such 

as wood chips or saw dust) and placed in piles (EPA, 2002). While in the piles, the 

compost undergoes three stages of digestion. In the mesophilic stage, the temperature 
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in the compost pile reaches 20-40oC due to the respiration of microbes degrading 

readily available carbon. Microbes in the compost take in oxygen and produce heat, 

carbon dioxide, and water. In the thermophilic phase, temperatures can reach up to 

80oC and this is where the most rapid decomposition happens. Finally, in the cooling 

phase, the temperature comes back down to the mesophilic range and the digestion 

process is complete. The microbial community changes in each of the three phases 

(Zibilske, 2005). The product of composting is an organic material that can be used as 

fertilizer or soil amendment for gardens because it is rich in nutrients such as nitrogen 

and potassium (EPA, 2002). 

Benefits of composting are that it repurposes food waste into usable fertilizer 

which improves soil health, and it is cost-competitive with other waste-handling 

technologies. It also poses a low risk to the environment (Zibilske, 2005). Limitations 

of composting include issues with odor, the incomplete destruction of pathogens in the 

organic matter, and a lack of consistency in the compost product (EPA, 2002). 

Commercial composting also requires many resources, like land, machinery, and 

manpower, and requires the food waste to be transported to the composing facility. 

2.4.2 Anaerobic Digestion 

Anaerobic digestion is the breakdown of organic materials in the absence of 

oxygen. This process happens in three stages: hydrolysis, acidogenesis/acetogenesis, 

and methanogenesis. In the hydrolysis stage, the microorganisms produce enzymes to 

break down and solubilize particulate organics. During acidogenesis, microbes convert 

soluble organics to volatile fatty acids (VFAs), and during acetogenesis, VFAs are 

converted to acetic acid, hydrogen, and carbon dioxide. Finally, during 

methanogenesis, methane-forming bacteria convert hydrogen and organic acids (acetic 



 29 

acid) into methane and carbon dioxide (Mihelcic & Zimmerman, 2014). 

Methanogenesis is generally considered the rate limiting step in anaerobic digestion 

because the growth kinetics of this step are the slowest (Davis, 2011). 

Most single-stage anaerobic digesters operate between 20 and 40oC 

(mesophilic) at a neutral pH (6.8-7.4). Organic loading rate (OLR) to the digester can 

vary over a range of 0.5 – 4.8 kgVS/m3 per day. Hydraulic residence time in the 

digester depends on the OLR and will be longer (30-60 days) for low-rate systems, 

and shorter (15-20 days) for high-rate systems. C/N ratio of the substrate should be 

between 15 and 30 (Van et al., 2020). The microbes in this system are both facultative 

and obligate anaerobic bacteria (the bacteria responsible for methane production are 

strict anaerobes). Bacteria that can be problematic in this system are those that reduce 

sulfate because high concentrations of sulfide in the system are toxic to methanogens. 

Other inhibitors include ammonia, metals, and some organic compounds (Davis, 

2011).  

Single-stage anaerobic digesters are the cheapest type of anaerobic digester 

and the easiest to operate. However, while single-stage digesters can support all four 

steps of the degradation process, fluctuations in the pH, loading rate, and solid 

concentrations can cause the system to be unstable. Since methanogenesis is the rate 

limiting step, a single-stage digester should be designed to work optimally for this 

stage. However, this means there is greater potential for buildup of VFAs and 

ammonia in one-stage anaerobic systems since hydrolysis and acidogenesis stages 

happen more quickly than methanogenesis. Buildup of VFAs and ammonia can reduce 

system pH and hinder biogas production. Some of these issues with a one-stage 

system can be solved with a two-stage system that separates the hydrolysis and 
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acidogenesis stages from the acetogenesis and methanogenesis stages (Van et al., 

2020). 

Biogas produced from anaerobic digestion contains approximately 65% 

methane and 35% carbon dioxide, and it is collected and burned for energy much like 

natural gas. In two-stage systems, hydrogen gas can also be collected from the first 

stage. Methane production from this process under standard conditions (0ºC and 1 

atm) is approximately 0.35 L/g COD. There is also some hydrogen sulfide, particulate 

matter, and water vapor that is produced in the process, but these can be separated out 

by gas scrubbing equipment (Davis, 2011). 

Biosolids that are produced from anaerobic digestion have several uses, 

including composting, land application, mine reclamation, landfill daily cover, and 

energy generation (EPA, 2014). 

2.4.2.1 Anaerobic Applications for Food Waste Management 

Anaerobic digestion is considered one of the best food waste management 

strategies because of its potential for energy recovery in the form of biogas production 

and its relatively small environmental footprint. Though most anaerobic digesters 

today treat dairy and wastewater and are not specifically designed to treat food waste, 

when these existing digesters have extra capacity, food waste can be added to the input 

materials. Co-digestion of food waste with wastewater or dairy inputs is very 

beneficial for the anaerobic digestion process. Food waste is an organic-rich, high-

energy waste stream that contains approximately three times the methane production 

potential of animal byproducts (EPA, 2016). The high carbon content of food waste 

combined with the nitrogen-rich animal slurry can optimize nutrient ratios in the 
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digester for increased biogas production that would otherwise be impossible for either 

single-waste stream (Abbas et al., 2023; Rahmani et al., 2022).  

According to an EPA case study, the co-digestion of food waste at resource 

recovery facilities was the only carbon negative solution out of the many food waste 

disposal options they studied, including composting. There are many other benefits to 

anaerobic digestion, including improved water quality and pathogen removal (EPA, 

2014). 

Some of the drawbacks of anaerobic digestion it is a slow degradation process 

and therefore low processing capacity. Anaerobic digestion is a delicate process that 

frequently requires the pretreatment of food waste in some capacity prior to digestion. 

The system also requires a lot of resources, including manpower, machinery, and high 

operating costs. Finally, anaerobic digesters are often not located close to the facility 

that is producing the food waste, and they require transportation of the food waste to 

the anaerobic digestion facility (Wenjing et al., 2021). 

2.5 Aerobic Digestion as Pretreatment for Anaerobic Digestion 

As detailed above, separating hydrolysis and acidogenesis stages from the 

methanogenesis stage of anaerobic degradation can increase the health and efficiency 

of anaerobic digesters. This can be accomplished through two-stage anaerobic 

digestion, or by pretreating the feedstocks prior to anaerobic digestion to accomplish 

pre-hydrolysis of the compounds in the feedstocks (Ariunbaatar et al., 2014). Studies 

have verified the similarities between pre-treatment of wastes and the first stage of a 

two-stage anaerobic treatment (the hydrolysis stage) by showing that aerobically 

pretreated feedstocks decreased hydrogen production in the first stage of anaerobic 

digestion (indicating that hydrolysis has largely already taken place for this feedstock), 
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but increased methane production in the second stage of anaerobic digestion 

(Rafieenia et al., 2017).  

There have been several applications of aerobic digestion as pretreatment for 

anaerobic digestion which show increased methane yields in subsequent anaerobic 

digestion (Fisgativa et al., 2018; Montalvo et al., 2018; Rafieenia et al., 2017; Wu et 

al., 2018). Some of these studies also report shorter methanogenic phases and 

decreased risk of inhibition in the digesters due to VFA reductions and pH increases in 

the systems (Fisgativa et al., 2018; Wu et al., 2018). The major biochemical changes 

to the aerobically pretreated feedstocks include decrease in simple carbohydrates, 

VFAs, and smaller soluble compounds as these are more readily consumed by 

microbes in aerobic degradation, while there is an increase in larger soluble 

compounds. Changes in the microbial community of the feedstock after aerobic 

pretreatment indicated an increase in bacteria that consume VFAs and an increase in 

enzymes that degrade carbohydrates and protein (Fisgativa et al., 2018). One study 

also reports that aerobic pretreatment drastically improved methane production of 

protein-rich feedstocks (Rafieenia et al., 2017). 
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MICROBIAL DEGRADATION OF FOOD WASTE IN AEROBIC BIO-

DIGESTER 

Issues of food waste disposal are some of the most prevalent concerns in the 

realm of sustainability today. To divert food waste from landfills and repurpose it for 

resource recovery, a sustainable technology – the aerobic bio-digester – has been 

making its way onto the market in the past several years.  These digesters biologically 

degrade and liquify food waste which can be collected and repurposed. The 

introduction and literature review in Chapters 1 and 2 has established (1) the inherent 

environmental issues associated with food waste disposal to landfills, (2) the need for 

new sustainable food waste technologies for commercial food producers to repurpose 

food wastes, and (3) the potential of the aerobic bio-digester technology to meet this 

need. 

In this chapter, the aerobic bio-digester was evaluated as a sustainable 

technology by analyzing digester performance and microbial impact on the breakdown 

of food waste in the digester. This was accomplished in three ways. (1) Solids and 

organics were measured in the effluent digestate to determine the percent reduction 

from the influent feedstock samples and understand microbial breakdown in the 

digester. (2) Influent and effluent concentrations of complex polymers (starch and 

protein) were assayed to monitor the breakdown of macromolecules through aerobic 

digestion. (3) Enzymatic (amylase and protease) activity in the digester was measured 

Chapter 3 
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to correlate the breakdown of macromolecules with the activity of microorganisms in 

the digester.  

3.1 Materials and Methods 

3.1.1 Food Waste Feedstocks 

Single-waste food streams of potatoes and lentils were selected as feedstocks 

for this experiment; potatoes were selected to evaluate the breakdown of 

carbohydrates (starch) and lentils were selected to examine the breakdown of proteins. 

Both potatoes and legumes are popular, commonly consumed foods world-wide. They 

are also cheap and easily acquired, making them ideal choices as feedstocks for these 

runs as they are representative of a typical waste stream that may be added to the 

digester.  

3.1.1.1 Potato Feedstock 

According to the United States Department of Agriculture (USDA), the dry 

weight of raw russet potatoes contains approximately 84.6% carbohydrates (with 74% 

being starch), 10.0% proteins, and 0.4% lipids (USDA, 2019b).  

Potatoes contain high quantities of readily biodegradable carbohydrates, 

making them quickly and easily consumed by microorganisms in biological processes. 

Because they are low in nitrogen content, potatoes are best co-digested with other 

feedstocks that provide additional nitrogen content (Achinas et al., 2019; Parawira et 

al., 2004). Potato peels contain phenolic compounds which serve as natural 

preservatives against bacteria, fungi, viruses, and insects. These compounds are 

antioxidants and may have some effect on aerobic breakdown of potato wastes 

(Gebrechristos & Chen, 2018).  
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For this experiment, russet potatoes were purchased in bulk from the Newark 

Farmer’s Market in Newark, Delaware. The water content of the potatoes (both raw 

and cooked) was determined by drying them in an Econotherm laboratory oven 

(Precision Scientific, Chennai, India) at 105°C for 48 hours. The water content of raw 

potatoes was 82%, and water content of cooked potatoes was 84%. 

3.1.1.2 Lentil Feedstock 

According to the United States Department of Agriculture (USDA), the dry 

weight of lentils contains approximately 68.7% carbohydrates (with 41.0% being 

starch), 26.1% proteins, and 2.1% lipids (USDA, 2023).  

Like potatoes, lentils also contain a relatively high percentage of 

carbohydrates, which tend to degrade quickly in biological digestion processes. 

However, lentil feedstock contains a much higher percentage of protein compared to 

potato feedstock. Proteins degrade more slowly and less efficiently than carbohydrates 

in biological degradation processes because there are fewer readily available 

(solubilized) constituents in these feedstocks (Yang et al., 2015). Compared to the 

potato feedstock, lentils themselves have a more balanced composition between 

carbohydrates, proteins, and lipids, as well as a better C:N ratio, which will likely 

make them a more efficient mono-stream feedstock in biological digestion than the 

potato feedstock (Ohemeng-Ntiamoah & Datta, 2018). 

For this experiment, dry brown lentils were purchased in bulk from the 

Webstraunt Store. Lentils were pre-soaked (see additional instruction below) for 12 

hours prior to experiments. The water content of lentils was taken for raw lentils after 

presoaking, and for cooked lentils after cooking in an autoclave (cooking methods 

detailed below). The water content of the lentils was determined by drying them in an 
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Econotherm laboratory oven (Precision Scientific, Chennai, India) at 105°C for 48 

hours. The water content of raw lentils was 59%, and the water content of cooked 

lentils was 76%. 

3.1.1.3 Feedstock Preparation 

Iceberg lettuce (purchased at the Newark Farmers Market in Newark, 

Delaware) was added to each of these feedstocks to serve as a bulking agent and 

contributed very little to carbohydrate, protein, or lipid content of the feedstock 

(USDA, 2022). The water content of lettuce was measured at 97%. Four feedstocks 

were prepared for these experiments.  

Uncooked Lentil Feedstock (LU): Lentils were soaked overnight for 12 hours; 

volume ratio of tap water to lentils was 2:1 (i.e. one liter of dry lentils was soaked in 

two liters tap water). After soaking, excess water was drained from the lentils. 

Individual lettuce leaves were removed from the head. Lentils and lettuce were added 

to the digester at a ratio of 3:1 by wet weight, for a total of 17 kg lentils and 5.7 kg 

lettuce in the feedstock.  

Cooked Lentil Feedstock (LC): 300 mL of dry lentils were added to 700 mL 

tap water in a large beaker. Six beakers were autoclaved in a Sterilizer SN300 

autoclave (Yamato Scientific, Tokyo, Japan) at 0.25 MPa and 121oC for 12 minutes. 

Individual lettuce leaves were removed from the head. Cooked lentils and lettuce were 

added to a to the digester at a ratio of 3:1 by wet weight, for a total of 17 kg lentils and 

5.7 kg lettuce in the feedstock.  

Uncooked Potato Feedstock (PU): Small, whole russet potatoes and lettuce 

leaves (removed from the head) were added to the digester at a ratio of 3:1 by wet 

weight, for a total of 17 kg potatoes and 5.7 kg lettuce in the feedstock.  



 37 

Cooked Potato Feedstock (PC): Russet potatoes were cut into quarters or 

eighths to produce approximately one-inch chunks of potato. 800 mL of loosely 

packed potato quarters were added to a large beaker. Tap water was added to the 

beaker until potatoes were submerged. Six beakers were autoclaved in a Sterilizer 

SN300 autoclave (Yamato Scientific, Tokyo, Japan) at 0.25 MPa and 121°C for 12 

minutes. Individual lettuce leaves were removed from the head. Cooked potatoes and 

lettuce were added to the digester at a ratio of 3:1 by wet weight, for a total of 17 kg 

lentils and 5.7 kg lettuce in the feedstock.  

A representative of each of these feedstocks was prepared in the same manner 

described above, but in lesser quantities. For the representative feedstocks, 114 grams 

of either potatoes or lentils were added to 38 grams of lettuce. Five hundred milliliters 

of tap water (dilution factor was accounted for in data analysis) were added to the 

feed, and all three components were ground together for two minutes in a blender. 

These representative feedstocks were acidified using sulfuric acid and stored for later 

chemical testing where they were compared to the effluent constituents from the 

digester. 

3.1.2 Digester Operation 

Figure 1.3 shows the internal workings of the digester. Food waste is placed 

into the digester by lifting the lid, and the aerobic digestion process takes place within 

the internal digestion chamber. Here, the food waste is broken down into small 

particles which pass through a grate with 3 mm diameter holes at the bottom of this 

chamber. The basin under the digestion chamber collects and dilutes the liquefied food 

waste. After 3-5 gallons of diluted, liquified food waste is collected in the basin, it is 
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expelled from the bottom of the digester into the sewer drain. The liquified food waste 

flushes from the digester approximately once every 45-60 minutes. 

3.1.3 Digester Startup 

Plastic pellets were added to the digester to increase surface areas where 

microorganisms can attach and establish biofilms in the reactor. Two pounds of high-

count multi-strain microbial mix was added directly to the digester from a proprietary 

freeze-dried powder pack designed specifically for the aerobic digester and supplied 

by EarthBio Technologies (Glenside, PA). To establish the microbial communities in 

the digester, 22.7 kg of an acclimation mixture of food waste consisting of equal parts 

(by wet weight) apple, lettuce, potato, and lentil was fed to the digester daily for four 

weeks prior to the first experimental run. Prior to each subsequent experiment run, the 

digester was fed the acclimation mixture for at least 5 days to allow the microbial 

community to reestablish if necessary. The digester was not fed for the two days prior 

to beginning an experiment to allow time to flush out solid and organic matter in the 

digester from the acclimation feedings. To ensure proper flush out of the digester prior 

to an experiment, the collection basin was flushed ten times to remove any residual 

solids. 

3.1.4 Sampling Procedure 

The aerobic bio-digester flushes three to five gallons of effluent every forty-

five to sixty minutes. Each time a sample is taken from the digester, the full volume of 

the flush is collected in a 5-gallon bucket and the effluent volume is measured. The 

effluent is then re-mixed by pouring into a second bucket two times and collecting a 

100 mL representative sample for the flush. Samples were acidified to a pH of less 
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than 2.0 using sulfuric acid and stored in a freezer at -25°C until the time of sample 

analysis. 

3.1.5 Experimental Procedure 

For each individual experiment, the digester was fed 22.7 kg of food waste 

feedstock at time zero. Prior to time zero, a baseline effluent sample was collected. 

After time zero, every flush of effluent from the digester was sampled over a 12-hour 

period. All flushes over an additional 12-hour period were collected in a 75-gallon 

container (overnight collection). A final effluent sample was taken after 24 hours. The 

amount of water added to the digester prior to each flush was measured using a water 

meter. 

3.1.6 Analysis of Effluent Samples 

Each effluent sample and representative feedstock sample was analyzed for 

solids concentrations according to standard methods found in Standard Methods for 

the Examination of Water and Wastewater (Jenkins et al., 1981). Total solids (TS) for 

each sample were measured by drying 10 mL of sample in an Econotherm laboratory 

oven (Precision Scientific, Chennai, India) at 105oC for 12 hours according to standard 

method 209A. Total suspended solids (TSS) were filtered through a glass fiber filter 

(GF-A Glass Microfiber Filters, Whatman) and dried in the same manner as TS 

according to standard method 209C. Volatile solids (VS) were measured by heating 

the TS samples in a Thermolyne furnace (Thermo Scientific, Rockford, Illinois) 

operated at 550°C for 30 minutes according to standard method 209E, and volatile 

suspended solids (VSS) were measured from the TSS samples in the same manner, 

according to standard method 209G. Organic concentrations were determined as total 
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and soluble chemical oxygen demand (TCOD/SCOD) using Hach Method 8000 

(Hach, Loveland, Colorado) and a DR5000 Spectrophotometer (Hach, Loveland, 

Colorado). TCOD measurements were sampled directly while samples were filtered 

using a glass fiber filter (GF-A Glass Microfiber Filters, Whatman), and the filtrate 

was used for SCOD measurements.  

