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ABSTRACT 
 

 Anaerobic digestion or biodigestion shows potential to become a cost-effective waste 

management strategy whereby industrial solid or semi-solid waste is upcycled into an alternative 

source of energy in the form of biogas. Biogas is a mixture of organic and inorganic gases 

composed primarily of methane (CH4), carbon dioxide (CO2), hydrogen sulfide (H2S) and trace 

gases. The general aim of this study was to test organic substrates with differing nitrogen 

contents for biogas production through biodigestion, which initially included the use of spent-

mushroom-substrate (SMS), that is, the leftover straw/cotton seed substrate (70%/30%, 

respectively) following specialty mushroom production at the University of Arizona. The 

specific aim of this study was to investigate how three ratios of the substrate combination of oak 

wood pellets and soybean hull pellets, namely 1:3, 1:1, and 3:1 (oak:soy), using a 1000-L batch 

and stand-alone biodigester with horse manure providing the needed bacterial inocula, impacted 

biogas production and biogas composition. The results showed that the 1:3 treatment’s mean 

biogas yield of 2,854 L significantly exceeded that of the 1:1 treatment of 2,003 L (P<0.05), 

which in turn significantly exceeded that of the 3:1 treatment of 393 L (P<0.05). The biogas 

methane contents of the three treatments were statistically indistinguishable from one another 

(P<0.05); namely, 51% for the 1:3 treatment, 44% for the 1:1 ratio, and 48% for the 3:1 

treatment. Similarly, the biogas CO2 contents of the three treatments were statistically 

indistinguishable (P<0.05); namely, 39% for the 1:3 treatment, 33% for the 1:1 ratio, and 36% 

for the 3:1 treatment. Thus, the 1:3 oak:soy treatment constituted the optimal treatment among 

the three treatments tested. This study is arguably the first or one of the first to investigate the 

use of oak wood and soybean hull as organic substrates for biogas production using biodigesters 

in the scale of 1000 L. 
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Chapter 1: Introduction 
 

1.1 Significance of the Study and Objectives 

 

The phenomenon of anaerobic digestion has been observed since the late 1700s, but the 

concept was first applied to treat wastewater in 1881 by the Frenchman, Jean-louis Mouras 

(McCarty et al. 1982). Subsequently, in 1895, an Englishman, Donald Cameron, improved 

Mouras’s design and coined the term “septic tank” (Abbasi, 2011). Cameron’s septic tank 

caught the attention of the local government in Exeter, England where it was implemented on 

a experimental basis. Its success was so great that in 1897, the use of septic tanks to treat 

Exeter’s wastewater was approved and implemented throughout the city by the local 

government (Abbasi, 2011). Improvements on anaerobic digestion technologies and 

increasing interest around the world due to its success at depolluting wastewater, has given 

way to new applications of anaerobic digestion as a strategy for municipal waste 

management and as a source of renewable energy. 

Anaerobic digestion is a multi-step, microbial-mediated process that occurs in the 

absence of oxygen and at different temperatures ranging from 30°C to 37.8°C (mesophilic) 

and 50°C to 60°C (thermophilic). The microorganisms present during the process of 

anaerobic digestion are found in ruminant animals’ complex digestive system (i.e., cows, 

sheep, goat, etc.). These types of microorganisms can also be found in animal groups outside 

the ruminants such as hindgut fermenters like horses, or monogastric (one stomach) animals 

like pigs. Traditionally, farm animal droppings were used as biofertilizer to enrich crop lands, 

deposited in landfills, or simply abandoned in the environment. However, modern 

environmental practices introduced strict legislations preventing unregulated waste dumping 

in landfills (Kougias and Angelidaki, 2018). 
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The process of anaerobic digestion is divided into four phases: (1) hydrolysis, (2) 

acidogenesis, (3) acetogenesis, and (4) methanogenesis (Figure 1). During hydrolysis, 

complex biopolymers such as proteins, polysaccharides, fats and/or oils are broken into their 

corresponding monomers like simple sugars, amino acids, and/or peptides by fermentative 

bacteria. The acidogenesis step is where fermentative bacteria convert monomers into 

volatile organic acids such as propionate (C3H6O2) and butyrate (C4H8O2). In the 

acetogenesis phase, acetogenic bacteria oxidize volatile organic acids into acetate and 

hydrogen gas (H2). Lastly, methanogenesis is carried out by two groups of methanogenic 

bacteria, the acetoclastic methanogens and the CO2 reducing methanogens. Acetoclastic 

methanogens oxidize the acetate produced during acetogenesis into CH4 and CO2. Then, the 

reducing methanogens, take the CO2 produced by the acetoclastic methanogens and use the 

H2 from acetogenesis as an electron donor to synthesize acetate which can then be oxidized 

by the acetoclastic methanogens to continue producing methane gas (LibreTexts, 2021). 
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Figure 1. Schematic of four phases of biogas production (LibreTexts, 2021) 

