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Introduction 

 The world needs green energy sources because the current petroleum dependence is not a 

sustainable practice. Current popular energy strategies include the combustion of natural gas and 

use of petroleum-based products. These methods contribute largely to the buildup of greenhouse 

gases in the atmosphere, contributing to the global climate crisis. Research is currently being done 

to identify potential renewable energy sources that can replace natural gas and petroleum.  

Brazil is one of the world’s leaders in producing and utilizing renewable energy sources, 

such as biogas1. Appealing options for sources of biogas are the residues leftover from the large 

agricultural industry in Brazil. Using residues from industrial agriculture in renewable energy 

production, can reduce carbon emissions and waste production. Biogas can be used to create 

chemical, thermal, and mechanical energy; it is a combination of hydrogen, methane, and carbon 

dioxide1, 2. Biogas is naturally produced through anaerobic digestion, when microorganisms break 

down organic matter without the presence of oxygen3.  

Legal decisions and updates have incentivized the commercialization of biogas in Brazil. 

The National Oil Agency established the first set of quality control standards for biogas derived 

energy and encouraged the use of energy for heating homes and powering vehicles. The National 

Oil Agency is joined by many other federal agencies in promoting the usage of biogas1, 4, 5. 2017 

was the first year that biogas appeared as a major presence on Brazil’s Ten-Year Energy Expansion 

Plan. In 2016, 165 operational biogas plants produced about 5,300 GWh of energy, where 1 in 

three plants used anaerobic digestion as a method of producing biogas. The recent development 

and promotion for the use of biogas derived energy demonstrates the potential for anaerobic 

digestion as a mechanism for ubiquitous energy production in Brazil3.  
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 The inherent barriers to the commercialization of biogas as a renewable energy source are 

the slow production rate and the low yields of biogas per amount of agricultural waste substrate. 

Researchers have suggested pretreating substrates as a method of mitigating the barriers to 

commercialization. Pretreatment has the potential to degrade the structure of the cell walls so that 

they are more available for the microorganisms to digest6-8. Research on pretreatment methods 

focuses on optimizing methods to produce biogas to determine if there is an economic way to 

convert agricultural waste into biogas via anaerobic digestion.   

This experiment focused on using a batch reactor approach to the pretreatment of barley 

bagasse to produce biogas. Barley bagasse is a byproduct of the beer brewing process, also known 

as brewer’s spent grain. The raw material for this project was donated by the largest brewer in 

South Americas Ambev, a branch of AB InBev. Ambev currently uses their 130-250 tons/day of 

spent grain as animal feed9. Brazil is among the world’s highest beer producers. By using their 

spent grain as feedstock to produce biogas, Brazilian brewers can establish more sustainable and 

lower cost processes.  
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Background 

Anaerobic Digestion  

Anaerobic digestion is the process microorganisms undertake when they digest organic material 

without the presence of oxygen3, 7, 10. In this work, an anaerobic digestion reactor was used to 

convert barley bagasse into biogas. Biogas can be used as a source of renewable energy; it is a 

combination of methane, carbon dioxide, and hydrogen2. Anaerobic digestion occurs in four 

stages, but the general process can be seen below3.  

The first stage of anaerobic digestion is hydrolysis: where lipids, proteins, and polysaccharides are 

converted into fatty acids, amino acids, and monosaccharides3, 11. Hydrolysis refers to the splitting 

of a large organic molecule into a simpler molecule in the presence of water. This first step is 

typically the rate limiting step during anaerobic digestion12. The rate of the hydrolysis step is 

dependent on both the organic material. The speed of hydrolysis can be impeded if the cellulose 

in the organic material is highly crystallized or intertwined with lignin13.  

 The products of hydrolysis continue through acidogenesis2, 11. Acidogenic bacteria convert 

the monomer units of hydrolysis to alcohols and ketones. The products of acidogenesis include 

carbon dioxide, hydrogen, and acetic, butyric, and propionic acid. The products of acidogenesis 

are often not found in the final products of anaerobic digestion because they are converted to 

different compounds in later stages13. Acidogenesis is considered the fast step of anerobic 

digestion. This step is only limited by the rate of the previous step, which is the slowest stage of 

anerobic digestion12. The products of acidogenesis proceed to acetogenesis.  

 Acetogenesis, the third step of anaerobic digestion, refers to the process which converts the 

alcohols and ketones of acidogenesis into hydrogen, carbon dioxide, and acetate ions3. 
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Acetogenesis is only thermodynamically favorable during anaerobic digestion, not at standard 

temperature and pressure14. Researchers have found that the acetate ions produced in acetogenesis 

are the main source of methane in the final stage of anaerobic digestion15. Decreasing the presence 

of hydrogen in this step can increase the final production of methane3. 