The macromolecules of interest (starch and protein) as well as their smaller 

building blocks (glucose and amino acids) and enzymes responsible for the breakdown 

of these macro molecules (amylase and protease) were analyzed in representative 

samples from t = 3, 6, 9, 12, and 24 hours. 

Starch content was measured using the Sigma-Aldrich Starch Colorimetric 

Assay Kit (MAK368) (Sigma-Aldrich, St. Louis, Missouri), which oxidizes the starch 

and measures glucose concentrations. This assay measures total starch (including 

maltose and glucose) in the samples. In this assay, samples were prepared by 

vortexing 1 mL 10M KOH with 0.5 mL of sample and heating the mixture in a boiling 

water bath for 5 minutes. One milliliter of 10M H3PO4 was slowly added to the 

sample, and the sample was centrifuged for 2 minutes at 10,000 x g using a Marathon 

22k centrifuge (Fisher Scientific, Waltham, Massachusetts). Finally, the supernatant 

was collected from the sample and used for analysis per the method instructions. 

Samples, glucose controls, and standards were measured in duplicate using a 

Spectramax i3x microplate reader (Molecular Devices, San Jose, California) at an 

optical density of 570 nm. The standard curve produced by this method is shown in 

Figure 3.1.    
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Figure 3.1 Starch standard curve. 

Glucose was measured using the hexokinase enzymatic method using the 

Sigma-Aldrich Glucose Assay Kit (GAHK20) (Sigma-Aldrich, St. Louis, Missouri). 

This reagent measured the breakdown of glucose via glycolysis by hexokinase and is 

therefore not measuring glucose chains, only individual glucose molecules. The 

limitation of this method is that we are not able to determine the starch that was 

broken down into smaller glucose chains: only the glucose chains that were 

completely separated into individual glucose molecules will be reported. Samples 

were prepared for analysis by centrifuging at 10,000 x g for 2 minutes using a 

Marathon 22k centrifuge (Fisher Scientific, Waltham, Massachusetts). One hundred 

microliters of supernatant were used as the sample volume. Blanks and samples were 

prepared in duplicate according to method instructions and measured at an optical 

density of 340 nm using a DR5000 Spectrophotometer (Hach, Loveland, Colorado). 

Amylase concentration was determined using Sigma-Aldrich’s Amylase 

Activity Assay Kit (MAK009) (Sigma-Aldrich, St. Louis, Missouri), which is a 

coupled enzymatic assay that colorimetrically measures amylase activity. Samples 

were prepared by centrifuging with a Marathon 22k centrifuge (Fisher Scientific, 
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Waltham, Massachusetts) at 13,000 x g for 10 minutes and collecting the supernatant 

to use as the sample. All samples, standards, and positive controls were analyzed in 

duplicate according to assay methodology and read using a Spectramax i3x microplate 

reader (Molecular Devices, San Jose, California) at an optical density of 405 nm in 5-

minute increments for 30 minutes. Measurements taken at the 30-minute mark were 

those analyzed in this paper. The standard curve produced by this method is shown in 

Figure 3.2. 

 

 

Figure 3.2 Amylase standard curve. 

Protein concentrations were measured by the Kjeldahl method whereby the 

total Kjeldahl nitrogen (TKN) is determined colorimetrically using Hach method 

10242 (Hach, Loveland, Colorado) and a DR5000 Spectrophotometer (Hach, 

Loveland, Colorado). Duplicate measurements were taken for each sample. The TKN 

result is multiplied by an established factor experimentally determined for lentils to 

convert nitrogen content to protein content. No factor has been identified for brown 

lentils specifically, but a multiplication factor of 6.25 has been established for mung 

beans (Food and Agriculture Organization of the United Nations, 2003), which contain 
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very similar nitrogen contents to lentils (USDA, 2019a). Measuring TKN quantifies all 

the proteins, peptides, and amino acids in the samples. 

L-amino acids (the amino acids taken up in biological cells) will be measured 

using Cell BioLabs’ colorimetric L-amino acid assay kit (MET-5054) (Cell BioLabs 

Inc, San Diego, California). This assay measures free L-amino acids in the solution. 

The limitation of this method is that proteins broken down into peptides will not be 

measured: we will only be able to measure the relative increase in amino acids. 

Samples were first centrifuged at 10,000 x g for 5 minutes and the supernatant was 

used as the sample for this assay. Samples and standards were assayed in duplicate 

according to method instructions and measured using a Spectramax i3x microplate 

reader (Molecular Devices, San Jose, California) at an optical density of 550 nm in 30-

minute increments for 3 hours. Measurements taken at the 3-hour mark were those 

analyzed in this paper. The standard curve produced by this method is shown in Figure 

3.3. 

 

Figure 3.3 Amino Acid standard curve. 

Protease was measured using Thermo Scientific’s Pierce Protease Assay Kit 
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utilizes breakdown of succinylated casein to quantify protease activity. Samples were 

prepared by centrifuging with a Marathon 22k centrifuge (Fisher Scientific, Waltham, 

Massachusetts) at 10,000 x g for 2 minutes and collecting the supernatant to use as the 

sample. Samples, standards, and control blanks were assayed in duplicate according to 

method instructions and measured using a Spectramax i3x microplate reader 

(Molecular Devices, San Jose, California) at an optical density of 450 nm. The 

standard curve produced by this method is shown in Figure 3.4. 

 

 

Figure 3.4 Protease standard curve. 
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3.2 Results and Discussion 

3.2.1 Water Balance 

Over the four experimental runs, 22.7 kg of food waste containing an average 

of 17.1 liters of embedded water were added to the digester along with an average of 

460 liters of water added by the machine. An average of 452 liters of liquefied food 

waste was collected from the digester over the course of the experiment run. 

Approximately 95% of total water added to the digester was recovered in the effluent 

(Table 3.1). The 5% loss of water may be attributed to evaporation (the water was 

warm to maintain internal digester temperature) and residual water left in the digester. 

These results verify that water is largely reclaimed in the effluent from the digester. 

Table 3.1 Water recovery from each aerobic bio-digester experiment.  

 

  

Water 

Added by 

Machine 

(L) 

Water 

Content of 

Feedstock 

(L) 

Effluent 

Collected 

(L) 

Water 

Not 

Recovered 

(L) 

Water 

Recovered 

(%) 

Potato Uncooked 458.8 18.6 451.6 25.8 94.3 

Potato Cooked 458.8 19.1 452.0 25.8 94.3 

Lentil Uncooked 453.9 13.4 445.7 21.6 95.2 

Lentil Cooked 466.7 17.2 458.3 25.7 94.4 

3.2.2 Solids and Organics Balance 

3.2.2.1 Potato Feedstock Solids and Organics 

TS, VS, and COD concentrations were measured for each digester effluent 

sample in duplicate. Duplicates were averaged to determine the total solids and 

organics concentrations for each flush, which was then multiplied by the volume of 
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the flush to determine the total content of each flush (grams). All flushes were added 

together to get the total solids recovered in aerobic digester effluent. Recovered solids 

and organics were compared to solids and organics content of the representative 

influent samples (Figure 3.5).  

For the PU feedstock, 3,600 grams of TS was added to the digester and 4,400 

grams were recovered in the effluent. In the PC feedstock, 3,400 grams were added, 

and 4,100 grams were recovered. In both cases, more than 100% of the initial TS was 

recovered from the digester. Increase in solids concentrations may be due to growth of 

microbial biomass, discussed further in section 3.2.2.3. 

VS content in the PU feedstock was 3,400 grams, and the same amount (3,400 

g) was recovered in the effluent. For the PC feedstock, 3,200 grams were loaded, and 

3,600 grams were recovered. In this case, both feedstocks had 100% VS recovery with 

the PC feedstock recovering more than 100% of influent VS. These results suggest 

that any growth in biomass was equivalent to (PU feedstock) or exceeded (PC 

feedstock) the amount of VS leaving the system.  

TCOD content in influent sample for the PU feedstock was 3,700 grams versus 

2,600 grams in the effluent. Similarly, for the PC feedstock, 3,600 grams TCOD were 

added to the digester and 2,000 grams were recovered. TCOD not recovered for the 

PU feedstock was 29.7%, and TCOD not recovered for the PC feedstock was 45.1%. 

Decrease in TCOD concentrations in the effluent is likely due to uptake of readily 

available organic materials by microorganisms in the digester. The percent TCOD 

recovered in the PC effluent was considerably lower than for the other influents. This 

is likely due to the potatoes being cooked (pretreated) before adding them to the 
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digester, breaking down and solubilizing starches and decreasing particle size for 

quicker degradation by microbes through aerobic digestion (Sweetman, 1933). 

Figure 3.6 shows the cumulative total solids for each effluent over time. Each 

data point represents the solids content of that flush plus the solids content of all prior 

flushes. The trend represented in this figure was the same trend observed for VS and 

TCOD content for each feedstock. The PU feedstock reached 100% recovery of TS 

after 1,144 minutes (19.1 hours). PC feedstock reached 100% recovery after 577 

minutes (9.6 hours). The cooked feedstock broke down more than two times quicker 

than the uncooked feedstock, indicating that pretreatment of the food waste by 

cooking made it much more easily degraded in the digester.  

This mass balance of solids and organics verifies that total and volatile solids 

are preserved in the effluent, and 50% of organics are also recovered. Degradation of 

organic materials in the digester and more than 100% recovery of total and volatile 

solids shows that the microbial community in the digester is active, growing, and 

consuming readily biodegradable food waste substrates. 

 

      

Figure 3.5 Percentage of TS, VS, and TCOD recovered over the course of the 

experiment for the PU feedstock (left) and the PC feedstock (right).  
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Figure 3.6 Cumulative percentage TS recovered over the course of the experiment 

for the PU feedstock (left) and the PC feedstock (right).  

3.2.2.2 Lentil Feedstock Solids and Organics 

Recovered solids and organics for the lentil feedstocks were obtained in the 

same manner as for the potato feedstocks and compared to solids and organics content 

of the representative influent samples (Figure 3.7).  

For the LU feedstock, 7,300 grams of TS was added to the digester and 6,000 

grams were recovered in the effluent. Only 81.9% of influent total solids were 

recovered in the effluent. It is possible in this case that uncooked lentils were slow to 

degrade and 100% recovery may have been observed with a longer residence time in 

the digester. Degradation of organics in this feedstock indicates microbial activity in 

the digester, though another possible explanation for this trend may be that the 

microbial community consumed more total and volatile solids than it produced in 

biomass growth for this experimental run. In the case of the LC feedstock, 5,700 

grams were added and 6,600 grams were recovered. For this feedstock, more than 

100% of the initial TS was recovered from the digester. Increase in solids 

concentrations may be due to growth of microbial biomass, discussed further in 

section 3.2.2.3. 
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VS content in the LU feedstock was 7,100 grams, and effluent content was 

5,600 grams. For the LC feedstock, 5,500 grams were loaded, and 6,100 grams were 

recovered. The trends for VS in the LU and LC feedstocks closely mirror the TS 

trends described in the previous paragraph with 79.1% recovery of VS in the LU 

feedstock and more than 100% recovery of VS in the LC feedstock.  

TCOD for the LU feedstock was 9,600 grams, and 7,100 grams were recovered 

in the effluent. TCOD in the LC feedstock was 5,700 grams and 4,600 grams were 

collected in the effluent. Differences in the initial TCOD concentrations across the 

feedstocks may be due to the increased water content of the cooked lentils versus the 

uncooked lentils or may be because when the lentils are cooked, proteins in the lentils 

can start to become denatured and solubilize into the cooking water which was 

drained/removed from the cooked lentils prior to adding them to the digester (Wang et 

al., 2009). TCOD not recovered from the LU feedstock was 25.4%, and TCOD not 

recovered from the LC feedstock was 19.1%. As seen with the potato feedstocks, this 

decrease in organics can likely be attributed to microbial consumption of readily 

available organic constituents in the digester.  

Figure 3.8 shows the cumulative total solids for each effluent over time. Each 

data point represents the solids content of that flush plus the solids content of all prior 

flushes. The trend represented in this figure was the same trend observed for VS and 

TCOD content for each feedstock. The LU feedstock did not reach 100% recovery of 

TS over the duration of the experiment (23.7 hours). The LC feedstock reached 100% 

recovery after 1,036 minutes (17.3 hours). The cooked feedstock broke down more 

quickly than the uncooked feedstock, indicating that pretreatment of the food waste by 

cooking made it more degradable.  
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The mass balance of solids and organics in the lentil feedstocks supports the 

trends observed in the potato feedstocks; solids in the digester are largely preserved in 

the effluent, and there is evidence that microorganisms are consuming some organic 

materials in the digester. By showing microbial activity but retaining many valuable, 

energy-rich food waste materials in the effluent this aerobic digestion process has 

potential to be an effective pretreatment option for subsequent resource recovery from 

the partially degraded food waste materials. 

 

            

Figure 3.7 Percentage of TS, VS, and TCOD recovered over the course of the 

experiment for the LU feedstock (left) and the LC feedstock (right).  

            

Figure 3.8 Cumulative percentage TS recovered over the course of the experiment 

for LU feedstock (left) and LC feedstock (right).  
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3.2.2.3 Biomass Production 

To show that recovery of excess solids in the effluent from the digester may be 

due to an increase in microbial biomass, the theoretical yield coefficients for glucose 

and glutamic acid, the most prevalent amino acid in lentils (Khazaei et al., 2019), were 

determined. The following chemical equations were used for the biosynthesis of 

glucose (Equation 3.1) and glutamic acid (Equation 3.2) to new biomass, and for the 

respiration of glucose (Equation 3.3) and glutamic acid (Equation 3.4). The theoretical 

oxygen demand (ThOD) of the substrate was calculated according to Equation 3.5, 

and the theoretical yield coefficient (Y) was calculated using Equation 3.6. 

 

4 C6H12O6 + 5 O2 + 4 NH4  → 4 C5H7NO2 + 4 CO2 + 18 H2O (Equation 3.1) 

 

4 C5H9NO4 + 4 O2  → C5H7NO2 + 5 CO2 + 4 H2O + NH3  (Equation 3.2) 

 

C6H12O6 + 6 O2  → 6 CO2 + 6 H2O   (Equation 3.3) 

 

2 C5H9NO4 + 9 O2  → 10 CO2 + 3 H2O + NH3  (Equation 3.4) 

 

 𝑇ℎ𝑂𝐷 (
𝑔 𝑂2

𝑔 𝑠𝑢𝑏.
) =  

(𝑚𝑜𝑙 𝑂2 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑)(𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑂2)

(𝑚𝑜𝑙 𝑠𝑢𝑏.  𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑)(𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑠𝑏.)
  (Equation 3.5) 

 

𝑌 (
𝑔 𝑏𝑖𝑜𝑚𝑎𝑠𝑠

𝑔 𝑠𝑢𝑏.  𝑎𝑠 𝐶𝑂𝐷
) =  

(𝑚𝑜𝑙 𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑)(𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑏𝑖𝑜𝑚𝑎𝑠𝑠)

(𝑚𝑜𝑙 𝑠𝑢𝑏.  𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑)(𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔ℎ𝑡 𝑠𝑢𝑏.)(𝑇ℎ𝑂𝐷 𝑠𝑢𝑏.)
  (Equation 3.6) 

 

Table 3.2 shows the theoretical biomass production per feedstock based on 

these theoretical yield coefficients. Biomass is reported as a percent of influent TS and 
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is compared to the percentage of excess TS (beyond 100% TS recovery) in the 

digester effluent. Theoretical biomass production accounts for half the increase in total 

solids for the LC effluent, it accounts for most excess solids in the PU run, and it 

accounts for all excess solids in the PC run. Based on these theoretical calculations, it 

is reasonable to conclude that increases observed in solids concentrations recovered in 

the digestate could be due to the growth of new biomass in the digester. 

Table 3.2 Theoretical biomass production per feedstock.  

  

COD 

Consumed 

(g) 

Biomass 

Yield 

Coefficient 

Biomass 

Growth 

(g) 

Biomass 

Growth as 

% of 

Influent TS 

TS 

recovered 

beyond 

100% 

Potato Uncooked 1,100 0.59 649 17.8 20.0 

Potato Cooked 1,640 0.59 968 28.5 20.7 

Lentil Uncooked 2,430 0.39 948 13.0 - 

Lentil Cooked 1,100 0.39 429 7.53 15.6 

 

Findings from preliminary studies of the digester were also considered to shed 

light on the contribution of new microbial biomass to the increase seen in the total 

solids measurements. In the preliminary study (reported in Appendix B.3), an abiotic 

run of the digester (without microbes) was compared to a run of the digester seeded 

with microorganisms. Findings for that study matched the findings seen here– total 

solids increased by about 19% while total organic concentrations decreased. Because 

the trends seen in these experiments are the same, it can be concluded that the increase 

in solids can be attributed to the addition of microorganisms to the digester. 
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3.2.3 Dissolved and Suspended Solids and Organics 

3.2.3.1 Potato Feedstock Dissolved and Suspended Solids and Organics 

TS was measured as TSS and TDS for each digester effluent sample to show 

the percentages of dissolved versus suspended solids in the influent and effluent. 

Duplicates were averaged to get the concentrations of TS and TSS for each flush, and 

TSS was subtracted from TS to get the TDS value. These values were then multiplied 

by the volume of the flush to determine the total solids content (dissolved and 

suspended) of the flush in grams. All flushes were added together to get the total 

solids recovered in aerobic digester effluent over the course of the run. Recovered 

solids were compared to dissolved and suspended solids in the representative influent 

samples (Figure 3.9 for PU feedstock and Figure 3.10 for PC feedstock). VSS and 

VDS were determined in the same manner. TCOD and SCOD were measured, and 

SCOD was subtracted from the TCOD value to determine the insoluble COD portion 

(ICOD). Any solids and organics that were not recovered in the effluent are also 

reported. 

For the PU feedstock, TDS increased from 560 g (15% of TS) in the influent 

sample to 2,300 g (52% of TS) in the effluent sample, for a total percentage increase 

of dissolved solids of 37%. In the PC feedstock, TDS increased from 450 g (13% of 

TS) in the influent to 1,300 g (33% of TS) in the effluent, indicating a total percentage 

increase of dissolved solids of 20%. These results show solubilization of food waste in 

the digester by microorganisms due to the increase in the dissolved fraction of solids 

in the digester. A smaller percentage increase in dissolved solids for the PC effluent 

may be due to the shorter residence time of the PC feedstock in the digester.  
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Similarly, the VDS content of the PU feedstock increased from 320 g (10% of 

VS) to 1,300 g (39% of VS) in the effluent for a total dissolved percentage increase of 

29%. The VDS content of the PC feedstock increased from 280 g (9% of VS) to 820 g 

(23% of VS) for a total dissolved percentage increase of 23%. These trends report the 

same patterns observed for the TS data.  