 

Anaerobic digestion studies are typically conducted in laboratory scale to test specific 

aspects of anaerobic digestion as shown in Labatut’s work on the influence of mesophilic and 

thermophilic temperatures in the process of biodigestion (Labatut et al., 2014). The data 

collected in laboratory scale is then tested in pilot scale (10 to 15,000 L) to evaluate scaling 

factors, feasibility and/or to improve a process prior to upscaling to industrial applications to 

treat waste. This was shown in Artsupho’s work on the improvement of the efficiency of 

upflow anaerobic sludge blanket (UASB) system in treating wastewater resulting from two 

industrial processes (Artsupho et al., 2016). As with most pilot-scale studies, Artsupho’s 

work was conducted with the intention to apply their improved process to a treatment plant in 

Thailand. This shows just how crucial pilot-scale studies can be in the improvement of 
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industrial scale biodigestion in its different system configurations for waste remediation, 

biogas production, and renewable energy generation. 

In the United States, there are three categories of biodigester configurations used to 

process different kinds of waste: stand-alone digesters, on-farm co-digesters, and anaerobic 

co-digestion at water resource recovery facilities. The type of waste will dictate what 

biodigester category is best suited for the job. Similarly, the different biodigester categories 

will yield varying amounts of biogas, which can be converted to mechanical energy that 

rotates an electric generator to produce electricity. This can be used to power several homes 

within fixed geographical regions throughout the United States. 

1.1.1 Stand-alone digesters 

 

 The Environmental Protection Agency (EPA) defines stand-alone digesters are divided 

into two sub-categories: industry-dedicated digesters or multi-source food waste digesters. 

Industry-dedicated digesters are typically built near food or beverage processing plants to 

process the waste from that plant (EPA Report, 2015, 2016, 2017-2018). Multi-source food 

waste digesters are designed to manage waste from a variety of sources within a fixed 

geographical area (EPA Report, 2015, 2016, 2017-2018). Examples of the waste processed by 

multi-source food waste digesters include food scraps, fats, oils, and grease. The type of waste 

processed by stand-alone digesters can vary depending on the needs of the municipality that 

operates them. A comprehensive list of the types of waste processed by stand-alone digesters in 

2017-2018 can be found in Table 1. 
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In terms of energy production, stand-alone digesters produced approximately 149 x 106 

kWh/year in 2017, which is the equivalent to powering more than 12,000 homes. Similarly, in 

2018, stand-alone digesters produced approximately 171 x 106 kWh/year, which is the equivalent 

to powering more than 14,000 homes (EPA Report, 2017-2018). 

1.1.2 On-farm co-digesters 

 

 Anaerobic co-digestion follows the same principles as the regular anaerobic digestion 

process. However, instead of processing one type of substrate, anaerobic co-digesters typically 

process two or more types of substrates (Hagos et al., 2017). According to the EPA’s 2017-2018 

report, there are over 263 on-farm digesters operating on livestock farms in the United States, but 

Table 1: Types of food waste and non-food waste feedstocks processed in Report, 2017-

2018). stand-alone digesters (2017-2018). Table 11 in EPA’s report: Anaerobic Digestion 

Facilities Processing Food Waste in the United States in 2017-2018 
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approximately 59 of them are co-digesting manure and food waste (EPA Report, 2017-2018). 

Examples of the waste processed by on-farm co-digesters can be found on Table 2. 

 

 

 

 

 

 

 

 

In terms of energy production, on-farm co-digesters produced approximately 22 x 106 kWh/year 

in 2017, which is the equivalent to powering more than 1000 homes. Similarly, in 2018, on-farm 

co-digesters produced approximately 30 x 106 kWh/year, which is the equivalent to powering 

more than 2000 homes (EPA Report, 2017-2018). 

1.1.3 Anaerobic co-digestion at water resource recovery facilities (WRRF) 

 

 The American Biogas Council and The Water Environment Federation have identified 

approximately 1265 water resource recovery facilities (WRRFs) in the United States. Roughly 

253 of these facilities co-digest food waste from offsite locations (EPA Report, 2017-2018). 

WRRFs have a high potential to generate biogas from municipal solid waste (Igoni et al., 2007). 

Since WRRFs deal with municipal solid waste, the influx of waste is constant. Therefore, 

Table 2: Types of Food Waste and Non-Food Waste Feedstock Processed at On-Farm Co-Digesters (2017-2018). 