 The final step of anaerobic digestion in methanogenesis. During methanogenesis, acetate 

ions are converted to methane and carbon dioxide by acetoclastic methanogenic archaea. This 

process is responsible for 70% of the methane produced by anaerobic digestion. Methane may also 

be produced from hydrogen going through hydrogenotrophic methanogenic archaea3.  

Biogas  

 Anaerobic digestion is a favorable method of procuring biogas. Anaerobic digestion can 

produce biogas in a single process, with no external drying or processing necessary3. The four 

stages can occur at both mesophilic (30℃) and thermophilic (50℃) conditions, which are accepted 

as the optimal conditions for microbial reactions. Hydrolysis presents the largest difficulty in using 

anaerobic digestion to obtain biogas2. Hydrolysis requires external energy to be applied to the 

system so that the cell walls of the organic material can be broken down: because of this 

requirement, hydrolysis is considered to be the rate limiting step in the kinetic modeling of 

anaerobic digestion6.  

 Biogas is a mixture of other gases that is valuable for its properties as a renewable energy 

source. Biogas is composed of 50-70% methane and carbon dioxide: its other components depend 

on the original organic material and can be hydrogen sulfide, nitrogen, and hydrogen2, 14. Biogas 

is viable for its uses in thermal, chemical, and electrical energy. Currently, biogas is currently used 

in some power plants that provide both heat and power2, 16. Biogas can be used as a direct energy 

source when combusted. Technologies that utilize biogas are currently in early design stages11.  
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 Biogas production from anaerobic digestion can be affected by the reaction temperature, 

retention time, and properties of the organic feedstock. Cellulose, fats, and proteins can undergo 

the anaerobic digestion process to produce biogas16. The characteristics of the organic feedstock 

can affect the final composition of the biogas. Fat produces the highest biogas yield, methane yield, 

and methane composition: cellulose preforms the worst by these metrics. Lignin cannot be used as 

an organic feedstock for anaerobic digestion. In this work, biogas is a renewable energy source 

because it is derived from barley bagasse, a byproduct of the brewing industry. The digestate 

remaining from the process can be used as fertilizer. For the agricultural industry, anaerobic 

digestion to produce biogas can be a viable waste management strategy and sustainability 

achievement method.  

 Energy reports for biogas typically come in units of energy per amount of substrate or 

volatile solid feed. An experimental biogas yield can be calculated using the ideal gas law with 

heating data for the combustible components, usually methane and hydrogen. Experimental biogas 

yields are usually poor because of non-optimized conditions leading to incomplete digestion.  
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Barley Bagasse 

 

 Barley bagasse, also known as brewers, spent grain, 

is a byproduct of the brewing process17(Figure 1). Barley 

bagasse is primarily composed of the malt and grain 

remaining from the mashing and lautering stages of the 

brewing process9, 12. Barley bagasse can represent as 

much as 85% of the byproducts of brewing. Barley 

bagasse’s substate is approximately 70% fiber and 20% 

protein, classifying it as a type of lignocellulosic 

biomass9, 18, 19. The fibrous portion of barley bagasse is 

comprised of cellulose, hemicellulose, and lignin. Bagasse with high proportions of lignin are not 

optimal candidates for anaerobic digestion: they require high amounts of energy to break down 

cell walls during hydrolysis18, 20. Bagasse with a greater proportion of cellulose and hemicellulose 

is preferred for anerobic digestion. Currently, barley bagasse is sold as animal feed, a low value 

application. Barley bagasse is not a viable candidate for combustion because of the presence of 

Nitrogen and Sulfur in its chemical composition. If combusted, barley bagasse will product NOx 

and Sox, which pose serious environmental threats9. Barley bagasse is a good organic material for 

anaerobic digestion because of its low cost and high availability12.  

Anaerobic Digestion of Barley Bagasse 

 Research labs and pilot plants have investigated the possibility of using anaerobic digestion 

to convert barley bagasse to biogas21, 22. One lab studied the production of biogas from barley 

bagasse over a 2-week period, looking to study the biogas composition, biomass degradation, and 

Figure 1: Barley Bagasse 
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kinetics. The experimented resulted in 3.5L of biogas that was over 66% methane21. From the 

initial substrate, 60% of the cellulose and 40% of the lignin was degraded. A pilot plant in Austria 

attended to product biogas from barley bagasse on the industrial scale. The theoretical methane 

yield of the plant was 98Nm3 per ton of substrate, but the actual yield was 75 Nm3. The energy 

from the biogas created from barley bagasse recovers 60% of the electrical and thermal energy 

required to brew, bottle, and store beer21. Experiments such as these support the continued research 

into the anerobic digestion of barley bagasse13.  