The SCOD content of the PU feedstock decreases from 1,900 g (51% of 

TCOD) to 1,400 g (39% of TCOD) with 30% of influent TCOD not recovered in the 

effluent at all. The SCOD content of the PC feedstock increases from 1,400 g (38% of 

TCOD) to 2,000 g (55% of TCOD) with 45% of influent TCOD not recovered in the 

effluent. Any TCOD not recovered in the effluent was likely solubilized and 

consumed by microorganisms in the digester, so this number can be considered an 

addition to the dissolved fraction of organics in the digester. Both feedstocks follow 

the pattern displayed by TS and VS measurements when you consider the total 

dissolved COD and COD not recovered as the overall content of COD solubilized by 

microbes in the digester. However, a decrease in soluble COD of the PU effluent may 

give insight into the behavior of the microbes, as this may indicate that soluble 

organics were rapidly consumed in the digester. These results can also be used to infer 

that the dissolved fraction of TS, VS, and COD may be due to non-readily 

biodegradable organics in the digester that were not as easily consumed. If this is the 

case, these results suggest that microorganisms are breaking down complex organic 

molecules into simpler, soluble forms, but only the simplest building blocks are 

quickly taken up by aerobic microbes in the digester. 
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Figure 3.9 Percentage of dissolved, suspended, and consumed solids and organics in 

the influent and effluent samples for the PU feedstock.  

 

Figure 3.10 Percentage of dissolved, suspended, and consumed solids and organics in 

the influent and effluent samples for the PC feedstock. 

3.2.3.2  Lentil Feedstock Dissolved and Suspended Solids and Organics 

TS, TSS, TDS, VS, VSS, VDS, TCOD, ICOD and SCOD for each digester 

effluent sample was determined in the same way for the lentil feedstocks as for the 

potato feedstocks.  Recovered solids and organics were compared to dissolved and 
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suspended solids in the representative influent samples (Figure 3.11 for LU feedstock 

and Figure 3.12 for LC feedstock). 

For the LU feedstock, TDS increased from 200 g (3% of TS) in the influent 

sample to 1,700 g (24% of TS) in the effluent sample, for a total percentage increase 

of dissolved solids of 21%. In the LC feedstock, TDS increased from 770 g (14% of 

TS) in the influent to 2,300 g (35% of TS) in the effluent, indicating a total percentage 

increase of dissolved solids of 21%. Like with the potato feedstocks, the increase in 

the dissolved fraction of solids indicates microbial solubilization of food waste in the 

digester. 

Similarly, the VDS content of the LU feedstock increased from 75 g (1% of 

VS) to 1,300 g (18% of VS) in the effluent for a total dissolved percentage increase of 

17%. The VDS content of the LC feedstock increased from 620 g (11% of VS) to 

1,800 g (30% of VS) for a total dissolved percentage increase of 19%. These trends 

report the same patterns observed for the TS data.  

The SCOD content of the LU feedstock decreases from 3,200 g (33% of 

TCOD) to 1,500 g (16% of TCOD) with 25% of influent TCOD not recovered in the 

effluent at all. The SCOD content of the LC feedstock decreases from 2,900 g (52% of 

TCOD) to 2,100 g (44% of TCOD) with 19% of influent TCOD not recovered in the 

effluent. Any TCOD not recovered in the effluent was likely solubilized and 

consumed by microorganisms in the digester, so this number can be considered an 

addition to the dissolved fraction of organics in the digester. Both feedstocks follow 

the pattern displayed by TS and VS measurements when you consider the total 

dissolved COD and COD not recovered as the overall content of COD solubilized by 

microbes in the digester. However, as with the potato feedstock, decrease in soluble 
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COD indicates that soluble organics were rapidly consumed by microbes in the 

digester. Again, it can also be inferred that the dissolved fraction of TS, VS, and COD 

remaining in the collected effluent may be due to non-readily biodegradable organics 

in the digester that were not as easily consumed. 

 

 

Figure 3.11 Percentage of dissolved, suspended, and consumed solids and organics in 

the influent and effluent samples for the LU feedstock. 

 

Figure 3.12 Percentage of dissolved, suspended, and consumed solids and organics in 

the influent and effluent samples for the LC feedstock. 
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3.2.4 Degradation of Macromolecules in the Digester 

For each of the assays described in this section, effluent was collected in 3-

hour intervals and assayed to measure the concentration (mg/L) of each constituent in 

the digestate at that point in time (i.e. measurements for the first collection are 

representative of the concentrations of constituents in the digestate three hours after 

initial loading of food waste feedstock). All measurements were taken in duplicate. 

Total content (mg) of each constituent in the representative influent samples 

was also measured in duplicate. These influent measurements are reported in Table 

3.3. Because the food waste feedstock fed to the digester was progressively diluted by 

the addition of water to the digester over the course of the experiment, these one-time 

measurements for the influents were adjusted for dilution for each effluent collection. 

Dilution-adjusted values for the influents are reported alongside the effluent 

measurements in the graphs below. 

Table 3.3 Total mass (mg) of each constituent in the representative influent samples 

per 22.7 kg food waste feedstock. 

 
Content 

(mg of constituent per feedstock1) 
  

 Uncooked Influent Cooked Influent 

Starch 3.59 ± 0.60 ×104 5.89 ± 0.21 ×104 

Glucose 7.23 ± 0.23 ×104 2.43 ± 0.06 ×104 

Protein 29.0 ± 11.9 ×104 22.6 ± 0.14 ×104 

Amino Acids 7.69 ± 0.45 ×104 9.92 ± 0.69 ×104 

1each feedstock is comprised of 22.7 kg of food waste in proportions described in the 

methods section. 
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3.2.4.1 Potato Feedstock: Degradation of Starch to Glucose 

In the first 6 hours of the PU experiment, effluent starch concentration ranged 

from 22.4 mg/L to 25.2 mg/L, concentrations significantly less than influent starch 

concentrations of 555 mg/L and 286 mg/L. Starch concentrations in the effluent later 

increased to 242 mg/L and 208 mg/L after 9 and 12 hours, respectively, which was 

higher than influent concentrations at those times (190 mg/L at 9 hours and 151mg/L 

at 12 hours). At the 24-hour mark, effluent concentrations decreased down to 30mg/L 

below the influent concentration of 78.3 mg/L (Figure 3.13a). 

Glucose in the effluent feedstock initially started high (979 mg/L) and got 

progressively lower as the experiment continued, bottoming out after 9 hours 

(consistently around 25 mg/L after this time point). Glucose concentrations in the 

effluent were consistently below the influent concentrations, which started at 1,120 

mg/L and ended at 158 mg/L (Figure 3.13b).  

These results give us a window into the degradation process of the raw potato 

feedstock in the digester. Because whole potatoes were added in the feedstock, it took 

some time for the digester to break down the raw potato feedstock biologically and 

mechanically. Soluble monomers like glucose were easily dissolved by water 

percolating through the food waste and more quickly expelled from the digester 

initially. Lower glucose concentrations after 9 hours can be attributed to removal of 

initial soluble glucose content and uptake of the remaining glucose content by 

microbial biomass in the digester (Lopez et al., 2016). As the digestion process 

continued and the potatoes were degraded further, larger food waste particles were 

broken down to smaller pieces, which increased the surface area for the microbial 

attachment (further aiding in biological degradation), increased dissolved compounds 

due to cell rupture, and allowed smaller particles to more easily be flushed out of the 
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digester (Palmowski & Müller, 2003). Higher concentrations of starch in the effluent 

after 12 hours shows when the potatoes were sufficiently degraded to release larger 

macromolecules into the effluent in addition to the smaller, simpler molecules. These 

results verify conclusions from previous sections that suggest that the microbes are 

consuming readily biodegradable materials and breaking down larger molecules which 

are recovered, in large part, in the liquified digestate.  

Figure 3.14a shows the influent and effluent starch and glucose in the PC 

experiments. Both starch and glucose for this run show the same trend as the PU 

glucose results. Initial concentrations of starch are high (836 mg/L), decrease quickly 

and level out after 9 hours (around 15.1 mg/L). Starch concentrations are consistently 

lower than influent concentrations which start at 1,060 mg/L and go down to 128 

mg/L. These results suggest that unlike the raw potato feedstock, the cooked potato 

did not need extended residence time in the digester for initial degradation. Rather, the 

preparation of the food waste feedstock (chopping and cooking) made this feedstock 

material much more degradable from the start. Decrease of starch with time could also 

signify the breakdown of starch to simpler glucose chains by microorganisms in the 

digester.  

Glucose concentrations start at 900 mg/L in the PC effluent and level out after 

9 hours at around 63.0 mg/L, getting down to 18.5 mg/L at the end of 24 hours (Figure 

3.14b). Influent glucose concentrations measure initially lower than effluent glucose 

concentrations (starting at 437 mg/L) but exceed glucose concentrations after 9 hours 

(ending at 53.0 mg/L). Effluent glucose concentrations greater than influent 

concentrations suggest rapid breakdown of starch to soluble glucose that is flushed 

quickly from the digester. After the initial production of glucose, concentrations in the 
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effluent fall under influent concentrations, suggesting microbial uptake of readily 

available glucose monomers.  

 

                  

Figure 3.13 Starch (left) and glucose (right) concentrations in effluents at 3-hour 

increments during the PU experiment run. The concentration measured in 

the representative influent samples is also shown for reference.  

            

Figure 3.14 Starch (left) and glucose (right) concentrations in effluents at 3-hour 

increments during the PC experiment run. The concentration measured in 

the representative influent samples is also shown for reference.  
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3.2.4.2 Lentil Feedstock: Degradation of Proteins to Amino Acids 

Protein concentrations for the LU feedstock are reported in Figure 3.15a. 

Effluent protein concentrations increase from hours 3 through 12 (from 3,250 mg/L at 

3 hours to 6,990 mg/L at 12 hours) and decrease after 12 hours to 1260 mg/L at 24 

hours. This trend is similar to the degradation of starch for the uncooked potato 

effluent, and it can be assumed a similar reason can be applied in this case; food takes 

some time in the digester to break down enough to release proteins into the effluent 

from the digester, but it is eventually released in the effluent and decreases with time 

as microbes break down the proteins in the digester. Effluent protein concentrations 

are consistently below influent concentrations which start at 31,700 mg/L and go 

down to 3,990 mg/L after 24 hours, which further indicates microbial degradation of 

proteins.  

Concentrations of amino acids in the LU feedstock (Figure 3.15b) closely 

mirror the influent concentrations. Amino acid concentrations at 3 hours are 840 mg/L 

and 1,340 mg/L in the effluent and influent, respectively. Concentrations in the 

influent and effluent are similar for hours 6, 9, and 12, with effluent concentrations 

surpassing influent concentrations during this time. At the end of 24 hours, influent 

concentrations were down to 169 mg/L and effluent concentrations were 14.0 mg/L. 

This trend in amino acids tells us that the smaller amino acid monomers are more 

quickly expelled from the digester, and that there is a slight increase in amino acid 

production around 9 hours, indicating that more proteins are beginning to be broken 

down to generate amino acids in this period. 

Protein concentrations in the LC feedstock (Figure 3.16a) start at 12,900 mg/L 

in the effluent and go down to 617 mg/L after 24 hours. Influent concentrations start at 

20,300 mg/L and go down to 3,030 mg/L, so protein concentrations in the effluent are 
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consistently lower than influent protein concentrations. This trend again closely 

resembles the trend for starch in the PC run. These results suggest that the cooked 

lentils did not need extended residence time in the digester for initial degradation. 

Rather, the prior treatment of the food waste feedstock by cooking made it much more 

degradable immediately. Decrease of proteins with time could also signify the 

breakdown of proteins to simpler amino acid chains by microorganisms in the 

digester.  

Effluent amino acid concentrations for the LC feedstock (Figure 3.16b) follow 

a similar trend to the LU feedstock, with concentrations starting at 403 mg/L in the 

effluent and 1,420 mg/L in the influent at 3 hours, similar concentrations in the 

influent and effluent from hours 6 through 12, and final amino acid concentrations of 

156 mg/L in the effluent and 213 mg/L in the influent. Unlike with the other 

feedstocks, amino acid concentrations begin relatively low in the effluent, which may 

be indicative of greater amounts of amino acids being consumed in the first 3 hours of 

digester operation than what we are able to see from this data. Increase in amino acid 

concentrations around 12 hours could be indicative of increased microbial degradation 

of proteins in the digester at this time.  

These results for the breakdown of protein in the digester reflect the same 

conclusions drawn from degradation of starch: (1) microorganisms in the digester are 

breaking down complex molecules into simpler chains or monomers and (2) microbes 

are rapidly consuming readily available materials in the digester while still preserving 

valuable constituents like proteins and starch in the digester effluent, particularly in 

early stages of aerobic digestion.  
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Figure 3.15 Protein (left) and amino acid (right) concentrations in effluents at 3-hour 

increments during the LU experiment run. The concentration measured in 

the representative influent samples is also shown on this graph for 

reference.  

                  

Figure 3.16 Protein (left) and amino acid (right) concentrations in effluents at 3-hour 

increments during the LC experiment run. The concentration measured in 

the representative influent samples is also shown on this graph for 

reference.  
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3.2.5 Microbial Enzymatic Activity 

Samples for amylase and protease assays were collected in 3-hour intervals in 

the same manner as described for the starch, glucose, protein, and amino acids assays. 

Protease samples were measured in duplicate. Total content (mg) of each enzyme in 

the representative influent samples was measured in duplicate for the uncooked 

feedstocks. These influent measurements are reported in Table 3.4 below. Because the 

food waste feedstock fed to the digester was progressively diluted by the addition of 

water to the digester over the course of the experiment, these one-time measurements 

for the influents were adjusted for dilution for each effluent collection. Dilution-

adjusted values for the influents are reported alongside the effluent measurements in 

the graphs below. Because the cooked feedstocks were prepared by autoclaving which 

destroys enzymes, measurements were not taken for the cooked influent samples. 

Table 3.4 Total content (mg) of enzymes in the representative influent samples per 

22.7 kg food waste feedstock.  

 

 Uncooked Influent 

Content (mg) 

Amylase 2.08×104 

Protease 5.35×102 

3.2.5.1 Potato Feedstock: Amylase Activity 

Amylase concentrations measured in the effluent samples for the PU 

experiment (Figure 3.17) showed an overall increase in amylase activity with time. 

Amylase concentrations began at 21l mg/L, dipped down to 93.5 mg/L after 9 hours, 

and increased again to 245 mg/L by the end of 24 hours. This trend might suggest that 

initial amylase flushed from the digester was due to amylase in the food waste 
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feedstock (concentrations in the effluent are very near influent concentrations). After 

food waste was largely flushed from the digester, amylase concentration decreased, 

but it increased again as the microbial community in the digester produced additional 

enzymes to aid in breaking down food waste. While very little data was able to be 

collected from the PC effluent to monitor amylase activity, the data reported in Figure 

3.18 demonstrates the presence of amylase in the digester effluent at 6 and 12 hours. 

 These results indicate that (1) the influent food waste feedstock already 

contained some amylase enzymes, (2) amylase enzymes were still present in the 

effluent from the digester, and (3) these enzymes were present in increasing amounts. 

It can be concluded that the environment of the digester is conducive to preserving and 

producing these enzymes. These results further support the conclusion that there is 

increased microbial growth within the digester and suggest that observed breakdown 

of starch to glucose is taking place because of this microbial community. 

 

 

Figure 3.17 Amylase activity in the effluents at 3-hour increments during the PU 

experiment run. The amylase activity measured in the representative 

influent sample is also shown on this graph for reference.  
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Figure 3.18 Amylase activity in the effluents at 3-hour increments during the PC 

experiment run. 

3.2.5.2 Lentil Feedstock: Protease Activity 

Protease activity in the LU effluent (Figure 3.19) started low (1.80 mg/L at 3 

hours) and increased to match the influent concentrations (3.44 mg/L) after 9 hours. 

These results indicate that microorganisms in the digester are contributing to protease 

production in the digester over time. LC effluent concentrations (Figure 3.20) started 

at 2.24 mg/L at 3 hours and remained at this level (ending at 2.28 mg/L protease 

concentration), with a slight dip to 1.60 mg/L after 12 hours. In this case as well, 

enzyme concentration remains consistent even with increased dilution of the sample 

by addition of water to the digester, showing that microbes are producing protease 

enzymes over time. These results support the conclusion that increased enzyme 

activity can be linked to microbial growth and degradation of macromolecules in the 

digester. 
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Figure 3.19 Protease activity in the effluents at 3-hour increments during the LU 

experiment run. The protease activity measured in the representative 

influent sample is also shown on this graph for reference. 

 

Figure 3.20 Protease activity in the effluents at 3-hour increments during the LC 

experiment run. 
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3.3 Study Limitations 

The results of these studies can suggest trends in movement and breakdown of 

food waste in the digester, though the ability to perform a strict mass balance was 

limited by the nature of the digester. The digester was a full-scale device that did not 

allow for precise control of operating conditions, such as consistency of water addition 

or temperature. It was difficult to quantify the amount of biomass produced in the 

digester or the solids that may have been trapped in the digester and not flushed out of 

the system properly. Additionally, the representative influent samples, though taken 

from the same food composition as the feedstock, may not have been a perfect 

representation of the food waste that was fed to the digester. These differences make it 

so that an exact mass balance from this system is nearly impossible. It is also difficult 

to know the precise conversion of solids and organics to microbial biomass, making it 

difficult to fully interpret the increase in solids in the digester.  

An additional limitation was in the measurement of amylase enzymes, 

particularly for the PC effluent. Enzyme activity hardly read above zero for multiple 

of these samples, making the data unreliable. Only two points for this effluent returned 

reliable results, and even then, only one replicate was able to be taken for each 

measurement due to limited reagents.  

3.4 Conclusion 

Through a water and solids balance in the digester, it was found that 95% of 

water added to the digester is reclaimed in the effluent. Solids in the digester are 

recovered 100% in most experimental runs, and organics are recovered 50-80%. 

Trends were consistent across feedstocks, with cooked feedstocks exhibiting more 

degradation than uncooked feedstocks. These results show that the microbial biomass 
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in the digester is growing and consuming readily degradable organics. Even so, there 

is not complete conversion of food materials to biomass in the digester, and many of 

the valuable organics in food wastes are preserved in the effluent.  