Table 12 in EPA’s report: Anaerobic Digestion Facilities Processing Food Waste in the United States in 2017-2018 
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WRRFs must be operated at thermophilic temperatures to process the waste rapidly. However, 

despite the accelerated waste processing rate provided by a thermophilic environment, the 

digestion process tends to grow unstable over time and results in low-quality supernatant, 

containing larger quantities of dissolved solids (Hilkiah et al., 2008). Metabolic processes may 

occur at different rates, causing transient accumulation of potentially inhibitory products that 

slow down or interrupt the digestion process. There is also a concern with imposing 

thermodynamic constrains to biochemical reactions that may result in decreased biomethane 

production (Labatut et al., 2014). For that reason, the ideal temperatures to operate WRRFs are 

within the mesophilic range which is between 25°C to 35°C (Hilkiah et al., 2008). Examples of 

the waste processed by anaerobic co-digestion facilities at WRRFs can be found on Table 3. 

 

Table 3: Types of Food Waste and Non-Food Waste Feedstock Processed at Co-Digestion 

Systems at WRRFs (2017-2018). Table 13 in EPA’s report: Anaerobic Digestion Facilities 

Processing Food Waste in the United States in 2017-2018 (EPA, 2017-2018) 
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In terms of energy production, anaerobic co-digestion facilities at WRRFs produced 

approximately 417 x 106 kWh/year in 2017, which is the equivalent to powering more than 

34,000 homes. Similarly, in 2018, anaerobic co-digestion facilities at WRRFs produced 

approximately 432 x 106 kWh/year, which is the equivalent to powering more than 35,000 homes 

(EPA Report, 2017-2018). Refer to Table 4 and Table 5 for more details on energy derived from 

biogas production reported by digester type. 

 

 

Table 5: Summary of Biogas Data Reported by Digester Type (2018). Table 28 in EPA’s report: 

Anaerobic Digestion Facilities Processing Food Waste in the United States in 2018 (EPA Report, 

2017-2018) 

Table 4: Summary of Biogas Data Reported by Digester Type (2017). Table 27 in EPA’s report: 

Anaerobic Digestion Facilities Processing Food Waste in the United States in 2017 (EPA Report, 

2017-2018) 
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1.1.4 Relevance 

 

 This study examined the process of anaerobic co-digestion in a 1000 L biodigester 

combining three types of substrates: horse manure (inoculum), oak wood pellets, and soybean 

hull pellets. Despite previous effort to understand the process of anaerobic co-digestion, more 

research is needed to better optimize anaerobic co-digestion as a process to treat organic solid 

waste (Esposito et al., 2012). This study aimed to understand the effects of varying nitrogen 

content on total biogas production and total biogas quality. The optimum carbon to nitrogen ratio 

reported for biogas production is approximately 25-30:1 (C:N) (Dioha et al., 2013; Maishanu et 

al., 1991). The quantitative analysis of biogas production and quality was conducted using oak 

wood pellets and soybean hull pellets, both being carbon-rich and nitrogen-poor substrates. A 

summary of these two substrates’ carbon and nitrogen content can be found in Supplemental 

Figure 1. 

Most of the research conducted on the topic of biodigestion tend to focus on how substrates 

affect biogas production, and the quality of the biogas produced tends to be overlooked. By 

including biogas quality as a factor in biogas production efficiency, anaerobic digestion facilities 

can potentially use biogas as a renewable energy source more efficiently and potentially reduce 

the processing costs of methane gas by minimizing the need to separate methane from CO2 and 

other low-value gases. 

Chapter 2: Present Study 
 

2.1 SUMMARY 
 

 The primary focus of this research was to assess the utility of a 1000 L biodigester as a 

research unit and to examine the effect of three different substrate treatment ratios  on the 
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process of biodigestion in terms of mean biogas production and the composition quality of the 

biogas. The biodigester configuration used in this study was of a batch, stand-alone biodigester 

(1000 L). Horse manure was used as the inoculum to cultivate a balanced microbial community 

and drive the anaerobic digestion process. The substrates used were a combination of straw and 

cotton seed for the first half of the project and a combination of oak wood pellets and soybean 

hull pellets for the second half of the project. 

2.2 METHODS 
 

2.2.0 Methodology Overview 

 

 This experiment was set up as a Complete Randomized Design (CRD) with 3 treatments 

and 3 repetitions per treatment.  The 3 treatments were variation in mix ratios between the 

various substrates used; 1:3, 1:1, and 3:1, resulting in increasing amount of nitrogen across the 

changing ratios.  Experiments were carried out using 1000 L biodigesters as the experimental 

unit, each with a gas collection bag attached to the side.  The total volume of biogas production 

was collected and measured; one liter samples were taken for quality analysis. The mean biogas 

production was determined using the total volume of biogas produced in triplicate in the span of 

30 days in each treatment (1:3, 1:1, and 3:1).  

The biogas quality was determined by looking at its CH4 to CO2 ratio, where more CH4 

and less CO2 meant higher biogas quality. In this study, the biogas was analyzed using gas 

chromatography paired with a thermal conductivity detector to measure percentages of CH4, 

CO2, H2S, water vapor, and oxygen. 
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2.2.1 Biodigesters Design 

 

A set of nine international bulk containers (IBC) were used in this study as the basis for 

the biodigester systems (Figure 3). The design was inspired by Solar C3ITIES’s IBC biodigesters 

design shown in Figure 2 (Culhane et.al., 2015). Solar C3ITIES’s design consists of an IBC tank 

as the fermentation unit (1), a 4-inch outer diameter (OD) schedule 40 PVC pipe as the feeding 

pipe (2) and an attached funnel, a gas outlet pipe (3) with a ball-valve and hose for gas flow, an 

outlet pipe for liquified digested biomass (4) and a gas storage tank (5) consisting of two IBC 

tanks following the floating drum biodigester design principle. Solar C3ITIES’s biodigester list 

of parts used are listed in Table 6 (Culhane et.al., 2015).  

 

Figure 2. Schematic representation of Solar C3ITIES Biodigester Design. (1) IBC 

tank/fermenter, (2) feeding pipe, (3) gas outlet pipe, (4) liquefied fertilizer pipe and (5) gas 

storage tank 
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Solar C3ITIES IBC Biodigester Parts Dimensions 

Three IBC tanks 1 m2 

Feeding pipe 110 mm 

Gas pipe 50 mm - 75 mm  

Fertilizer pipe 50 mm - 75 mm  

PVC T 60 mm 

90◦ Elbow 60 mm 

Pipe fittings 25.4 mm – 51 mm  

Valves 25.4 mm 

Hose connectors 25.4 mm 

Hoses 25.4 mm – 51 mm  

Table 6: Solar C3ITIES IBC Biodigester Main Parts and Dimensions 

 

 

Figure 3. Schematic representation of the biodigesters used in this study showing the 

dimensions. 
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Figure 4. Schematic representation showing a cross-section view of the modified Solar 

C3ITIES’s biodigester design used in this study: (1) feeding pipe, (2) mixing pipe, (3) gas pipe, 

(4) 500 L biogas collection bag (Puxin), (5) hydrogen sulfide (H2S) scrubber 

 

The biodigesters used in this study (Figure 3 and Figure 4) are a modified version of 

Solar C3ITIES’s biodigesters. In this study, the biodigesters were constructed using essentially 

the same parts as the biodigester designed by Solar C3ITIES (Figure 2) with three modifications: 

the outlet pipe for liquified digested biomass was removed and replaced with a mixing pipe (2), 

the gas storage tank was replaced with a PVC bladder (Puxin Technology Co. Ltd) for gas 

storage (4), and a hydrogen sulfide (H2S) scrubber (5) was added to remove all the H2S produced 

(Kulkarni and Ghanegaonkar, 2019). The list of parts used for the modified IBC biogas system 
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are listed in Table 7. The biodigestion process used in this experiment follows the principles of 

batch digestion. 

Modified Solar C3ITIES IBC Biodigester 

Parts 

Dimensions 

Imperial Units Metric Units 

IBC tank 3’ 11 ¾’’ x 3’ 11 ¾’’ 

x 3’ 11 9/16’’ – 264 

gal. 

1.21m x 1.21m x 1.19 -

1000L 

Panda Film 10’ x 100’ 3.048m x 30.48m 

Schedule 40 PVC pipe (4-inch OD)- feeding 

pipe 

4.5” OD; 3.998” ID; 

Length 4’ 

11.43cm OD; 10.155cm ID; 

1.22m Length 

Schedule 40 PVC pipe (4-inch OD)- mixing 

pipe 

4.5” OD; 3.998” ID; 

3’ Length 

11.43cm OD; 10.155cm ID; 

0.9m Length 

Schedule 40 PVC pipe (2-inch OD)- gas pipe 2.375” OD; 2.047”ID; 

1’ Length 

6.03cm OD; 5.199cm ID; 

0.305m Length 

Schedule 40 PVC pipe (1-inch OD)- gas pipe 1.315” OD; 1.029” ID 3.34cm OD; 2.614cm ID 

Uniseals Diameter: 2” and 4” Diameter: 5.08cm and 

10.16cm 

Pipe fittings 1”, 2” and 4” 2.54cm, 5.08cm and 

10.16cm 

Valves 1” 2.54cm 

Barbed hose fittings 0.5” ID x 0.5” MIP 1.27cm ID x 1.27cm MIP 

Hoses 0.375” OD x 0.5: ID 0.95cm OD x 1.27cm ID 

Table 7: Parts and dimensions of the modified Solar C3ITIES IBC Biodigesters used in this 

study 

 

2.2.2 Inoculum Slurry and Treatments Preparation 

 

To prepare the inoculum that will establish each biodigester’s microbial communities, 

fresh horse manure was weighted and a sufficient volume of water was slowly added and mixed 

using a fertilizer mixer until its consistency resembled that of slurry (semi-liquid). A total of 20 

kg (dry weight) of horse manure and 700 L of tap water was used to charge each biodigester. The 

remainder of the 1000 L tank was left empty to serve as headspace for biogas accumulation. 