By analyzing the breakdown and solubilization of solids and organics in the 

digester, it was found that even as there is incomplete degradation of food wastes in 

the digester, the microbes are breaking down and solubilizing solids and organics. 

Comparison of influent to effluent starch and glucose concentrations in potato 

feedstocks suggest breakdown of starch and quick uptake of glucose by 

microorganisms. Similarly, comparison of influent to effluent protein and amino acids 

concentrations in lentil feedstocks show breakdown of proteins and consumption of 

free amino acids by microorganisms in the digester. Concentrations of enzymes 

increased over time in the digestate, further indicating microbial activity and 

degradation. 

By preserving much of the valuable organic content in the effluent while 

solubilizing and degrading macromolecules in the food waste, the aerobic digester is 

an excellent candidate for a pretreatment option for subsequent resource recovery 

through anaerobic digestion. Literature suggests that aerobic pretreatment of food 

waste can increase methane production in the anerobic process (Montalvo et al., 2018; 

Rafieenia et al., 2017; Wu et al., 2018) by decreasing time for digestion, breaking 

down complex compounds into smaller, more soluble compounds, and increasing 

enzymes that degrade carbohydrates and proteins (Fisgativa et al., 2018).  This study 

has shown breakdown of macromolecules and increased enzyme production, 

indicating that it is a promising feedstock for resource recovery pathways. 
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AEROBIC BIO-DEGRADATION OF FOOD WASTE AS PRETREATMENT 

FOR ANAEROBIC DIGESTION AND BIOGAS PRODUCTION  

It is imperative that sustainable solutions for food waste convert energy-rich 

organic materials to usable resources, thereby recovering value from the wasted food. 

As such, it is important that the liquified food waste digestate from the aerobic bio-

digester can be repurposed for resource recovery.  

Results of the aerobic experiments showed that microorganisms in the aerobic 

biodigester were not completely mineralizing food waste. Rather, the microbes were 

solubilizing but preserving solids and organics in the digestate while breaking down 

complex macromolecules into their smaller constituents. The correlation between the 

microorganisms and these changes was verified by the increasing concentrations of 

enzymes measured in the effluent from the digester over the course of the experiment. 

Based on the initial degradation observed in the aerobic bio-digester, it was 

hypothesized that the liquified effluent can be used for, and may increase the process 

efficiency of, biogas production via anaerobic digestion. The goal of this chapter was 

to determine whether the aerobic bio-digesters can serve as an effective pretreatment 

option for subsequent anaerobic digestion and biogas recovery. This was 

accomplished through a biodegradability experiment in which aerobically pretreated 

feedstock was compared to raw food waste feedstocks to measure biogas production 

over time. These findings were used to meet specific objectives of (1) determining 

whether the liquefied effluent can be effectively used for biogas recovery and (2) 

Chapter 4 
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discerning whether there was a change in the digestion efficiency due to aerobic 

pretreatment of the feedstock.  

4.1 Materials and Methods 

4.1.1 Food Waste Feedstocks 

As in the aerobic experiments conducted in Chapter 3, single-waste food 

streams of potatoes and lentils were selected as feedstocks for this experiment.   

4.1.1.1 Potato Feedstock 

According to the United States Department of Agriculture (USDA), the dry 

weight of raw russet potatoes contains approximately 84.6% carbohydrates (with 74% 

being starch), 10.0% proteins, and 0.4% lipids (USDA, 2019b).  

Potatoes contain high quantities of readily biodegradable carbohydrates, 

making them quickly and easily consumed by microorganisms in biological processes. 

In anaerobic digestion processes, starches were readily degraded compared to proteins 

and lipids (Lopez et al., 2016). Because they are low in nitrogen content, potatoes are 

best co-digested with other feedstocks that provide additional nitrogen content 

(Achinas et al., 2019; Parawira et al., 2004).  

For this experiment, russet potatoes were purchased in bulk from the Newark 

Farmer’s Market in Newark, Delaware. The water content of the potatoes (both raw 

and cooked) was determined by drying them in an Econotherm laboratory oven 

(Precision Scientific, Chennai, India) at 105oC for 48 hours. The water content of raw 

potatoes was measured to be 82%, and water content of cooked potatoes was 

measured at 84%. 
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4.1.1.2 Lentil Feedstock 

According to the United States Department of Agriculture (USDA), the dry 

mass of lentils contains approximately 68.7% carbohydrates (with 41.0% being 

starch), 26.1% proteins, and 2.1% lipids (USDA, 2023).  

Like potatoes, lentils also contain a relatively high percentage of 

carbohydrates, but they also contain much higher percentages of protein compared to 

potato feedstock. Proteins degrade more slowly and less efficiently than carbohydrates 

in biological degradation processes because there are fewer readily available 

(solubilized) constituents in these feedstocks (Yang et al., 2015). Additionally, one of 

the top inhibitory issues for anaerobic digesters is the presence of high ammonia in the 

system, which can be caused by degradation of proteins in the digester (Y. Chen et al., 

2008). Compared to the potato feedstock, lentils themselves have a more balanced 

composition between carbohydrates, proteins, and lipids, as well as a better C:N ratio, 

which will likely make them a more efficient mono-stream feedstock in biological 

digestion than the potato feedstock (Ohemeng-Ntiamoah & Datta, 2018). While lipid 

concentrations are not high in these feedstocks, literature reports greater methane 

production from lipids than any other macromolecules in the food waste, and lentils 

have a higher lipid content than potatoes (Lopez et al., 2016; Ohemeng-Ntiamoah & 

Datta, 2018). 

For this experiment, dry brown lentils were purchased online in bulk from the 

Webstraunt Store. Lentils were pre-soaked (see additional instruction below) for 12 

hours prior to experiments. The water content of lentils was taken for raw lentils after 

presoaking, and for cooked lentils after cooking in an autoclave (cooking methods 

detailed below). The water content was determined by drying the cooked and 

uncooked lentils in an Econotherm laboratory oven (Precision Scientific, Chennai, 
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India) at 105oC for 48 hours. The water content of raw lentils was measured at 59%, 

and the water content of cooked lentils was measured at 76%. 

4.1.1.3 Feedstock Preparation 

Iceberg lettuce was purchased at the Newark Farmers Market in Newark, 

Delaware and added to each of these feedstocks to serve as a bulking agent. The 

lettuce contributed very little to carbohydrate, protein, or lipid content of the feedstock 

(USDA, 2022). The water content of lettuce was measured at 97% in the same manner 

as that of the potatoes and lentils.  

Raw food waste feedstocks were prepared for this experiment by adding 114 g 

of either potatoes or lentils to 38 grams of lettuce (removed in leaves from the head). 

Five hundred milliliters of tap water were added to the feed, and all three components 

were ground together for two minutes in a blender. Total volumes of feedstocks 

produced via this method was 705 mL. Differences in dilution were corrected when 

adding feedstocks to the anaerobic digesters by feeding volumes of feedstock 

proportional to the chemical oxygen demand (COD) in the substrates. Raw food waste 

feedstocks were prepared at the same time as food waste was prepared for the aerobic 

digestion process. Raw samples were immediately frozen in a -25°C freezer until the 

day prior to anaerobic experimentation. 

These raw feedstocks were reproduced on a larger scale to include 22.7 total 

kg of food waste, and these feedstocks were fed to the aerobic-biodigester for 

pretreatment, as described below. 

Lentil Feedstock: Lentils were soaked overnight for 12 hours; volume ratio of 

tap water to lentils was 2:1 (i.e., 1 L of dry lentils were soaked in two liters tap water). 

After soaking, excess water was drained from the lentils. Individual lettuce leaves 
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were removed from the head. Lentils and lettuce were added to the digester at a ratio 

of 3:1 by wet weight, for a total of 17 kg lentils and 5.7 kg lettuce in the feedstock.  

Potato Feedstock: 22.7 kg of small, whole russet potatoes and lettuce leaves 

(removed from the head) were added to the digester at a ratio of 3:1 by wet weight, for 

a total of 17 kg potatoes and 5.7 kg lettuce in the feedstock. 

High-count multi-strain microbial mix (0.9 kg) was added directly to the 

digester from a proprietary freeze-dried powder pack designed specifically for the 

aerobic digester and supplied by EarthBio Technologies (Glenside, PA). To establish 

the microbial communities in the digester, 22.7 kg of an acclimation mixture of food 

waste consisting of equal parts (by wet weight) apple, lettuce, potato, and lentil was 

fed to the digester daily for five days prior to the first experimental run. After 5 days 

of acclimation to allow for microbial community establishment in the digester, the 

potato or lentil feedstock was added to the digester. After 6 hours of aerobic 

biodegradation, an effluent sample of approximately 3-5 gallons was collected. This 

sample was mixed by repeated pouring, and a 2-liter sample from this flush was 

preserved in a -25°C freezer until the day prior to the anaerobic biodegradability test. 

The collected effluent samples were used directly as feed for the anaerobic 

biodegradability experiments; they were not treated or otherwise supplemented. 

4.1.2 Experimental Setup 

The full setup for this experiment consisted of 15 reactors, split into five sets of 

triplicate reactors. Each of the five sets was fed with a different food waste feedstock: 

Blank, Lentil Pretreated (LT), Lentil Raw (LR), Potato Pretreated (PT), Potato Raw 

(PR). Pretreated feedstocks are those that have been aerobically digested, and raw 
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feedstocks are those that were liquified in a blender from the raw food materials. The 

purpose of the blank is to give a background methane production of the inoculum.  

Each reactor setup (Figure 4.1) consisted of a 500 mL amber bottle sealed with 

a rubber stopper, anaerobic grease, and anaerobic tape. There were three tubes coming 

from each stopper: one tube connected to the manometer for gas volume 

measurements, one tube connected to a rubber septum for gas collection, and one tube 

remained clamped but was available for sludge collection to test the health of the 

system throughout the experiment if necessary. 

 

 

Figure 4.1 Anaerobic reactor setup for biodegradability experiments.  

4.1.3 Inoculum and Substrates 

Sludge was collected from anaerobic digesters at the Wilmington Wastewater 

Treatment Plant in Wilmington, Delaware. Both the inoculum and substrates were 
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analyzed for chemical oxygen demand (COD), total organic carbon (TOC), total solids 

(TS), volatile solids (VS), total nitrogen (TN), total Kjeldahl nitrogen (TKN), total 

phosphorus (TP), volatile fatty acids (VFA), ammonia (NH3), and alkalinity (ALK). 

Table 4.1 reports the inoculum and substrate characteristics.  

COD was measured using Hach method 8000 (Hach, Loveland, Colorado) and 

a DR5000 Spectrophotometer (Hach, Loveland, Colorado). TOC was determined 

based off the COD measurement according to Equation 4.1 (Dubber & Gray, 2010). 

COD = 49.2 + 3.00 × TOC (Equation 4.1) 

Total solids (TS) for each sample were measured according to standard method 

209A (Jenkins et al., 1981). Ten milliliters of sample was dried in an Econotherm 

laboratory oven (Precision Scientific, Chennai, India) at 105oC for 12 hours. Volatile 

solids were measured from the TS samples according to standard method 209E 

(Jenkins et al., 1981). VS samples were heated in a Thermolyne furnace (Thermo 

Scientific, Rockford, Illinois) operated at 550°C for 30 minutes. 

TN, TKN, TP, VFA, and NH3 measurements were all sampled directly 

(without pretreatment or filtration) and measured colorimetrically using a DR5000 

Spectrophotometer (Hach, Loveland, Colorado). TN was determined using Hach 

method 10208 (Hach, Loveland, Colorado), TKN was determined using Hach method 

10242 (Hach, Loveland, Colorado), TP was determined using Hach methods 8190 and 

10214 (Hach, Loveland, Colorado), VFA was determined using Hach method 10240 

(Hach, Loveland, Colorado), NH3 was determined using Hach method 10031 (Hach, 

Loveland, Colorado).  

Alkalinity was determined using standard titration method 2320B (Jenkins et 

al., 1981). Unfiltered sample (20 mL) was used. Potentiometric titration was 
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conducted to an endpoint pH of 4.5 with sulfuric acid standard (0.1N). pH was 

measured using a pH meter (Cole-Palmer Vernon Hills, Illinois).  

Table 4.1 Inoculum characteristics of anaerobic sludge from the Wilmington 

WWTP. Concentrations are reported in mg/L. 

 Inoculum PT PR LT LR 

COD 31,000 3,500 15,000 7,600 17,200 

TOC 10,300 1,150 4,980 2,520 5,710 

TS 26,600 2,600 21,100 9,040 74,200 

VS 17,200 2,180 18,500 8,340 71,900 

TN 2,390 159 377 340 377 

TKN 2,330 152 330 180 191 

TP 2,910 77.2 309 625 3,470 

VFA 3,880 276 713 727 3,220 

NH3 730a 22.0 34.5 21.0 26.3 

ALK 1,140 25.7 56.3 27.8 193 

 
a Sludge was processed to remove ammonia content prior to the biodegradability experiment 

by lightly centrifuging the sludge at 300 x g for 30 minutes and removing the supernatant 

liquid, then resuspending the cells in dilution water in an anaerobic glovebox. The value 

reported here is the ammonia concentration after processing the sludge. 

4.1.4 Nutrients 

A dilution water mixture was created to standardize final volumes of 

bioreactors after the addition of substrate and inoculum to the reactors. Nutrients, 

including 20 mg/L yeast extract, 70 mg/L magnesium sulfate heptahydrate, and a trace 

minerals solution (Table 4.2), were added to the dilution water. 
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Table 4.2 Trace minerals added to dilution water. 

Concentration (mg/L) 

Calcium Chloride Dihydrate 0.3500 

Iron(II) Sulfate Heptahydrate 0.3500 

Zinc Sulfate Heptahydrate 0.0350 

Manganese(II) Chloride Tetrahydrate 0.0110 

Boric Acid 0.1100 

Cobalt(II) Chloride Hexahydrate 0.0700 

Copper(II) Chloride Dihydrate 0.0035 

Nickel(II) Chloride Hexahydrate 0.0035 

Sodium Molybdate Dihydrate 0.0110 

4.1.5 Experiment Startup 

Biodegradability experiments were set up following the procedure outlined in 

Filer et al. (2019). A substrate to inoculum ratio (g CODsub/g VSinoc) of 1 was selected.  

Volumes of substrate, inoculum, and dilution water to be added to the reactors 

can be found in Table 4.3. Volumes in this table were determined using the substrate 

to inoculum ratio, and balancing this value with a desired VS loading was between 1-4 

gVS/L (Nagao et al., 2012), and a VFA/ALK ratio below 0.4 (Filer et al., 2019). 

Table 4.3 Volumes of inoculum, substrate, and dilution water added to each reactor 

(reported in mL). 

  Inoculum Substrate Dilution Water 

Blank 120 0 430 

PT 120 295 135 

PR 120 59 371 

LT 120 139 291 

LR 120 60 370 
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 Inoculum, substrate, and dilution water (with nutrient solution) were 

transferred to each reactor in an anaerobic glove box, sealed with stopcock grease and 

anaerobic tape, and moved to a 35°C hot room for the duration of the experiment. 

Reactors were swirled to mix once daily. The reactors were monitored daily for 

methane production (detailed in Section 4.1.6) for 12 days. 

4.1.6 Gas Collection and Analysis 

 Each day of the experiment, the volume of gas produced was measured by a 

liquid displacement manometer. Increase in fluid level was measured in centimeters, 

and this value was multiplied by the cross-sectional area of the manometer tube to 

determine the total volume of gas produced. The barrier solution used for the 

manometer was both highly acidic and highly saline to prevent the escape of CO2 

through the barrier solution (Table 4.4), though it is still possible some CO2 was able 

to absorb into solution, up to 19%. (Zaman, 2010). Gas volume measurements were 

corrected using an evaporation rate correction factor to account for liquid from the 

manometer that evaporated over time. 

Table 4.4 Acidic (pH<2) and saline (5%NaCl) manometer solution (Zaman, 2010). 

Item Quantity 

NaCl 200 grams 

Citric Acid 5 grams 

Food Coloring 3 drops 

Tap Water 1 liter 
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In addition to gas volume measured daily, a sample of gas was also collected 

from each reactor and immediately analyzed using a GC-MS (Agilent 6890, Agilent, 

Santa Clara, California) to find the percentage of methane and carbon dioxide in the 

sample. The total volume of methane produced was calculated by multiplying the 

percentage composition methane and the total gas volume. 

4.1.7 Refeeding the Reactor 

At the end of the 12-day experiment, most reactors had ceased to produce 

biogas. To determine whether the cease in methane production was due to failure in 

the reactor or simply limitation of substrate, two of the triplicate reactors were re-fed 

an organic food waste feedstock. The feedstocks used to refeed to the digester were 

not the exact samples which were initially added to the digester, as there was not 

enough of those initial samples for a second feeding at the proper substrate to 

inoculum ratio. As such, the sole objective of refeeding was to notice an increase in 

biogas production, not to compare biogas production volumes or content after the 

second feeding with the biogas from the first 12 days of the experiment. After the 

second feeding, the digester was then run for another 7 days before the experiment 

was concluded.  

4.1.8 Monitoring Reactor Health 

When the reactors were re-fed, 15 mL of sludge was collected from each 

reactor. pH of each of these samples was measured using a pH meter (Cole-Palmer 

Vernon Hills, Illinois) as an indicator of reactor health. 
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4.1.9 Calculating Theoretical Methane Production 

The major component of carbohydrates is glucose (C6H12O6), and the most 

prevalent amino acid found in lentils is glutamic acid (C5H9NO4). These chemicals 

were used to determine theoretical methane production of the feedstocks using the 

Buswell formula (Equation 4.2). Methane production from glucose was calculated to 

be 390mL CH4/g glucose, and methane production from glutamic acid was calculated 

to be 420mL CH4/g glutamic acid. For each feedstock, the percentage of 

carbohydrates and protein in raw food was multiplied by the measured total solids 

content of the feedstock to give a representation of the total grams of glucose or 

glutamic acid found in the food. Theoretical methane production for each feedstock is 

provided in Table 4.5.  

 

𝐶𝑐𝐻ℎ𝑂𝑜𝑁𝑛𝑆𝑠 +  
1

4
(4𝑐 − ℎ − 2𝑜 + 3𝑛 + 2𝑠)𝐻2𝑂 =    Equation 4.2 

 
1

8
(4𝑐 + ℎ − 2𝑜 − 3𝑛 − 2𝑠)𝐶𝐻4 +  

1

8
(4𝑐 − ℎ + 2𝑜 + 3𝑛 + 2𝑠)𝐶𝑂2 +  𝑛𝑁𝐻3 + 𝑠𝐻2𝑆 

Table 4.5 Theoretical methane production for each feedstock.  

Feed % Carbs 

% 

Protein 

Theoretical CH4 

Production (mL) 

PT 85 10 303 

PR 85 10 491 

LT 69 26 489 

LR 69 26 1740 
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4.2 Results and Discussion 

4.2.1 Methane Production in Potato Reactors 

Daily methane production of the PT feedstock (Figure 4.2) shows that gas was 

produced in the reactor from day 0 through day 6, with up to 7.6 mL methane gas 

produced in the third day. PR feedstock produced gas from day 0 through day 4, with 

the highest daily gas production being 1.7 mL methane produced on day 2. In days 6 

through 12 of the experiment run, neither digester produced biogas. After re-feeding 

on day 12, both digesters began to produce gas again, suggesting that the stoppage in 

gas production on days 6 to 12 was due to limited substrate. pH assessment of the 

digester sludge culture at the conclusion of the experiment further supported that all 

reactors remained healthy throughout the course of the experiment (Section 4.2.6).  

Accumulated methane production from PT and PR feedstocks (Figure 4.3) 

shows that in the first two days of the experiment, the raw feedstock produced more 

methane than the treated feedstock. However, after the first two days, the raw reactor 

began to level out around 6.3 mL total methane production, whereas the gas 

production from the PT reactor continued to increase and far surpass the PR feedstock 

gas production, plateauing at 23.5 mL total methane production.   

These results indicate that the PR feedstock may initially have had more 

readily degradable constituents than the PT feedstock since there is quick initial 

production of biogas from the raw feedstock. Because the raw feedstock was ground 

in a blender, there was some mechanical dissolution of solids in the feedstock 

(Palmowski & Müller, 2003), whereas the readily biodegradable molecules in the 

pretreated feedstock were likely already taken up by the microbes in the aerobic 

digester. However, after the higher initial production, PR methane production began to 
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level out. It is possible that gas production ceases more quickly in the reactors fed with 

the raw feedstock because of inhibitory agents like the phenolic (preservative) 

compounds in the potato skins (Y. Chen et al., 2008; Milledge et al., 2019). 

Despite higher initial uptake of the raw potato feedstock, the aerobically 

pretreated feedstock ultimately increased the amount of methane gas produced in the 

anaerobic digestion process. It has been shown that the aerobic digester breaks down 

carbohydrates, it is likely that the aerobically pretreated feedstock ended up 

performing better than the raw feedstock over the course of the experiment because 

complex starches were broken down into simpler carbohydrate chains, which were 

then more easily consumed by the microbes in the anaerobic digestion process.  

Based on the results of this biodegradability experiment with potato 

feedstocks, it is apparent that the pre-treatment of the feedstock by aerobic digestion 

increased the amount of methane produced in subsequent anaerobic digestion process. 

 

 

Figure 4.2 Daily methane production of the potato feedstocks over the duration of 

the biodegradability test (12 days) and after the second feeding (on day 

15). 
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Figure 4.3 Accumulated methane production for potato feedstocks over the duration 

of the biodegradability test (12 days). 

4.2.2 Methane Production in Lentil Reactors 

Daily methane production of the LT feedstock (Figure 4.4) shows that gas was 

produced in the reactor from day zero all the way through day twelve, with up to 22.5 

mL methane gas produced in the fourth day. The LR feedstock produced gas from day 

zero through day 3, with the highest daily gas production being only 0.30 mL methane 

produced on day 2. Accumulated methane production from LT and LR feedstocks 

(Figure 4.5) shows that the LR reactor began to level out around 1.5 mL total methane 

production, whereas the gas production from the LT reactor continued to increase and 

far surpassed the LR feedstock gas production, getting up to a cumulative methane 

production of 187 mL.  

 The minimal amount of methane produced and the rapid decline of the LR 

reactors suggest an unhealthy anaerobic system. After three days, these reactors began 
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to produce noticeable odors, a sign that the reactor is failing due to an accumulation of 

volatile fatty acids in the digester (Van et al., 2020). Fatty acid buildup is a byproduct 

of protein breakdown in the digester, which can also lead to increased concentrations 

of inhibitory nitrates and ammonia accumulation (Y. Chen et al., 2008; Feng et al., 

2022). After re-feeding on day 12, these digesters still did not produce biogas, further 

indicating that the reactors had spoiled. Finally, the value of pH in these reactors after 

the conclusion of the experiment was 5.0, further confirming the assumption of 

volatile fatty acid inhibition in these reactors (Section 4.2.6). 

Results of this experiment suggest that aerobic pre-treatment of the lentil 

feedstock helped to moderate the concentration of volatile fatty acid buildup in the 

anaerobic digestion process, allowing the anaerobic reactors to stay healthy over the 

course of the experiment and produce drastically increased amounts of methane gas 

compared to the raw reactors. This is likely due to the aerobic pretreatment process 

serving as the initial hydrolysis and acidogenesis of the food waste feedstock. Since 

methanogenesis is the rate-limiting step of the anaerobic process, VFAs can build up 

in these reactors due to the hydrolysis/acidogenesis phase happening much more 

quickly than the methanogenesis stage is able to process them. However, when the 

feedstock is aerobically pretreated, there is decreased risk of VFA inhibition in the 

digesters due to pre-hydrolysis. There is also a noticeable increase in the bacteria that 

consume VFAs after aerobic pretreatment (Fisgativa et al., 2018; Wu et al., 2018). 

These results support the conclusion that aerobically pretreating feedstock is 

beneficial for the production of biogas from the anaerobic digestion process. 
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Figure 4.4 Daily methane production of the lentil feedstocks over the duration of the 

biodegradability test (12 days) and after the second feeding (on day 15). 

 

Figure 4.5 Accumulated methane production for lentil feedstocks over the duration 

of the biodegradability test (12 days). 
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4.2.3 Methane Production for All Reactors 

Combined daily methane production (Figure 4.6) and accumulated methane 

production (Figure 4.7) across all four feedstocks shows a significant difference 

between (a) treated versus raw feedstocks and (b) lentil versus potato feedstocks.  

Both treated feedstocks produced more methane gas than either of the raw 

feedstocks. The LT reactor produced an accumulated 187 mL and the PT reactor 

produced 23.5 mL methane, whereas the LR and PR feedstocks produced only 1.5 mL 

and 6.3 mL of methane over the 12-day experiment. These results show that 

aerobically pretreated food waste feedstocks increase biogas production over 

conventional grinding methods of pretreatment.  

The LT feedstock produced nearly eight times more methane gas than any of 

the other feedstocks. This is likely because the lentil feedstock was more balanced in 

concentrations of organic macromolecules (proteins, carbohydrates, and lipids) than 

the potato feedstock and was therefore a better feedstock for biogas production in 

anaerobic digestion (Ohemeng-Ntiamoah & Datta, 2018; USDA, 2023). Additionally, 

the greater complexity of the proteins in the lentil feedstock compared to the simpler 

carbohydrates in the potato feedstock meant that proteins were less completely 

degraded in aerobic pretreatment and therefore more slowly degraded in anaerobic 

digestion, allowing for prolonged, consistent biogas production in anaerobic digestion. 
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Figure 4.6 Daily methane production of all feedstocks over the duration of the 

biodegradability test (12 days). 

 

Figure 4.7 Accumulated methane production for all feedstocks over the duration of 

the biodegradability test (12 days). 
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4.2.4 Theoretical Methane Production 

Methane produced in the reactors was compared to theoretical gas production 

as calculated by the Buswell formula. Theoretical methane production is expected to 

be larger than actual methane production; the limited time frame for the experiments 

does not necessarily reflect the full methane generation potential of the reactors. 

Additionally, not all glucose and glutamic acids will be consumed in the anaerobic 

reactor – there will still be organics exiting the digester in the sludge. Finally, it was 

assumed that all amino acids were glutamic acids, though there are really many 

different amino acids contributing to methane production. Even though actual methane 

production was expected to be lower, the production from all reactors, apart from the 

LT reactors, was surprisingly low.  These results indicate that the reactors were not 

optimally operating to produce the expected amount of methane gas.  

The calculation of theoretical methane production also shows that the raw 

feedstocks were expected to produce the greatest amount of methane, but the results 

show the treated feedstocks producing more. These results further support that the 

pretreatment of the food waste feedstocks increased methane production since these 

reactors produced much more proportionally than their raw feedstock counterparts.  

Table 4.6 Cumulative methane production from biodegradability experiments 

compared to theoretical methane production per feedstock.  

Feed 
Theor. Methane 
Production (mL) 

Expt. Methane 
Production (mL) 

% of Theor. 
Measured in Expt. 

PT 303 15.1 5.0 
PR 491 6.81 1.4 
LT 489 216 44.2 
LR 1740 6.61 0.4 
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4.2.5 Composition of Methane and Carbon Dioxide 

Volume of total biogas, methane, and carbon dioxide are reported in Figure 

4.8. The total biogas number reported is the volume of gas collected in the liquid 

displacement manometer. Methane volume was determined using the percentage 

reported via GCMS analysis multiplied by the total biogas volume to determine the 

volume of methane production. Carbon dioxide was determined in the same manner as 

the methane but was adjusted using an experimentally determined correction factor to 

account for carbon dioxide that escaped through the manometer barrier solution. 

According to a study conducted by Zaman, 19% of the volume of carbon dioxide 

escaped through the manometer solution (Zaman, 2010), so 19% was added back onto 

the calculated carbon dioxide volume to determine total carbon dioxide produced by 

the reactors. The methane + carbon dioxide trend on these graphs is provided to show 

the calculated gas production based on GCMS results versus the total biogas 

production as measured in the manometers. 

The total volume of biogas measured from the manometers was frequently 

much greater than the volume of combined methane and carbon dioxide calculated 

based on percentages determined via GCMS. Possible explanations for these trends 

are discussed in the section 4.2.7 (limitations).  

Trends we see in these figures also show that the total volume of biogas 

measured for the reactors fed by raw feedstock exceeded the volume of biogas from 

the reactors fed with treated feedstock - the opposite trend of what we saw when 

considering methane alone. Because the increase in biogas did not equate to an 

increase in methane production, methane production from the raw feedstocks were not 

as efficient as the methane production from the treated feedstocks.   
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a)      b) 

     

c)      d) 

     

e) 

 

Figure 4.8 Methane and carbon dioxide production compared to total biogas 

production in a) PR reactors, b) PT reactors, c) LR reactors, d) LT 

reactors, and e) blank reactors.  
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4.2.6 Health of Reactors 

At the conclusion of the experiment, the pH of each reactor was measured to 

give insight into the overall health of the reactors over the duration of the 

biodegradability experiment as well as potential failure of unhealthy reactors. Final 

reactor pH measurements are shown in Table 4.7. Most reactors fall within the 

desirable range of 6.8-7.4 for anaerobic digestion (Van et al., 2020). The exception is 

the PR reactors, which have a pH much too low to be healthy in an anaerobic system 

(4.99 and 5.05), which further supports the conclusion that the PR reactors failed due 

to accumulated volatile fatty acids and ammonia inhibition prior to the end of the 

biodegradability experiment.  

Table 4.7 pH of reactors at the end of 12-day biodegradability test. 

Reactor pH 

Blank 

1 7.09 

2 7.00 

Potato Treated (PT) 

1 7.13 

2 7.20 

Potato Raw (PR) 

1 5.05 

2 4.99 

Lentil Treated (LT) 

1 6.97 

2 7.03 

Lentil Raw (LR) 

1 7.00 

2 7.00 
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4.2.7 Limitations 

Total methane and carbon dioxide measured were less than optimal, and the 

volume of biogas measured was not reflected in calculation of methane and carbon 

dioxide via GCMS. A possible confounding factor was that the syringe used for gas 

transfer may have had a small leak. In this case, the proportion of methane to carbon 

dioxide should be slightly higher. Additionally, the GCMS uses an integration method 

to determine the amount of carbon dioxide in the sample, but the peak for carbon 

dioxide on the graph was often too high, thereby limiting the integration of the full 

curve and reporting lower amounts of carbon dioxide that were in the sample. The 

correction factor for the escape of carbon dioxide through the manometer barrier 

solution may not completely represent escape of carbon dioxide from the system. 

Some of the total volume of biogas on the first day of the experiment is not accounted 

for in the cumulative measurements because it was produced so quickly that the 

manometer was maxed out and bubbles of biogas escaped the system.  

As a result of these possible confounding factors, carbon dioxide 

measurements are not reliable measurements. Methane concentrations across reactors 

can be compared, though it is difficult to know if the methane measured is 

representative of the full methane production potential of the feedstock. Instead, this 

study is a comparative biodegradability experiment between the feedstocks.  

4.3 Conclusion 

For both feedstocks tested in this biodegradability experiment, the reactors fed 

by aerobically pretreated feedstocks produced greater volumes of methane than those 

fed the raw, ground feedstocks. For the potato reactors, the raw feedstocks produced 

slightly more biogas in the first two days, but the aerobically pretreated feedstock 



 95 

eventually produced more than three times the amount of biogas that the raw reactor 

did. These results implied that the raw feedstocks may initially have had more readily 

biodegradable glucose than the aerobically pretreated feedstock due to microbial 

uptake of free glucose molecules in the aerobic digester. However, the aerobic 

pretreatment effectively served to break down more complex starch molecules to 

shorter glucose chains, making them more readily available for degradation and 

efficient biogas production over the 12 days of the biodegradability experiment. 

The pretreated lentil feedstock generated significantly higher volumes of 

biogas production than any other feedstock, and it can be concluded that the effect of 

aerobic pretreatment on lentil feedstocks is the reduction of ammonia and fatty acid 

buildup in anerobic reactors, and an increased residence time in the digester for 

consistent biogas production over time.  

Finally, analysis of the composition of methane and carbon dioxide in the 

reactor compared to total biogas measured by liquid displacement showed that the 

reactors fed by raw feedstocks were not as efficient in producing methane gas as the 

reactors fed by the treated feedstocks, since they produced greater quantities of biogas 

overall, but lesser quantities of methane gas specifically. The results of this study have 

proven that the aerobic bio-digester can serve as an effective pretreatment method for 

methane recovery through anaerobic digestion.  
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UTILIZING ON-SITE SUSTAINABILITY TECHNOLGY TO ENGAGE K-12 

STUDENTS IN ENGINEERING LEARNING 

Research to develop sustainable technologies in response to the changing 

climate, combined with educating K-12 students about those technologies, is vital in 

creating a sustainable future. A partnership was established between researchers and 

K-12 schools to increase student knowledge about sustainability and to generate 

interest in engineering and STEM careers by utilizing environmental bioengineering 

technology as a tool to teach sustainability principles. Through this partnership, an 

aerobic biodigester for the sustainable disposal of food wastes was installed in a K-12 

school, and researchers assisted teachers in generating hands-on, engineering-focused 

lesson plans based on the digester technology. A pre-/post-assessment was conducted 

for a biology lesson. Results indicate students improved in their knowledge of 

sustainability issues related to food waste and aerobic respiration. Students also self-

reported learning more about sustainability, engineering, and biology concepts through 

the lesson. Perhaps most importantly, students were excited about the hands-on 

learning experience provided by the digester and expressed increased interest in 

engineering and STEM-related careers. 

5.1 Introduction 

Climate change is a pressing societal issue and researchers are working to find 

viable solutions. As they do, it is imperative that the results be translated into learning 

opportunities for the future generations of environmental leaders: K-12 students 

Chapter 5 
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(Knowlton et al., 2015; Robinson & Mangold, 2013). Partnerships between 

researchers and K-12 teachers have proven highly beneficial in increasing student 

learning (Knowlton et al., 2015; Robinson & Mangold, 2013). 

The Framework for K-12 Science Education (“A Framework for K-12 Science 

Education: Practices, Crosscutting Concepts, and Core Ideas,” 2012) and the Next 

Generation Science Standards (NGSS) (Moore et al., 2015) place emphasis on the 

integration of engineering principles and practices into K-12 science education. Unlike 

previous science education standards, engineering was included in the NGSS for two 

reasons: to reflect the importance of understanding the human-built world and to 

recognize the value of better integrating the teaching and learning of STEM fields. 

Research indicates that exposure to and engagement in engineering during K-12 

education provides students with knowledge of the breadth of real-world problems 

solved by engineers (Moore et al., 2014, 2015). Early exposure to engineering 

problem-solving is a useful tool for recruiting diverse youth into engineering fields 

(Jackson et al., 2021; Yilmaz et al., 2010). Pursuit of engineering means that youth 

develop both engineering knowledge and affinity with the profession. In K-12 

education, this includes increasing students’ knowledge of engineering and 

engineering fields, and also supporting engineering identity development and 

affiliations with engineering as a community of practice (Clark & Kajfez, 2019; 

Jackson et al., 2021; Moore et al., 2015; National Center for Science and Engineering 

Statistics (NCSES), 2023; Yilmaz et al., 2010), through authentic opportunities to 

learn. 

Issues of sustainability, environmental engineering and energy provide relevant 

examples of real-world problems that are tangible to K-12 students and can be 
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explored in the classroom to create authentic learning opportunities (DeWaters & 

Power, 2006). Exposure to environmental engineering technologies engages students 

in engineering problem solving while helping them understand the importance and 

relevance of the sustainability issues the technologies are addressing. Previous studies 

have shown increased student interest and performance in STEM classrooms as a 

result of project-based learning that addresses real-world issues in sustainability and 

utilizes sustainable technologies in the classroom (Collier et al., 2015; DeWaters & 

Power, 2006). 

5.2 Research Questions 

This study created a partnership among researchers, K-12 educators and 

students by using an environmental bioengineering technology in the classroom to 

increase student knowledge and engagement with sustainability, engineering and 

related core science concepts. This study aimed to enhance students’ knowledge of 

engineering technologies related to sustainability, and interest in engineering overall, 

through curricula that integrated bioengineering principles. The research team sought 

to answer the following questions: 

• To what extent does engagement in biodigester-related science lessons 

influence students’ knowledge of bioengineering and sustainability issues 

related to food waste? 

• How do students report their experiences with the lessons and their interest in 

engineering and STEM-related careers? 
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5.3 Technical Background 

Because global food systems account for about one third of all greenhouse gas 

emissions, they are a major area of interest for climate scientists and engineers (Pauw 

et al., 2022). Within food systems, food waste disposal is one of the most significant 

challenges in waste management, and food waste is directly related to the National 

Academy of Engineering’s Grand Challenges (National Academy of Engineering, 

2017). According to the Environmental Protection Agency (EPA, 2020), 35% of food 

goes uneaten or unsold in the United States, and more food waste is sent to the landfill 

than any other single material in our everyday trash. In the US alone, 63.1 million tons 

of food waste were generated in 2018, and 68% of this food waste went directly to 

landfills or incineration plants. 