Following inoculation, the biodigesters were held of two weeks prior to substrate addition, 
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allowing the microbial biomass to grow and produce a baseline quantity of biogas to purge 

leftover oxygen in each biodigester tank. 

2.2.3 Preparation of Substrate and Treatments 

 

Experiment #1: Spent-mushroom-substrate (SMS), which is the remaining straw/cotton 

seed substrate (70%/30%, respectively) left over following specialty mushroom production at the 

University of Arizona (Figure 5), was used to feed six of the nine biodigesters to compare gas 

production among substrate amounts. Three levels of treatments were prepared for this 

experiment with two repetitions per treatment. Biodigesters #2 and #7 received 0 kg of SMS; 

biodigesters #1 and #6 received 5 kg of grounded SMS; and biodigesters #3 and #4 received 10 

kg of grounded SMS. The SMS was grounded using a hammer mill. The experiment was 

conducted over a 16-day period. The biodigestion process became quiescent 17 days post-

treatment.   

 

Figure 5. SMS- straw/cotton seed used as substrate for biodigestion 
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Experiment #2: Straw/cotton seed SMS was used to feed six of the nine biodigesters, 

which still contained the remaining substrates from experiment 1. Three levels of treatments 

were prepared for this experiment with two repetitions per treatment. Biodigesters #2 and #3 

received 0 kg of SMS; biodigesters #6 and #8 received 5 kg of SMS; and biodigesters #4 and #7 

received 10 kg of SMS. This experiment was conducted over a 20-day period.  

Experiment #3: The nine biodigesters were emptied of all previous material and 

microbial communities and washed in preparation for experiment #3  Each biodigester was 

charged with 20kg of horse manure and approximately 700 L of tap water as for Experiment 1. 

The first 14 days were the pre-experimental period where microbial biomass was expanded and 

the remaining oxygen in the tank purged; at the end of the 14-day pre-experimental period (day 

0), each biodigester received its treatment. Three levels of treatments were prepared for this 

experiment with three repetitions per treatment.  The substrates used in this experiment were oak 

wood pellets (Bear Mountain BBQ Hardwood Pellets) and soybean hull pellets (Mushroom 

Media Online) (Figure 6) with treatments consisting of oak wood pellets to soybean hull pellets 

ratios of 1:3, 1:1, and 3:1. During experiment #3, biodigesters #1, #2, and #3 received a 1:3 ratio 

treatment; biodigesters #4, #5, and #6 received a 1:1 ratio treatment; and biodigesters #7, #8, and 

#9 received a 3:1 ratio treatment. This experiment was conducted over a 44-day period.  
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Figure 6. Oak wood pellets/ soybean hull pellets used as substrate for biodigestion 

 

Experiment #4: The biodigesters used in this experiment were emptied of all previous 

material and microbial communities and washed in preparation for experiment #4.  Each digester 

was also tested for leaks, which several were found, and these were re-sealed. Each biodigester 

was re-charged with 20kg of horse manure and approximately 700 L of tap water as in 

Experiments 1 and 3. Three levels of treatments were prepared for this experiment with 3 

repetitions per treatment. Treatments consisted of oak wood pellets to soybean hull pellets ratios 

of 1:3, 1:1, and 3:1. During experiment #4, biodigesters #1, #3, and #8 received a 1:3 ratio 

treatment; biodigesters #5, #6, and #7 received a 1:1 ratio treatment; biodigesters #2, #4, and #9 
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received a 3:1 ratio treatment. This experiment was conducted over a 44-day period using the 

same timeline as experiment #3. 

 

2.2.4 Data Collection and Analysis 

 

 Understanding Factors Driving Anaerobic Digestion (Experiment #1): qualitative 

observations were recorded as data with a simple yes/no observation based on whether biogas 

was being produced and whether it was flowing into the biogas collection bladder. Temperature 

and pH of each bioreactor were recorded daily to compare temperature and pH values among 

different treatments. Measurements of temperature were taken using a digital thermometer. 

Measurements of pH were taken using a digital pH meter. One-way ANOVA was performed on 

the collected data for temperature and pH in SAS Studio 

 Qualitative Assessment of Biogas Production Rate (Experiment #2): qualitative 

observations were recorded as data using a ranking scale as an observational tool. The ranking 

ranged from 1-5 as shown in Table 9; observations were recorded daily. Temperature and pH of 

each bioreactor were recorded daily to compare temperature and pH values among different 

treatments. Measurements of temperature were taken using a digital thermometer. Measurements 

of pH were taken using a digital pH meter.  