The aerobic biodigester used for this study (Figure 5.1) was designed and 

manufactured by BioHiTech America (Recoup Environmental, 2023) to address the 

issue of sustainable food waste disposal. The digester is approximately the size of a 

washing machine and can easily be installed in the kitchens of restaurants, grocery 

stores, and cafeterias. The biodigester utilizes aerobic degradation (Figure 5.2) in 

which microorganisms break down organics in the food waste into carbon dioxide, 

water, ammonia, and soluble inert materials (Water Environment Federation 

Municipal Resource Recovery Design Committee, 2017). Moving mechanical arms in 

the digester further break down the food waste. Temperature is maintained via warm 

water showered on top of the food waste. The result is a liquified slurry that is 

redirected from the landfills with potential to be repurposed for energy, fertilizers and 

other methods of resource recovery. 
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Figure 5.1 Aerobic Bio-Digester (Recoup Environmental, 2023) 

 

Figure 5.2 Aerobic digestion process  
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5.4 Methods 

5.4.1 Study Context 

This study took place at the Tower Hill School, a private high school located in 

Wilmington, Delaware. The majority of students travel from surrounding suburban areas 

to attend the school. The student population is 64% White, 18% Asian, 6% Black, 1% 

Hispanic, 11% Multiracial. About 38% receive some financial assistance to offset costs of 

attendance. 

5.4.2 Teacher-Developed Sustainability Curricula 

After the aerobic biodigester was installed at Tower Hill School, the research 

team conducted a workshop with twelve science teachers during which they learned 

about the aerobic biodigester and related sustainability issues (Appendix C). Three 

teachers developed hands-on, engineering-focused lesson plans that included the 

digester technology: microbiology (biology); pH, acids and bases (chemistry); and 

water resources (environmental science). The biology lesson was the first lesson 

conducted, and the evaluation and results of this lesson are reflected in this paper (IRB 

exempt 2184938-1, Appendix I). Table 5.1 shows the biology lesson objectives, 

instructional activities, and assessment items used to analyze changes to student 

knowledge before and after the lesson (additional details can be found in Appendix 

D). 
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Table 5.1 Instructional activities for each learning objective and associated NGSS 

standards. 

Learning 

Objective 
Instructional Activities 

Pre-/Post-

Assessment Items1 

NGSS 

PEs2 

1 

Identify and 

describe 

sustainability 

issues related to 

food waste 

broadly and at 

their school 

PowerPoint presentation on:  

● Food waste production 

per capita by state, 

regional waste handling  

● Connection of food waste 

to sustainability pillars 

and environmental 

impacts 

Q1-Q3: prompts 

related to amount of 

food waste generated 

annually in the U.S, 

proportion that ends 

up in landfills, and 

environmental 

impacts of food waste 

in landfills 

HS-

ESS3-4, 

HS-

ETS1-3  

2 

Explain how 

decomposition 

in the 

Biodigester is 

affected by 

factors related 

to technology 

design 

Visit to school cafeteria to 

learn about: 

● How the biodigester 

works – system 

components and their 

functions 

● Connection of biodigester 

to engineering and 

microbiology 

Q4-Q7: prompts 

related to how the 

biodigester works, 

which types of 

organisms are used in 

the biodigester, and 

the chemical process 

used (aerobic 

respiration) 

HS-

ESS3-4,  

HS-LS1-

7  

3 

Use knowledge 

of aerobic 

respiration to 

plan and 

conduct an 

investigation 

related to 

temperature and 

reaction rate. 

Investigate aerobic 

respiration: 

● Plate microbes  

● Culture at different 

temperatures 

● Estimate and classify 

culture growth 

● Draw conclusions about 

effect of temperature on 

biodigester function 

Q8-Q11: prompts 

related to factors that 

affect biodigester 

functioning – pH, 

temperature, and the 

availability of 

reactants 

HS-LS1-

7, HS-

PS1-6 

1 full pre-/post-assessment can be found in Appendix D. 
2 full descriptions of NGSS performance expectations can be found in the endnotes. 
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5.4.3 Data Sources and Analysis 

We utilized concurrent triangulation mixed methodology using pre-/post-

sampling methods and qualitative analysis (Cresswell, 2013). An eleven-question pre-

/post-assessment was administered immediately before the lesson began and 

immediately after the lesson concluded. Students (n=17) were aggregated to discern 

what difference, if any, emerged in overall knowledge and skills after the lesson. 

Descriptive statistics were applied to the data set to determine trends. Additionally, a 

survey (Appendix E) was administered to the students (n=14) at the completion of the 

lesson which asked a combination of open-ended and true-false questions to determine 

whether the students perceived the lesson helped them to learn about sustainability, 

STEM, and engineering. Survey responses were analyzed using thematic analysis. 

5.5 Results 

5.5.1 Pre-/Post-Assessment 

On the pre-assessment, students answered more than half of the items correctly 

[μ = 6.1, 𝜎 = 1.8, η = 6.0, range = 7.0] indicating students had some background 

knowledge related to the science content and skills in the bioengineering lesson. On 

the post- assessment, student scores improved [μ = 7.6, 𝜎 = 1.9, η = 8.0, range = 6.0], 

indicating growth in students’ content knowledge and skills from pre- to post-

assessment. 

Figure 5.3 shows the change in each individual student’s performance from 

pre- to post- assessment (reported by the numbers above each column). Mean scores 

for the pre- and post- assessments are also reported. In addition to considering overall 

student improvement on the assessment, we analyzed students’ performance on each 

of the eleven assessment items (Figure 5.4). Numbers printed above each column 
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quantify the change in scores from the pre- to post-assessment. On the pre-assessment, 

students had low initial scores on items related to Objective 1 (Q1-Q3), mixed high 

and low scores on items related to Objective 2 (Q4-Q7), and overall high scores on 

items related to Objective 3 (Q8-Q11). These pre-assessment scores indicate that 

students had very little knowledge of food waste as a sustainability issue prior to the 

bioengineering lesson, but they did have skills related to data analysis and knowledge 

of factors that affect the rate of aerobic respiration in a system. As indicated by the 

post-assessment, students’ knowledge and skills improved. In relation to Objective 1, 

students increased their understanding of sustainability issues related to food waste by 

more than a third (35%). The pre- to post- assessment change (ca. 60%) was in 

students' ability to identify aerobic respiration as the biological process used by 

microorganisms to decompose food waste. Overall, student performance from pre- to 

post-assessment indicates that they increased their knowledge of sustainability issues, 

food waste, and aerobic respiration. 
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Figure 5.3 Change in student scores from pre-assessment to post-assessment per 

student. Change in scores is quantified (numbers above columns). 

 

Figure 5.4 Change in student scores from pre- to post-assessment for the eleven 

assessment items. Change in scores is quantified (numbers above 

columns).  
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5.5.2 Student Survey 

Analysis of survey responses related to student interest in STEM careers 

indicated that half of the students (50%) are interested in STEM careers; 57% of these 

students said their interest was positively impacted by their participation in the lesson. 

Of the 50% of students that were not interested in STEM careers, 43% still perceived 

the bioengineering lesson increased their knowledge of STEM careers. All students 

who took the survey perceived they learned more about STEM more generally as a 

result of the bioengineering lesson. More than half (57%) of students perceived 

increased knowledge of sustainability, and more specifically, sustainability as it 

related to food waste. More than half (57%) perceived greater awareness of the 

connections among sustainability, engineering problem solving and biodigester 

technology. Student responses strongly indicated that they enjoyed learning about the 

biodigester and how it works (64%) and how the effluent produced in the biodigester 

could be sustainability repurposed (29%). 

5.6 Conclusions and Impacts 

This study aligns to key characteristics of education for sustainable 

development (Chew Hung, 2014) while also enhancing students’ knowledge of the 

ways in which engineering can be used to solve environmental problems (Moore et al., 

2014). The collaboration between researchers and teachers provided youth with 

opportunities to engage in core science concepts in the service of learning about a real-

world problem. Students engaged in consequential sustainability learning (Tan et al., 

2023; Wals & Dillon, 2013) by investigating how biodigester technology works to 

mitigate the problem of food waste at a local scale in the context of biology. Learning 

opportunities like these serve to enhance students’ science and engineering literacy 
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while also supporting their awareness of issues related to the environment – 

sustainable use of natural resources, environmental impacts, and human actions that 

exacerbate global climate change. This study indicates potentially effective means for 

increasing students’ knowledge of sustainability issues while also supporting or 

improving their interest in engineering and STEM. 

5.7 Study Limitations and Next Steps 

The generalizability of the results of this study is limited by study context and 

participants. The study took place at one private high school with one teacher and 

seventeen students to date, all of which were advanced learners. Thus, the ability to 

infer potential impacts on high school science teachers and students is limited. The 

other two lessons developed during the teacher professional development workshop 

will be conducted to increase the sample size of this study. Additionally, performing 

these lessons in schools with greater representative student diversity would also 

enhance our ability to generalize impact. 
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NGSS Performance Expectations being used directly or developed during the 

bioengineering lesson. 

HS-ESS3-4. Evaluate or refine a technological solution that reduces the impacts of 

human activities on natural systems. 

HS-ETS1-3. Evaluate a solution to a complex real-world problem based on prioritized 

criteria and trade-offs that account for a range of constraints, including cost, safety, 

reliability, and aesthetics as well as possible social, cultural, and environmental 

impacts. 

HS-LS1-7. Use a model to illustrate that cellular respiration is a chemical process 

whereby bonds of food molecules and oxygen molecules are broken and the bonds in 

new compounds are formed, resulting in a net transfer of energy. 

HS-PS1-6. Refine the design of a chemical system by specifying a change in 

conditions that would produce increased amounts of products as equilibrium.  
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IMPLEMENTATION OF AEROBIC BIO-DIGESTER TECHNOLOGY 

6.1 Introduction 

The overarching goal of the research presented in this dissertation was to 

evaluate aerobic bio-digester technology as a potential sustainable solution to food 

waste disposal. So far, the digester has been shown to pre-treat food waste materials 

which can be used for biogas production in anaerobic digestion, highlighting its 

potential environmental benefits. Environmental benefits of the technology can only 

be realized if the digester is also socially beneficial. The previous chapter covers using 

the digester in an educational setting to teach sustainability and engineering principles 

in the classroom, which is one example of a social benefit. This final chapter aims to 

further assess the social implications of wide-spread digester use by detailing the 

benefits and challenges of field installations of the digester and providing information 

on user satisfaction for existing digester installations nationwide. 

6.2 Digester Field Study 

The University of Delaware research team partnered with the Delaware Solid 

Waste Authority (DSWA) to install and evaluate the performance of an aerobic 

digester at Grotto Pizza in Newark, Delaware. The digester installed at the pizzeria 

was the same model as the digester used to perform the laboratory tests detailed in the 

previous chapters. The purpose of this field study was to evaluate the installation, 

maintenance, and user perception of the digester through surveys and observation. 

Chapter 6 
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The aerobic digester was installed at Grotto Pizza in November of 2020. The 

digester was monitored and tested from December 2020 through January of 2021. In 

early February 2021, the digester ran into some maintenance issues that needed to be 

addressed. Testing resumed on the digester in March and April of 2021, with the 

experiments concluding in late April. 

6.2.1 Installation 

Installation of the digester (Figure 6.1) was a relatively smooth process.  The 

kitchen area already had an adequate space for the placement of the digester with only 

minor modifications necessary; the digester discharge pipe was connected to an 

existing pipe/drain in the kitchen, and the existing water supply line provided warm 

water to the digester. At the time of installation, a BioHiTech technician trained Grotto 

staff on the operation and maintenance of the digester. Other Grotto employees who 

missed the training session were trained by the manager. 

Immediately after operation of the digester began, Grotto reported a leak which 

was due to a pipe connection being jostled loose under the digester by a mop when 

cleaning. The detached component was securely reattached, and the issue ceased. 

During the initial phase of digester operation, Grotto’s staff members also 

reported odor issues in the kitchen due to the digester. Upon inspection, these odor 

issues were attributed to the lack of a p-trap in the sink drains that connected to the 

effluent discharge pipe before it emptied into an open floor drain. Odor issues were 

resolved by adding p-traps to the sinks and sealing the floor drain to eliminate the 

escape of odors. After the implementation of these changes, the odor issues were 

resolved. 
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Figure 6.1 Aerobic bio-digester installed at Grotto Pizza in Newark, Delaware.  

6.2.2 Employee Perception 

During sampling visits to Grotto Pizza over the duration of the field 

installation (December 2020 - April 2021), the research team spoke with many Grotto 

employees to gage general perception of the digester. Grotto’s employees shared 

mixed opinions on the digester installation and operation. Complaints stemmed from 

the odor that was present during the beginning few months of operation. Though this 

issue was resolved, the adverse effect on employee perception was not easily 

overcome. Most employees seemed indifferent or unenthusiastic about the digester; 

however, a few did express interest in the research being conducted. The use of the 
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digester did not seem to affect them or change their daily routines in a significant 

manner. 

At the conclusion of sampling in April of 2021, the manager at Grotto’s was 

interviewed in-person, and he expressed similar concerns with the digester. Issues with 

leaking and odor in the first months of the experiment caused him to be concerned 

about health inspection and the safety of the digester. He was also not convinced that 

the digester improved their system for discarding food waste, and though it may have 

reduced dumpster loading costs, the differences were not significant enough to 

overcome the hassle they encountered in dealing with digester maintenance issues.  

After April of 2021, the digester remained in operation at Grottos for another 

six months. The research team monitored the status of the digester remotely but 

wanted to give Grotto’s staff a chance to acclimate to and use the digester without 

interference from the research team. The objective here was to allow more time 

between the initial installation of the digester for people to acclimate to the technology 

and see if user perception changed after the first couple months were over (and the 

first couple issues were ironed out). Over this period, no further issues arose from the 

digester.  

At the end of the six-month period, the field application was officially 

concluded. An exit survey was sent to a corporate contact, managers of the local store, 

and employees of the local store. These surveys are included in Appendix G for 

reference.  

Only three Grotto employees filled out the exit survey, and overall perception 

of the digester was very different between the employees. All three employees agreed 

that they could easily load and operate the digester but thought that it was more 
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difficult to sort out food waste rather than throwing it in the trash. Apart from these 

similarities, one person thought that the digester was a great food waste solution, and 

they agreed that more restaurants should install the digesters. The next person was 

neutral on both these accounts, and the last person strongly disagreed that the digester 

was a good solution, primarily due to odors caused by the digester.  

Two managers filled out responses to the exit survey. The managers both 

agreed that the digester was easy to understand and operate and that sorting out food 

waste for disposal in the digester was not an extra burden for their staff. Managers 

assumed their employee perception of the digester was neutral or negative, and when 

asked if they thought the restaurant benefitted from the installation of the digester, 

their responses were also neutral or negative. Both managers were neutral when asked 

if they would recommend the digester for other restaurants like theirs.  

The corporate representative with whom we had been working agreed that the 

digester was beneficial to the restaurant and to the company’s PR value, and he 

believed his employees would generally say they had a positive experience with the 

digester. He gave neutral responses to questions about his opinion of the digester and 

whether he would recommend other companies install the digester. He also answered 

neutrally when asked to consider whether the digester was a worthwhile investment 

but opted not to pay to keep the digester installed at his store due to the cost and the 

fact that the restaurant did not generate enough food prep waste to make the digester 

worthwhile. 

Overall user feedback about the digester was not as positive as we had hoped. 

Initial odor and mechanical issues after digester installation caused negative opinions 

of the digester to be formed early on, and those opinions did not improve with time. 
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The sample size of our surveys was small, and there is indication that some digester 

users felt neutrally or even positively about the digester in some respects, but we had 

more negative responses than desired. Results of this field study suggest the necessity 

for a smooth installation and acclimation period for the digester when installed at a 

new location to get employees started off on the right foot with the digester 

technology. It also suggests that wide-scale implementation of this technology may 

face some social acceptance challenges. Training employees and helping them 

understand the benefits of the digester may be a necessary first step in implementing 

the digester technology for it to be effective. 

6.3 Nationwide Digester User Survey 

There are multiple locations across the country that have already installed 

aerobic bio-digesters to manage the disposal of food waste. To understand perception 

of the digester from a sample size bigger than the field installation at Grotto’s, a 

survey (Appendix H) was sent to an additional 22 locations with digesters from a list 

provided by BioHiTech, the company that manufactured and sold the digesters (IRB 

exempt 1608652-1, Appendix J). Of the 22 companies contacted, 8 companies 

submitted responses to the survey. This survey was designed to ask questions about 

how various companies use their digesters, cost breakdown and savings since 

installation of the digester, and their general experience with the digesters. 

There was a wide variety of ways in which the digesters were used across the 

eight companies. Five of the eight responses were from school cafeterias, one was 

from a retirement community, one was from a lodge, and one was from a grocery 

store. These companies purchased digesters anywhere between 2015 and 2020. Most 

companies said at least 50% of their food waste came from fruits and vegetables, but 
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there was a wide mix of grains, dairy, and meat processed in the digesters as well 

(Figure 6.2). Three companies said they produced less than 225 kg of food waste each 

day, three companies said they produced between 225-450 kg, and two companies said 

they produced more than 450 kg of food daily (Figure 6.3). Across the eight survey 

responses, a wide variety of digester applications is represented.  

 

 

Figure 6.2 Approximate percentage composition of food waste added to the aerobic 

bio-digester for each establishment.  

 

Figure 6.3 Approximate daily weight of food waste (kg) added to the digester for 

each establishment. 
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Four companies were willing to provide information about the cost of their 

digesters. These companies pay between 300-600 dollars for the monthly lease of their 

machines. Each of these companies report that the digesters have saved money overall 

by decreasing costs associated with hauling food wastes, and in one case, decreasing it 

as much as by a factor of two. One company reported extra costs associated with 

repeated need for maintenance of the digester, but still felt as though the digester was 

a worthwhile investment. A separate company reported a tax from the city for 

discharging the liquified food waste effluent to the sewers.  

When it came to assessing the user experience with the digester, every 

company agreed that the digester was easy for employees to use (Figure 6.4a). 