 Quantitative Analysis of Total Biogas Production and Biogas Quality (Experiment #3) 

and Improved Mean Biogas Production per Treatment (Experiment #4): the total biogas 

production was measured using a ¾-Inch Pulse Output Gas Meter – PGM-075 (EKM Metering 

Inc.) to record total biogas production for each digester in the span of 30 days.  Biogas was 

collected from each digester once a week using 1 L gas sampling bag, multi-layer foil with 
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polypropylene combo valve and septum (VWR). The biogas was analyzed using gas 

chromatography paired with a thermal conductivity detector to measure percentages of CH4, 

CO2, H2S, water vapor, N2, and O2,. Specifications for the gas chromatogram are shown in Table 

8. The biogas quality analysis was carried out in the Pima County Wastewater Reclamation 

Center by members of the Compliance and Regulatory Affairs Office (CRAO) Laboratory. Prior 

to beginning the gas analysis, a calibration protocol is carried out to ensure the gas 

chromatogram is operating at an acceptance limit of 80-120% recovery. The gas chromatogram’s 

column is injected with 100 µL of the gas sample using a gas-tight syringe in duplicate. Each 

batch of gas sample duplicates are processed with an acceptance limit of less than 20% relative 

percent difference. The resulting chromatograms are processed using Shimadzu’s GC Solutions 

software (Shimadzu Corporation, Japan). 
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Injection 

Volume  100 µL 

Liner 

Glass, Deactivated with Wool, Split, 5/PK, for SPL-

17/2010/2014 

Carrier Gas Helium, 23.5 mL/min 

Column  Carboxen 1006 PLOT Capillary Column, 30 m X 0.32 mm 

Oven 

Shimadzu GC-2010 Plus Gas Chromatograph, 115°C 

constant 

Detector Thermal Conductivity 

Table 8: Gas Chromatogram Specifications for Biogas Quality Analysis. 

 

2.2.5 Statistical Analysis 

 

 Comparisons of treatment means were conducted by one-way analysis of variance 

(ANOVA) using SAS OnDemand for Academics with a significance value of 0.05.  Student’s t-

test was used to compare the means of the treatments in each experiment. 

2.3 RESULTS 
 

The results are presented in the following four subsections: understanding factors driving 

anaerobic digestion (Experiment #1) in preparation for subsequent experiments; qualitative 

assessment of biogas production rate (Experiment #2) to visually estimate rate of production 

with a hydraulic retention time (HRT) of 20 days. HRT refers to the time substrate spends inside 

the digester; quantitative analysis of total biogas production and biogas quality (Experiment #3) 

using oak wood pellets and soybean hull pellets and HRT of 30 days; improved qualitative 

analysis of total biogas production and biogas quality (Experiment #4).  
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2.3.1 Understanding Factors Driving Anaerobic Digestion (Experiment #1) 

 

The two main factors driving anaerobic digestion are pH and temperature. The pH and 

temperature were monitored and recorded over time to ensure the biodigestion process was 

progressing properly. The mean temperature over time of each treatment was within the ideal 

range (Figure 7). The mean pH over time of each treatment was within the ideal range (Figure 8). 

Digesters that were not fed any substrate (0kg treatment), did not produce any biogas. Digesters 

fed 5kg and 10kg produced a moderate and a significant amount of biogas, respectively. This 

was confirmed qualitatively via visual appearance of gas collection bladder in terms of size. 
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2.3.2 Qualitative Assessment of Biogas Production Rate (Experiment #2) 

 

 To estimate the biogas production rate in subsequent planned experiments, it was first 

necessary to determine the ideal experiment duration. However, at the time, no tool was 

available at the experiment site to measure gas volume. Thus, a ranking system was devised as a 

tool to provide qualitative visual estimations of the fullness of the 500 L gas collection bags. The 
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ranking system can be found in Table 9 and the results of the experiment are shown in Figure 9. 

The 0 kg treatment did not produce a significant amount of biogas (final ranking of 1); the 5 kg 

treatment produced a moderate amount of biogas (final ranking of 3); the 10 kg treatment 

produced the most amount of biogas (final ranking of 6). 

Qualitative Ranking 

Rank Range (%) 

1 0-10 

2 10-30 

3 30-70 

4 70-90 

5 90-100 

6 100-130 

Table 9. Qualitative ranking assigned visually for a total capacity of 500 L 
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2.3.3 Quantitative Analysis of Total Biogas Production and Biogas Quality (Experiment 3) 

 

 A quantitative analysis was carried out to determine the total biogas production and 

biogas quality when fed three ratio combinations of oak wood pellets and soybean hull pellets. 

The mean of the total biogas production for each treatment was determined. Overall, the 1:1 

treatment produced the greatest volume of biogas, with an average of 819 L; the 1:3 treatment 

produced an average of approximately 750 L of biogas; the 3:1 treatment produced an average of 

approximately 245 L of biogas (Fig. 10). There was no significant different (P<0.05) in biogas 

production between the 1:3 and the 1:1 treatments; the 3:1 treatment produced significantly less 

biogas than the other treatments. A summary of the biogas quality is provided in Table 10. The 

methane content in this experiment was 34% for the 1:3 ratio treatment, approximately 37% for 

the 1:1 ratio treatment, and approximately 35% for the 3:1 ratio treatment (Figure 11). There 

were no significant differences (P>0.05) in methane production among the 3 treatments. As for 

carbon dioxide, the CO2 content for the 1:3 ratio treatment was approximately 52%, 

approximately 41% for the 1:1 ratio treatment, and 35% for the 3:1 ratio treatment (Figure 12). 

There were significant differences (P<0.05) in CO2 production between all of the three 

treatments with the 1:3 ratio treatment containing the highest  
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Figure 10. Experiment 3: Mean Biogas Production per Treatment  

 

 

 

 

Table 10. Summary of biogas quality for Experiment #3 
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Figure 11. Experiment #3: Mean methane content per treatment 
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2.3.4 Improved Testing of Mean Biogas Production per Treatment (Experiment #4) 

 

 Before starting this experiment, all biodigesters were tested for leaks to improve data 

collection. The performance of biodigesters in this experiment versus the previous experiment 

was compared based on their corresponding treatment. The mean total biogas production for 

each treatment was calculated and plotted (Figure 13). 

 

Figure 12. Experiment #3: Mean carbon dioxide content per treatment 



37 
 

 

Overall, a 279% increase in biogas production was observed for the 1:3 ratio treatment compared 

to the previous experiment, corresponding to 2854 L of mean biogas production; a 144% 

increase in biogas production was observed for the 1:1 ratio treatment, corresponding to 2003 L 

of mean biogas production; a 61% increase in biogas production was observed for the 3:1 ratio 

treatment, corresponding to 393 L of mean biogas production. ANOVA revealed significant 

differences (P<0.05) among treatments and means separation revealed all means were significant 

different from each other.  

The differences in percent methane and carbon dioxide content were determined and 

plotted. A summary of the biogas composition can be found in Table 11. The methane content in 

this experiment improved 49% for the 1:3 ratio treatment (51% CH4) compared to the previous 

experiment, approximately 20% for the 1:1 ratio treatment (44% CH4), and approximately 35% 

for the 3:1 ratio treatment (48% CH4) (Figure 14). A one-way ANOVA analysis revealed there 

were no significant differences (P>0.05) among treatment in methane content, similar to 

Figure 13. Improved Mean Biogas Measurements per Treatment 
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Experiment 3.

As for carbon dioxide, biogas quality improves when the carbon dioxide content decreases. The 

CO2 content decreased by 25% for the 1:3 ratio treatment (39% CO2), decreased 20% for the 1:1 

ratio treatment (33% CO2), and increased 3% for the 3:1 ratio treatment (36% CO2). ANOVA 

revealed there were no significant differences (P<0.05) among treatment in CO2 content, in 

contrast to Experiment 3. (Figure 15). 

 

 

 

 

Table 11. Summary of Improved biogas quality for experiment #4 
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Figure 14. Improved mean methane content per treatment 
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Figure 15. Improved (decreased) mean carbon dioxide content per treatment 



41 
 

2.4 DISCUSSION 
 

 Anaerobic digestion and/or anaerobic co-digestion (biodigestion) has been demonstrated 

to be an effective method to treat organic solid waste while generating biogas which can be used 

as a renewable source of energy (Hagos et al., 2017). In this study, varying substrate types and 

feed ratios seems to influence biogas production and quality. The findings presented in this study 

are consistent with what has been observed in other studies, suggesting that a carbon-rich diet 

increases the CO2 content which ultimately leads to additional rounds of CH4 synthesis via CO2 

reduction. Additional experiments with nitrogen-rich substrates would need to be conducted to 

properly investigate nitrogen’s influence, if any, in the process of anaerobic digestion. 

 Future studies should focus on assessing the effects that different inorganic substrates 

have on biogas production and quality in biodigesters fed with organic substrates. Thus far, most 

studies have focused on treating organic waste as opposed to inorganic waste. Inorganic waste 

tends to contain compounds that are toxic to microorganisms, resulting in low quality biogas or 

inhibiting the biogas generation process altogether (Labatut et al., 2014). Finding a method to 

take advantage of organic and inorganic waste and convert them into renewable energy could 

potentially reduce the amount of waste in the environment and increase the amount of energy 

supplied to municipalities. 

 Mixing regiments were not examined in this set of experiments. However, mixing 

regiments at pilot scale should be empirically examined to facilitate their integration to larger 

scale operations. Laboratory-scale studies at mesophilic and thermophilic temperatures have 

shown that mixed biodigesters produce more biogas than unmixed biodigesters (Singh et al., 

2020; Lindmark et al., 2014; Ghanimeh et al., 2012; Rojas et al., 2010; Karim et al., 2005). 