Everyone was either neutral or agreed that the company’s waste disposal organization 

needed to change with the addition of the digester, and half of the companies said 

sorting out food waste was an extra burden for their staff (Figure 6.4b), though all 

companies said that their employees found food waste disposal via the digester easier 

than disposal via trash. Six of the eight companies reported that the public had a 

positive perception of the digester at their facility (with the other two companies 

unsure of public perception) (Figure 6.4c).  
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Figure 6.4 Survey responses to questions about (a) ease of use, (b) burden for 

employees, and (c) public perception of the digester. 

When asked about challenges with their digesters, all eight companies reported 

that they have had some minor maintenance performed on the digesters. Two 

companies reported the necessity for more substantial or more frequent repairs due to 

leaks and/or damage to the machine due to input of foreign objects (ex. silverware). 

Four companies reported purchasing the digesters because the students or 

school administrators encouraged or required use of the digesters. Two companies 

specifically chose the digesters to reduce their carbon footprint and disposal costs. 

Seven of the eight companies surveyed agreed or strongly agreed that they are overall 

happy with the purchase of their digester, with the final response being a neutral 

response (Figure 6.5). 



118 

 

 

Figure 6.5 Responses by companies when asked if they were generally happy with 

their experience with an aerobic bio-digester.  

Results of these surveys were much more favorable than the results of surveys 

from the field installation at Grottos. From these results, we can conclude that the 

digesters are well received by the companies that have purchased them, are saving 

these companies money, and are, in their opinions, worthwhile investments.  

It is worth noting that the research team does not have a way of knowing 

whether BioHiTech selected contacts from their database in an unbiased manner. It is 

possible that these survey responses were sent to companies that were more likely to 

respond favorably. Respondents of these surveys were made aware that their responses 

would not be shared with BioHiTech in hopes of encouraging honesty in responses. 

6.4 Digester Grant Program 

As a result of promising findings reported to DSWA by our University of 

Delaware research team (contents of this report are largely covered in the dissertation 

appendices), DSWA has partnered with Keep Delaware Beautiful to roll out a grant 

program that incentivizes local businesses to install aerobic bio-digesters. This grant 

program is a great avenue to address social and economic hurdles to widespread 
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adoption of the digester technology. To date, they have awarded a grant to their first 

recipient at Janssen’s Market in Wilmington, DE (Sawicki, 2023). They are in the 

process of evaluating applications for several other local businesses and schools.  

6.5 Conclusions 

This field study was conducted by installing an aerobic bio-digester on-site at 

Grotto’s Pizza in Newark, DE to understand the functionality and reception of the 

aerobic bio-digester in a real-world application. Shortly after the installation of the 

digester at this location, mechanical issues caused the digester to leak and produce 

foul-smelling odors. User perception of the field digester suffered due to the odor 

issues experienced during the initial phase of the digester operation, even after these 

issues were resolved. The survey of aerobic digester users across the country returned 

much more positive results, with every company satisfied with their digester purchase 

despite acknowledgement of some issues with the digesters. 

The combination of these results shows split opinions of the digester 

technology. Maintenance issues associated with the digester impact user perception of 

this technology, so it is important that these technologies are continuously refined to 

function more reliably, that these digesters are installed properly, and that they are 

maintained with regularity. If these conditions are met, social opinion toward 

sustainable digester technologies may be much more favorable.   

Survey responses indicate some social and economic challenges to overcome 

for widespread application of aerobic bio-digesters. However, they also elucidated 

benefits that can result from installation and use of aerobic bio-digesters, such as 

decreased food disposal costs, ease of disposal, and positive public opinion of the 

company’s sustainability initiatives. 
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CONCLUSIONS 

7.1 Summary of Results 

The overarching goal of the research presented in this dissertation was to 

evaluate anaerobic bio-digester technology as a potential sustainable food waste 

disposal option. As a sustainable technology, this digester needed to provide 

environmental, social, and economic benefit.  

7.1.1 Microbial Degradation of Food Wastes and Recovery of Valuable 

Resources in Aerobic Digestate 

In Chapter 3, the aerobic bio-digester was evaluated to determine the microbial 

breakdown of food waste in the system to assess the digestate as a potential 

valorization resource. This was accomplished by studying water recovery, solid and 

organic consumption, solubilization of solids and organics, breakdown of 

macromolecules, and enzymatic activity in the digester. It was found that 95% of 

water that was added to the digester was recovered in the effluent. Solids were 100% 

recovered in the effluent, and organics were 50-80% recovered. Lesser recovery of 

organics suggests microbial uptake of readily available organics. The percentage of 

soluble solids increased 20-40% from the influent to the effluent, showing that 

microbes in the digester are breaking down and solubilizing solids in the digester. 

Soluble organics concentrations decreased 8-18%, which can also indicate microbial 

uptake of readily available organics. Comparison of influent to effluent starch and 

Chapter 7 
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glucose concentrations in potato feedstocks suggest breakdown of starch and quick 

uptake of glucose by microorganisms in the digester. Similarly, comparison of influent 

to effluent protein and amino acids concentrations in lentil feedstocks show 

breakdown of proteins in the digester and consumption of free amino acids by 

microorganisms. Finally, concentrations of enzymes increase in the digester, linking a 

growing and active microbial community to the degradation of solids, organics, and 

macromolecules observed in the digester. 

The results of Chapter 3 effectively show degradation of solids, organics, and 

macromolecules from complex polymers to more simple monomers or chains. 

Additionally, most solids and organics in the digester are recovered in the effluent. As 

such, the aerobic bio-digester effectively pretreats and liquefies food waste that is still 

rich in valuable organic materials, making it an attractive option as feedstock for 

subsequent resource recovery through anaerobic digestion.  

7.1.2 Increase in Biogas Production from Anaerobic Digestion in Reactors Fed 

with Aerobically Pretreated Feedstocks 

In Chapter 4, digestate from the aerobic bio-digester was used as a pretreated 

feedstock for anaerobic biodegradability experiments. These experiments were 

designed to determine whether the digestate could effectively produce biogas in an 

anaerobic digestion process. Additionally, the aerobically pretreated feedstock was 

compared to a raw food waste feedstock to determine whether the pretreatment would 

increase anaerobic process efficiency and biogas production. The anaerobic reactors 

that were fed with the pretreated feedstocks produced considerably more biomethane 

than the reactors fed with untreated feedstocks, and in the case of a high-protein lentil 
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feedstock, the pretreatment helped prevent reactor failure from the volatile fatty acid 

accumulation observed in raw-feed reactors. 

Results from Chapters 3 and 4 show the potential environmental benefit of the 

aerobic bio-digester. Liquifying food waste in the digester not only diverts food waste 

from landfills, but it provides a digestate that can be repurposed for resource recovery. 

Increased biogas production in reactors fed with aerobically pretreated feedstock 

shows that this digestate has great potential to be valorized via anerobic digestion.   

7.1.3 Use of Aerobic Bio-Digester as a Tool to Enhance Engineering Learning 

and Student Interest in STEM Careers 

Chapter 5 explored the potential social benefit of the digester to be used as a 

tool in the classroom. An aerobic bio-digester installed at a local school created an 

opportunity for researchers to develop relationships with high school teachers. These 

relationships led to the creation of three lesson plans to teach basic science, 

engineering, and sustainability principles to students. Implementation of a biology 

lesson returned favorable results, with an overall pre- to post-test improvement of 

nearly 15%. The increase in post-test score was specifically attributed to students’ 

increased understanding of aerobic respiration as the process used by microorganisms 

to decompose food waste and sustainability issues related to food waste. Additionally, 

more than half (57%) of the students who took the lesson said that it positively 

impacted their perception of, and interest in, future careers in the STEM field.  

These results from Chapter 5 show numerous potential social benefits of 

digester implementation in schools. The first social benefit is the opportunity to 

develop relationships between researchers and teachers to work together to educate 

students, bridging the gap between what is happening in the world of research and 
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what is being taught in the classroom. Secondly, students benefit by having access to 

the digester for hands-on learning about a tangible and relevant sustainability issue. 

Thirdly, younger generations are being taught important sustainability principles so 

that they can be future changemakers for the good of the planet. 

7.1.4  Social and Economic Challenges and Benefits of the Digester as Observed 

from Field Installations and User Surveys 

In Chapter 6, the social and economic impacts of the digester were further 

explored through the execution of a field trial and the disbursement of a nationwide 

survey about digester perception and user feedback. The field installation elucidated 

some challenges of installation of the digester at that location, and the negative impact 

these difficulties had on the employee perception of the digester. The nationwide 

survey, on the other hand, returned very favorable impressions of the digester. A grant 

program has been developed to economically incentivize businesses to adopt the 

aerobic bio-digester technology, and has been received favorably thus far, with one 

digester already installed and many more to be considered in the near future.    

Results from Chapter 6 indicate some social and economic challenges to 

overcome for widespread application of aerobic bio-digesters. However, they also 

highlighted the many benefits that can result from installation and use of aerobic bio-

digesters, such as decreased food disposal costs, ease of disposal, and positive public 

opinion of the company’s sustainability initiatives.  

7.1.5 Recommendation of Aerobic Bio-Digester as a Sustainable Technology 

Collectively, these results show some of the potential environmental, social, 

and economic benefits of the application of the digester technology in commercial 

kitchens for the sustainable disposal of food waste. Because of their convenient size, 
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ease of installation, environmental and economic benefit of food waste valorization 

from the effluent, application for engineering learning, and other various social and 

economic benefits, these digesters can be considered a sustainable technology to rival 

existing food waste disposal options on the commercial scale. 

7.2 Recommendations for Future Work 

There are many exciting future possibilities for continued research, 

improvement, and application of these biodigesters. The digester’s operational 

parameters, microbial community, and input food waste materials could be tested to 

optimize the digestate for various subsequent resource recovery pathways. Research 

presented in this dissertation has confirmed the potential for the digestate from the 

aerobic bio-digester to be used for resource recovery through subsequent anaerobic 

digestion. The anaerobic digestion process could be refined, such as varying substrate 

to inoculum ratios, organic loading rates, loading frequencies, and length of 

biodegradability experiments to determine optimal biogas production from aerobically 

pretreated food waste. There are also many additional pathways that could be explored 

for resource recovery. Avenues such as fertilizers, bio-oils, or extraction of individual 

compounds (such as vanillin) could be pursued.   

There are many additional avenues that can be explored in utilizing the 

digester as a teaching tool if more schools begin to install aerobic digesters. Subjects 

such as chemistry, biology, environmental science, engineering, economics, etc. can 

all benefit from utilizing the digester as a tool in crafting sustainably conscious lesson 

plans for K-12 students.  

An in-depth economic analysis of the digester should be conducted to 

understand the overall economic impact by considering all costs and potential profits, 
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including those generated from food waste valorization. Proof of economic viability 

and benefit would increase the market for bio-digesters.  

 Finally, further consideration should be given to the wide-scale application of 

these digesters. A digestate collection system or an on-site digestate treatment option 

should be considered to effectively recover resources from the digesters. Hurdles to 

widespread acceptance of the digesters should be addressed, not the least of which is 

public perception of the digester. More research can be done about the ways in which 

the aerobic digester might be more widely accepted and applied in a community 

through educational and informational campaigns. Installation, maintenance, and 

upkeep of the digester should be revised and improved to cultivate positive user 

experiences.  
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CHARACTERIZATION OF DIGESTATE FROM MIXED FOOD WASTE 

FEEDSTOCKS 

The first step in evaluating the digester as a sustainable food waste technology 

was to understand the basic workings of the digester and evaluate the liquified food 

waste product. The aim of the research outlined here was to perform in-depth 

characterization of digestate based on different mixed food waste feedstocks to 

understand the chemical composition of typical digester effluent. 

To assess the effect of various food materials on the characteristics of effluent 

digestate, five categories of food materials (vegetables, fruits, grains, dairy, and meat) 

were fed to the digester in varying amounts over seven experimental runs. The food 

waste feedstocks loaded to the digester were prepared by adding food wastes in the 

percentages shown in Table A.1 (measured by wet weight). Fifty pounds of food waste 

were added to the aerobic bio-digester four times for each experimental trial. Loadings 

took place at 3-hour intervals over the course of a 12-hour period. 

 
  

Appendix A 

A.1 Objective 

A.2 Methods 
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Table A.1 The percentage composition of food waste loaded to the digester for each run.  

Experiment % Vegetable % Fruit % Grain % Dairy % Meat 

High Grains 30 25 25 10 10 

High Veggies 45 25 10 10 10 

High Fruits 30 40 10 10 10 

High Dairy 30 25 10 25 10 

High Meat 30 25 10 10 25 

Veggies Only 100 0 0 0 0 

Fruits Only 0 100 0 0 0 

 

 

After 12 hours of digestion, effluent was collected from the digester for in-

depth chemical analysis. Effluents were analyzed for pH, total solids (TS), total 

suspended solids (TSS), total chemical oxygen demand (TCOD), soluble chemical 

oxygen demand (SCOD), total organic carbon (TOC), phosphate (PO4), total nitrogen 

(TN), fats, oils, and grease (FOG), and heavy metals (including nickel, copper, zinc, 

cadmium, and lead). Methods used to determine these concentrations are reported with 

the results in Table A.2. 

The average effluent concentrations across the seven experimental runs are 

reported in Table A.2.  Effluent compositions for individual experimental runs are 

reported in Figure A.1.   

 
  

A.3 Results 
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Table A.2 Average concentrations of effluent parameters in digestate, reported in mg/L. 

Parameter Average Stdev Method 

pH 5.0 0.5  pH Probe/meter 

    

Solids    

TS 39400 19800 Standard Methods 

TSS 20900 12500 Standard Methods 

    

Organics 
  

  

TCOD   69300 32500 Hach COD Method, Unfiltered 

SCOD   41600 23600 Hach COD Method, Filtered 

TOC   24100 21800 TOC Analyzer  

    

Nutrients   
  

  

PO4 542 253 Ion Chromatography 

TN 751 387 Hach Method 10208 

    

Fats, Oils, and Grease 
  

  

FOG   3.5 1.1 Hach Method 10056 

    

Heavy Metals 
  

  

Nickel   0.04 0.02 ICP/MS  

Copper   0.88 0.86 ICP/MS  

Zinc   3.7 1.8 ICP/MS  

Cadmium   0.004 0.003 ICP/MS  

Lead   0.02 0.02 ICP/MS  
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Figure A.1 Comparison of concentrations of chemical parameters for each of the seven 

tests with varying food input compositions: a) solids, b) organics, c) 

phosphate, d) nitrogen, e) FOG, f) heavy metals. 

 

In general, solids, organics, nutrients, FOG and heavy metal concentrations 

across the first five feedstocks demonstrated similar trends, varying slightly depending 

on the mixed food waste feedstock used for the experiment. These concentrations for 
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the feedstocks that contained only fruits or vegetables showed some difference from 

the mixed food waste feedstocks.  

For the mixed waste effluents, total solids (TS) concentrations varied from 

28,800 mg/L to 64.3 g/L with varying food input compositions (Figure A.1(a)). The 

effluents from the digestion of a single food type (e.g., vegetable only and fruit only) 

contained lower amounts of TS than that of the mixed wastes (14,300 mg/L and 

18,800 mg/L), suggesting that digestion of vegetables and fruits may contribute lower 

amounts of total solids to the digestate than other food materials of equivalent mass. 

This observation may be attributed to relatively low solids content (or high water 

content) of vegetables and fruits. Approximately 50% of total solids in the digestate 

samples were recovered as total suspended solids (TSS), indicating about half of solids 

were in dissolved forms (e.g., salts and dissolved organics). More than 85% of TS in 

the vegetable only effluent was accounted for as TSS. 

Figure A.1(b) compares total COD concentrations of effluents from seven 

trials. The trends seen for the solids are largely repeated here for the organics TCOD 

concentrations of the mixed food waste trials measured between 49,400 mg/L and 

103,000 mg/L, and TCOD concentrations of the single-stream food waste trials were 

18,300 mg/L and 52,200 mg/L. The dissolved portion of organics was again around 

50% of the total organic concentrations, except for the high dairy feedstock which 

contained a dissolved portion of 85%. Dairy feedstocks contained an initially high 

portion of liquefied food materials, which may explain this trend.  

Nutrients (phosphate concentrations shown in Figure A.1(c) and nitrogen 

concentrations show in Figure A.1(d)) across the 5 mixed food waste feedstocks were 

very similar. Ranges of phosphates in these runs varied only slightly (phosphate 



149 

 

concentrations between 567 mg/L and 880 mg/L and nitrogen concentrations between 

617 mg/L and 1,360 mg/L) across the mixed feedstocks. Single-stream feedstocks 

reported lower nutrient concentrations (193 mg/L and 211 mg/L phosphate 

concentrations and 126 mg/L and 510 mg/L total nitrogen concentrations).  

FOG (Figure A.1(e)) and heavy metal concentrations (Figure A.1(f)) were very 

low across all measured feedstocks.  

Though no trends are immediately identifiable across the five mixed food 

waste feedstocks, the average concentrations of the parameters of interest (solids, 

organics, nutrients, FOG, and heavy metals), and potential ranges of effluent 

concentrations of these parameters are helpful in understanding the potential makeup 

of liquified food waste that could potentially be used for a subsequent resource 

recovery pathway. Concentrations of solids, organics, and nutrients are high across the 

feedstocks, indicating that the valuable, recoverable resources in food waste are 

largely expelled from the digester after the aerobic treatment and should be collected 

for resource recovery. 

Through this study, the average composition of solids, organics, nutrients, 

FOG, and heavy metals was determined in the digester. Results of these experiments 

show that effluent from the digester is rich in solids, organics, and nutrients, and may 

be well purposed in the future to recover resources from food waste through methods 

such as anaerobic digestion or for use as fertilizers. 

A.4 Conclusion 
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EFFECT OF RESIDENCE TIME ON FOOD WASTE DEGRADATION AND 

MICROBIAL COMMUNITY IN THE AEROBIC BIO-DIGESTER 

Having obtained a basic understanding of the digestate composition, the aim of 

this study was to better understand the degradation process in the digester, microbial 

activity in the digester, and the impact of microbial degradation on the digestate. 

Specifically, this work aimed to (1) understand the impact of residence time on the 

effluent composition in the digester by tracing the flow of solids, organics, and water 

through the digester, as well as (2) understand the impact of microbial degradation of 

solids and organics with increased residence time. 

Two tracer studies were conducted to determine the fate of food materials and 

their true residence time in the biodigester.  

Heavy Metals Tracer Study: Heavy metals are not taken up by 

microorganisms in the digester, so measurement of total heavy metals into and out of 

the digester can be used to determine the residence time and fate of food materials 

through the system. Soluble metals were also measured to show how quickly the food 

Appendix B 

B.1 Objective 

B.2 Impact of Residence time on Digestate 

B.2.1 Methods 
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materials were broken down and solubilized. These concentrations were measured 

using an ICP/MS. 