Ideally, the mixing rates and velocities (RPM) would be examined at different stages of 
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biodigestion at pilot-scale and compare the results with the findings of laboratory-scale. This 

type of work can potentially lead to higher yields and quality of biogas. Therefore, reducing the 

biogas separation costs and maximizing the overall conversion of biogas to energy. 

 Supplementation experiments to enhance microbial communities have shown positive 

effects on the overall biomass density and in both, enhancing the methane content of biogas and 

accelerating the onset of methanogenesis (Pawlowska et al., 2006). As explained in Pawlowska’s 

work, the addition of sewage sludge had an overall positive effect in biogas production rate and 

quality. Others have attempted to enrich the naturally occurring microbial communities in 

biodigesters with laboratory-grown cultures with higher tolerance to alkaline environments with 

positive results (Strauber et al., 2015). Despite improving substrate degradation, some of these 

enhancement methods could potentially put the microbial community at risk of being exposed to 

toxic compounds, unnecessary competition with newly introduced microorganisms, or unsuitable 

environmental conditions (Martínez et al., 2015; Bonmatí et al., 2001). Further exploring 

enhancement methods at pilot-scale is necessary to determine the economic feasibility and the 

effect on biogas production and quality. 

2.5 CONCLUSIONS 
 

 The results of this study showed that the digesters maintain a temperature and pH suitable 

for mesophilic anaerobic digestion temperature and that varying substrate type, substrate dry 

weight, and substrate ratios influences overall biogas production and quality. 

(Experiment 1) The biodigestion process within the mesophilic temperature and pH 

ranges were suitable. Feeding 10 kg of SMS-straw/cotton seed to biodigesters yielded a 

significant amount of biogas, allowing qualitative and quantitative analyses to be performed. 
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Five kg of SMS-straw/cotton seed was not enough to carry out meaningful analyses, and not 

providing biodigesters with substrate (0 kg treatment) results in an insignificant (almost zero) 

biogas production. 

(Experiment 2) A ranking system can be used as a tool to qualitatively assess the volume 

of biogas production, using a percent range corresponding to the amount of the space occupied 

by biogas in a 500 L collection bag (p < 0.05). However, this experiment revealed the 

inappropriateness of SMS-straw/cotton seed as a substrate. Subsequent experiments were carried 

out using oak wood pellets and soybean hull pellets, replacing SMS-straw/cotton seed. 

(Experiment 3) Initial quantitative analyses on the effects of three treatment ratios of oak 

wood pellets and soybean hull pellets on biogas production and biogas quality revealed: 

• There was not a significant difference in the overall mean biogas production (p > 

0.05), and; 

• A student t-test showed that there were not significant differences between the three 

administered substrate treatments in terms of methane. However, the CO2 content was 

significantly different between the three administered substrate treatments. 

(Experiment 4) The improved quantitative analyses on the effects of the three treatment 

ratios on biogas production after troubleshooting gas leaks in some biodigesters showed: 

• A student t-test showed that there were significant differences between the three 

administered substrate treatments in terms of mean biogas production. 1:3 ratio was 

the best. 

• The overall biogas quality increased compared to the quantitative analysis in 

experiment #3, with more methane and less CO2 produced by most treatments. 



44 
 

However, means separations revealed no significant differences among treatments in 

percent methane or percent CO2. The main differences between experiment 3 and 

experiment 4 was that more biogas was produced at a higher quality, but experiment. 4 

revealed that the quality of the biogas did not change significantly among treatments. 

Overall, the generation of biogas in pilot-scale is a reliable and relatively quick method to 

assess the effects of different organic substrates and substrate ratios. It is a relatively cheap 

method to measure potential pH changes in the digestion process, compare biogas yield 

and quality from those recorded in previous runs. This kind of information can be crucial 

to the successful operation of anaerobic digestion plants before introducing new substrates 

or implementing new anaerobic digestion processes. 
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Appendix 

 

 

 Ward Analysisk  Calculated Componentsg 

substrate 
NDF 

(%) 

ADF 

(%) 

ADL 

(%) 

cp 

(%) 

C 

(%) 
 

cel 

(%) 

hemi 

(%) 

N 

(%) 

oak 84 67 17 0.8 49  50 17 0.13 

soybean hulls 69 50 3 12.5 45  47 19 2.00 

k the following analyses were conducted on duplicate samples of raw substrates and results were averaged. NDF = neutral 

detergent fiber, ADF = acid detergent fiber, ADL = acid detergent lignin, cp = crude protein, C = carbon, cel = cellulose, 
hemi = hemicellulose, N = nitrogen.  

g these components were calculated using equation 1 and equation 2.  

Supplemental Figure 1. Table 1- Initial Van Soest, crude protein, and carbon content analysis 

of raw substrates used to calculate hemicellulose, cellulose, and nitrogen contents and design 

substrate mixtures for subsequent experiments (Bonner, 2021) 
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