Bromide Tracer Study: Bromide was spiked in the digester and measured in 

the effluent to determine the residence time of water in the digester. Bromide was 

measured using ion chromatography. 

Fifty pounds of pre-mixed food waste feedstocks were loaded to the 

biodigester and all the subsequent flushed digestate was collected until the COD 

concentration measured in the effluent reached the pre-loading value. Each experiment 

run typically lasted 1-2 days. In addition to bromide and heavy metals, total solids 

were also measured to show solids residence time. 

Measurements of bromide concentration, heavy metal concentration, and total 

solids concentration were taken after each flush. Each of these three tracer studies 

followed the same trend, where the concentration of each constituent was highest 

during the second flush and then followed what appears to be a first order curve for 

subsequent flushes. A representative data set is shown in Figure B.1 to display this 

curve. Figure B.2 further demonstrates this trend by showing the darkest coloring 

(highest concentration of solids) in the second effluent and lesser concentrations in 

subsequent effluents. 

 

 

B.2.2 Results 
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Figure B.1 Example graph which shows the first order curve of the data over time, 

representative of all tracer study trials conducted. 

 

.  

 
 

Figure B.2 Eleven effluents laid out in tins prior to drying for total solids measurement. 

The change in color of the samples clearly shows the total solids 

concentrations in the various effluents compared to the others. B stands for 

baseline (time zero), and each subsequent flush is represented in duplicate.  

 

Data for the bromide, heavy metals, and total solids tracer studies were plotted 

in Figure B.3 on a log scale to determine the first order reaction depicted in the data. 

The bromide trendline has a steeper slope than the other lines, showing a greater rate 
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of change in concentration over time. This result shows that the bromide is more 

rapidly flushing out of the digester than the heavy metals and solids. In other words, 

the residence time for water in the digester is much shorter than the residence time of 

solids in the digester. 

Total solids exited the digester more quickly than heavy metals. The 

assumption in the design of the experiment was that measurements of heavy metals 

would give us a good indication of solids residence time in the digester. However, the 

results indicate that heavy metals may be retained in the more complex solid 

molecules and more slowly released from the solids in the digester than some of the 

smaller, more readily degradable solid constituents in the food waste or microbial 

biomass exiting the digester. 

 

 
Figure B.3 Linear representation of first order relationships from tracer study. 
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To further understand the biological versus mechanical breakdown of food 

waste in the aerobic bio-digester, the concentrations of solids, organics, and nutrients 

were measured in the digester when it was seeded with microorganisms and when 

there were no microorganisms present (abiotic conditions). Fifty pounds of food waste 

was fed to the digester daily for 7 days. Samples were taken the day prior to feeding 

(day zero) for the abiotic measurements and 7 days after feeding for the microbially 

seeded measurements. Samples were collected approximately two hours after loading 

the digester.  

Figure B.4 shows the TS, TSS, TCOD and SCOD measurements for the two 

samples collected. Total solid concentrations increased from 26,500 mg/L in the 

abiotic run to 31,600 in the seeded run, an increase in solids of about 19%. Suspended 

solids showed a similar trend. These results showed that the digester with 

microorganisms measured greater amounts of solids and organics in the effluent than 

the abiotic control digester, suggesting that microorganisms facilitate the degradation 

of solid food materials to small particles, allowing them to pass through the fine grate 

(3 mm opening) at the bottom of the digester. Without microorganisms, less solids and 

organics were able to pass through the bottom grate and be flushed out in the effluent; 

instead, more food materials were retained inside the system. This increase could also 

be attributed to microbial biomass growth in the digester. These results indicate that 

microbes are growing and breaking down food waste.  

B.3 Microbial Degradation 

B.3.1 Methods 

B.3.2 Results 
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Total organics in the system decrease, indicating that organics are being 

consumed by microbes in the digester. Additionally, even though overall total organics 

decrease in the system, the soluble organics increase, showing that microbes help to 

solubilize organics in the digester.  

 

 
 

Figure B.4 Organics and nutrient concentrations in the digester for an abiotic and 

microbially seeded run.  

 

The first order reactions for a tracer study of TCOD and SCOD as well as TS 

(Figure B.5) show that microbially seeded runs of the digester displayed lesser rate of 

solids and organics exiting the digester (indicating a longer residence time in the 

digester) as opposed to the abiotic runs. These findings imply that the microbes 

change the residence time of the solids in the digester, most likely because they are 

consuming solids and organics that are not recovered in the effluent and therefore are 

not represented in this data.   

 

 



156 

 

 
 

Figure B.5 First order reactions for organic constituents in the effluent when there were 

no microbes (no bugs) in the digester compared to when there were microbes 

in the digester (with bugs). 

Tracer studies showed the movement of solids and water through the digester 

and began to give a picture of microbial breakdown of food waste. Because heavy 

metals were released more quickly than the solids were released, it can be assumed 

that the solids exiting the digester initially were simpler molecules, and the solids 

leaving the digester with the heavy metals were first broken down by microbes before 

exiting at a slower rate.   
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Finally, the concentrations of solids, organics, and nutrients in the effluent of 

the digester were measured for an abiotic run and compared to a microbially seeded 

run. Results from this experiment link the acclimation and growth of the microbial 

community to increased breakdown of food waste materials in the digester.  

These results provide foundational knowledge for subsequent research 

endeavors concerning the digester. The establishment of microbial activity and 

breakdown in the digester, with the implication that solids and organics are largely 

recovered in the effluent digestate, lays the groundwork for a more controlled 

experiment to understand the extent of microbial breakdown in the digester and the 

potential of the digestate to be used for recourse recovery pathways.  
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 TEACHER PROFESSIONAL DEVELOPMENT   

After the aerobic biodigester was installed at the Tower Hill School in the 

spring of 2022, the researchers gathered with a group of twelve science teachers from 

various grade levels (including lower, middle, and upper schools) to conduct a lunch-

and-learn workshop about the digester. During this workshop, the researchers gave a 

presentation on the digester, its function, and the installation process for the digester at 

the school. Teachers were given the opportunity to engage with the presentation and 

ask questions. Following the presentation, teachers were given time to think about and 

share ideas regarding how they could educate their students about the digesters in their 

various classes. At the end of the lunch-and-learn workshop, the researchers asked for 

three volunteer teachers to participate in a week-long professional learning workshop 

to flesh out and create lesson plans based on their ideas. 

Three high school science teachers (biological sciences, chemical sciences and 

environmental sciences) volunteered to participate in the professional learning 

workshop. The goals of this workshop were to help teachers learn more about the 

biodigester technology and related issues in sustainability, and to assist them in 

creating hands-on, engineering-focused lesson plans involving the digester 

technology. The workshop took place over the course of three days in Summer 2022 

Appendix C 

C.1 Lunch-and-Learn 

C.2 Professional Learning Workshop 
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through synchronous online sessions for about 2.5 hours each day. Table C.1 shows 

the activities during each synchronous workshop session and tasks completed by 

teachers asynchronously after each session. Teachers refined and finalized their lesson 

plans within three weeks after the workshop. The teachers were paid a stipend for time 

spent developing these lesson plans and their cooperation in administering the lessons 

and reporting the results to the research team. 

Table C.1  Professional learning workshop activities and tasks.  

Day Synchronous Workshop Activities Asynchronous Tasks 

1  

• Presentation on digester technology and 

sustainability issue of food waste disposal 

• Reviewed resources for teachers (slides, 

diagrams, technical information on the 

digester) 

• Brainstorming session for teacher lesson 

planning 

Develop an outline of lesson related to course 

content that incorporates digester technology 

2  

• Teachers shared lesson outlines 

• Feedback and idea-sharing among 

researchers and teachers 

• Final questions and clarifications 

Revise lesson outline, begin development of 

draft lesson plan  

3  
• Teachers presented draft lesson plans 

• Feedback and idea-sharing among 

researchers and teachers 

Revise and finalize lesson plan  

At the conclusion of the professional learning workshop, teachers reported a 

greater understanding of sustainable engineering technology and its application at their 

school. Prior to this professional learning opportunity, they were aware of the 

installation of the digester, but they did not know enough about it to use it as an 

instructional tool. Teachers appreciated the opportunity to ask questions of the 

C.3 Teacher Feedback 
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research team and for the feedback provided on their lesson plans. They shared 

enthusiasm for using the biodigester to craft a relevant, authentic lesson for students. 

They gave suggestions of ways that the workshop could be expanded to other science 

teachers at the school during professional development days, and they have proposed 

presenting at various environmental summits held annually by the school and in the 

state. 
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 PRE-/POST- ASSESSMENT FOR BIOLOGY LESSON  

1. On average, how many tons of food waste are produced each year in the U.S.? 

A. 6 million 

B. 16 million 

C. 60 million 

D. 600 million 

2. On average, what proportion of food waste produced per year in the U.S. ends up 

in a landfill? 

A. 7% 

B. 17% 

C. 47% 

D. 75% 

3. Which environmental problems are created directly as a result of food waste in 

landfills? Choose all that apply. 

A. Sea level rise 

B. Greenhouse gas emissions 

C. Biodiversity loss 

D. Leaching of pollutants into watershed 

E. Large scale deforestation 

F. Soil erosion 

 

Appendix D 
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Questions PE SEP DCI CCC 

1-3 H-ESS3-4, 

HS-ETS1-3 

INFO ESS3.C, 

ETS1.B 

C/E 

 

4. Which organism(s) are primarily responsible for decomposing organic matter like 

food waste? Choose all that apply. 

A. Algae 

B. Animals 

C. Bacteria 

D. Fungi 

E. Plants 

5. Which biological process is primarily used by decomposers to break down food 

waste? 

A. Aerobic Respiration 

B. Ethanol Combustion 

C. Glycolic Fermentation 

D. Photosynthesis 

6. Which of the following chemical equations represents the overall chemical process 

used by decomposers to break down food waste? 

A. 6 CO2 + 6 H2O + energy → C6H12O6 + 6 O2 

B. C6H12O6 + 6 O2 → 6 CO2 + 6 H2O + energy 

C. C2H5OH + 3 O2 → 2 CO2 + 3 H2O + energy 

D. C6H12O6 → 2 CO2 + C2H5OH + energy 
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Questions PE SEP DCI CCC 

4-6 HS-LS1-7 MOD (6 only) LS1.C E/N (6 only) 

 

A biodigester is illustrated on the right; it can 

be used in commercial kitchens to reduce the 

amount of food waste thrown in the trash.  

• Letter D shows a jet that sprays 40-

50oC (100-120oF) water into the system.   

• Letter E shows a paddle arm that turns 

continuously as food waste is broken 

down. 

 

7. Predict what would happen if the paddle arm (letter E) got jammed and could not 

turn. 

A. Food waste would not be broken down effectively by decomposers; oxygen 

would not be evenly distributed in the system. 

B. The biodigester would continue to function normally; the paddle arm just 

packs food in more tightly. 

C. Food waste would be broken down rapidly by decomposers; they would 

run out of food and die. 

D. The biodigester would take less energy to run; this would make it more 

efficient and environmentally friendly. 
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8. Predict what would happen if the water sprayed into the biodigester by the jet 

(Letter D) was room temperature (21oC, 70oF). 

A. Food waste would continue to be broken down as normal in the biodigester 

system. 

B. Food waste would be broken down more quickly in the biodigester system. 

C. Food waste would be broken down more slowly in the biodigester system. 

D. Food waste would be broken down at double the rate in the biodigester 

system. 

 

9. The graph on the right shows the 

relationship between temperature 

and decomposition. Choose two 

data points from the graph and 

explain how they support your 

answer to question #8. 

Sample response: 

At 40oC, the decomposition rate is nearly 60 units of product. 

At 20oC, the decomposition rate is about 20 units of product. 
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10. The graph on the right shows the 

relationship between pH and 

decomposition rate. Which of the 

following conclusions can be drawn 

from the patterns in the graph? 

A. The decomposition rate in the 

biodigester increases as pH 

increases. 

B. The optimal pH for decomposition in the biodigester is very acidic or very 

basic. 

C. The decomposition rate in the biodigester is not affected by pH. 

D. The optimal pH for decomposition in the biodigester is neutral. 

11. A group of students decides to set up a lemonade stand as a fundraiser at the 

school’s football game. They make 30 gallons of lemonade and throw all of the 

used lemons into the biodigester. Predict what will happen to the decomposition 

rate in the biodigester and justify your prediction using patterns in the graph. 

Prediction: Decomposition rate would slow significantly. 

Justification: The graph indicates that decomposition rate is low (below 10 units of 

product) at pH less than 3 (very acidic). 

 

Questions PE SEP DCI CCC 

7-11 HS-PS1-6, 

HS-ETS1-3 

DATA (7,8,10) 

ARG (9,11) 

PS1.B, 

ETS1.B 

PAT 
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 STUDENT SURVEY QUESTIONS  

1. What is one thing you learned from the lesson? 

2. What did you most enjoy from the lesson? 

3. What can be improved in this lesson next time? 

4. Are you interested in an engineering or STEM career in the future? 

____YES   ____NO 

5. Did this lesson positively influence your interest in engineering or STEM 

careers? 

____YES   ____NO 

6. Do you feel that you understand more about engineering and STEM based on 

the lesson? 

____YES   ____NO 
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 PERMISSIONS TO REPLICATE CHAPTER 5  

Content originally presented at the ASEE 2023 Annual Conference and Exposition 

and published in the conference proceedings. ASEE holds the copyright for this 

material.  © 2023, American Society for Engineering Education 

 

Applicable Citation: 

 

Burch, R., Trauth, A., & Chajes, M. (2023). Utilizing On-Site Sustainable Technology 

to Engage K-12 Students in Engineering Learning. ASEE Annual Conference 

and Exposition. 

 

ASEE has granted permission for this material to be republished for personal and 

internal use, and for reproduction in institutional repositories. 
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 GROTTO EXIT SURVEYS  

• Please indicate whether you strongly agree, agree, are neutral, disagree, or strongly 

disagree with the following statements: 

1. Implementation of the digester was a worthwhile investment. 

2. Costs of trash disposal have decreased.  

3. Employees generally have a positive perception of the digester.  

4. Our PR value has been positively impacted by participating in this 

sustainability project.  

5. Overall, our restaurant benefitted from the installation of the digester. 

6. I believe the digester is a sustainable food waste disposal solution.  

7. I would recommend that the digesters be installed in more restaurants 

like mine.  

• Have there been any problems or inconveniences because of the digester (i.e. 

maintenance issues, noise, odor, etc.)? Please explain.  

• On a scale of 1-10 with 1 being terrible and 10 being excellent, please rate your 

overall opinion of the digester for disposing of food waste.  

• Please let us know whether you would desire to keep the digester installed at your 

location after the conclusion of the experiment. If you are able, please explain your 

reasoning. 

Appendix G 

G.1 Corporate Exit Survey 
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• Please indicate whether you strongly agree, agree, are neutral, disagree, or strongly 

disagree with the following statements: 

1. The digester is easy for me to load and operate.  

2. The digester is easy for my staff to load and operate. 

3. Training my staff in the proper use of the digester was easy. 

4. Food disposal via digester is easier than food disposal via trash bin.  

5. Sorting out non-digestible food waste has been an extra burden for my 

staff.  

6. My employees generally have a positive perception of the digester.  

7. There has been a reduction in the amount of food waste being taken to 

the dumpster since the installation of the digester.  

8. Overall, our restaurant has benefited from the installation of this 

digester. 

9. I believe the digester is a sustainable food waste disposal solution.  

10. I would recommend that the digesters be installed in more restaurants 

like mine. 

• Have there been any problems or inconveniences because of the digester (i.e. 

maintenance issues, noise, odor, etc.)? Please explain.  

• On a scale of 1-10 with 1 being terrible and 10 being excellent, please rate your 

overall opinion of the digester for disposing of food waste. 

  

G.2 Management Exit Survey 
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• Please indicate whether you strongly agree, agree, are neutral, disagree, or strongly 

disagree with the following statements: 

1. The digester is easy for me to load and operate.  

2. Food disposal via digester is easier than food disposal via trash bin.  

3. Sorting out non-digestible food waste has been an extra burden. 

4. There has been a reduction in the amount of food waste being taken to 

the dumpster since the installation of the digester.  

5. I believe the digester is a sustainable food waste disposal solution.  

6. The digester should be installed in more restaurants. 

• Have there been any problems or inconveniences because of the digester (i.e. 

maintenance issues, noise, odor, etc.)? Please explain. 

G.3 Employee Exit Survey 
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 NATIONWIDE DIGESTER SURVEY  

• Company Name 

• What year was your digester installed? 

• What model digester do you have? 

• What is the approximate composition of your food waste (% grains, dairy, mean, 

fruit, vegetables)? 

• On average, how much food do you load into the digester daily? 

• If you know, approximately how many gallons of effluent are being flushed from 

the digester daily? 

• Please indicate whether you strongly agree, agree, are neutral, disagree, or strongly 

disagree with the following statements: 

o There has been a significant reduction in the amount of food waste being 

taken to the dumpster since the installation of the digesters. 

• If applicable, what is the monthly cost to lease the digester? 

• If you know, what were your digester installation costs? 

• Please explain any extra costs or savings you have experienced since the 

installation of the digester. 

• Please indicate whether you strongly agree, agree, are neutral, disagree, or strongly 

disagree with the following statements: 

o Employees would say loading the digester is easy.  

Appendix H 



172 

 

o Waste disposal organization has significantly changed since the installation 

of the digester.  

o Sorting out non-digestible food waste has been an extra burden for your 

staff. 

o Having a digester has been better than only using trash disposal for food 

waste. 

o Employees find food disposal via the digester easier than trash disposal.  

• Please select true or false in response to the following statements: 

o The city knows that the digester has been installed at your facility. 

o The city has taxed you for discharging your effluent to the sewers. 

o The public knows a digester has been installed at your facility. 

o The public has a favorable perception of the digester. 

• With the installation of the digester, have you received any sustainable recognition 

(LEED certification, etc.)? If so, please explain.  

• Since installation, has the digester had any maintenance issues? Please explain.  

• Why did you decide to install a digester? 

• Please indicate whether you strongly agree, agree, are neutral, disagree, or strongly 

disagree with the following statements: 

o In general, you are happy with the digester. 



173 

 

 IRB EXEMPTION FOR CHAPTER 5 STUDENT SURVEY  

 

Appendix I 
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IRB EXEMPTION FOR CHAPTER 6 NATIONWIDE SURVEY 
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