 

Characterization 

Gas Chromatograph 

 Gas Chromatography (GC) is one of the techniques used to analyze the composition of 

biogas produced by anaerobic digestion23. GC identifies the type and relative quantity of 

compounds in gas based on their polarities. The technique uses an inert gas carrier, called the 

mobile phase, and a polymer with a high boiling point, known as the stationary phase, to line the 

capillary sampling tubes.  

Compounds are identified based on their interaction with the stationary phase. Compounds 

with polarities similar to the stationary phase have stronger interactions, resulting in slower 

retention times through the column. Compounds with polarities that differ significantly from the 

stationary phase experience weaker interactions and faster retention times. In a GC, components 

of a gas can separate based on different factors: vapor pressure, column temperature, flow rate, 

amount of sample, and length of column23.  
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The quality of results will be affected by adjusting the influencing factors in a GC. Columns 

with higher vapor pressure, temperatures, and carrier gas flow rates will see shorter retention times 

for samples. Shorter retention times can result in peaks that are difficult to differentiate. Inversely, 

a long column can increase separation and retention time of components. Exceedingly long 

retention times can lead to broad peaks, making results difficult to analyze. GC results should 

appear to be symmetric, clearly defined peaks. Injecting too much sample can lead to the tailing 

and deforming of peaks2, 21.  

A biogas profile from a GC reflects the composition and quantities of different chemical 

species present. Methane is the most prevalent component of biogas, usually found in quantities 

of 50-80%2, 14. Carbon dioxide is the other major component of biogas, representing a significant 

peak on most GC results. Hydrogen gas may also be present in GC results, if any remains from 

acidogenesis.  Oxygen should not be present in biogas GC analysis because anerobic digestion 

requires the absence of oxygen, if it is noted on results it is most likely due to flawed sampling 

methods.  

 

pH 

 During anaerobic digestion, microbes are very sensitive to changes in pH due to the 

formation of fatty acids during acidogenesis and the inoculum13. The pH of the system naturally 

increases as the fatty acids are produced and then consumed in later stages of anaerobic digestion. 

The early stages of anaerobic digestion have a low pH: but when carbon dioxide reacts with 

hydroxide ions to form carbonate ions the pH becomes more neutral as the system enters an auto-

buffering cycle13. When methane production is less than the rate of fatty acid formation, the pH of 

the system and biogas production rate decrease while carbon dioxide formation increases13. The 
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optimal pH for the anaerobic digestion process is between 6.8 and 7.4, but the four stages are 

sensitive to pH change24. The optimal pH for acidogenesis occurs between 5.5 and 6.5. 

Methanogenic is optimal at a pH of 7.0 but can withstand a range of 6.5-8.225. 

Alkalinity 

 In the analysis of anerobic digesting, alkalinity is used to measure the ability of the 

digestate to neutralize acids in a method more sensitive than pH testing26. Alkalinity is measured 

in units of mgCaCO3/L of digestate. Alkalinity is measured on a linear scale, where pH is measured 

on a logarithmic scale, making it easier to detect small environmental changes. Alkalinity results 

refer to the presence of specific ions in solution: CO3
2-,HCO3

-, OH-13, 26. These ions are significant 

because they are involved in the auto-buffering cycle, which increases methane production26, 27. 

The optimal alkalinity for anaerobic digestion is 2,000-4,000 mg CaCO3/L
3, 13.  

Solids 

 The solid content of the anaerobic digestion system can expose insights into the optimum 

organic content for biogas production. Solid analysis can directly measure the amount of total and 

fixed solids in the system, from this we can indirectly measure the amount of volatile solids. Total 

solids include suspended solids and those dissolved in the digestate26. 

 Fixed solids are the mass that remains after ignition of volatile solids. Volatile solids 

indicate the organic matter in the digestate: the more organic matter in the system increases the 

production of biogas because there is more material available for the bacteria to process. The 

ignition involved in the analysis of volatile solids decomposes inorganic salts present in the 

digestate. In digestates with high volumes of inorganic salts, volatile solid and chemical oxygen 

demand analysis should be combined to determine the amount of organic matter available for 
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microbes. Barley bagasse does not have many inorganic salts; therefore a volatile solid analysis is 

sufficient as an indicator of organics in the digestate26.  

Chemical Oxygen Demand 

 Chemical Oxygen Demand (COD) is a measure of the organic content in the digestate.  

When microbes degrade organic matter, the organic presence in the reactor decreases which results 

as a decrease in COD7. The initial COD of the reactor depends on the feed, but the COD should 

decrease overtime. The COD should stabilize after time with slightly increases associated with the 

addition of daily organic feeds to the reactor3, 11, 22.  Theoretically, anaerobic digestion should 

produce 0.35 m3 of biogas per kg COD; this quantity is usually not reached because biogas 

production is also dependent on temperature, pressure, and other environmental conditions. COD 

analysis measures the amount of oxidant that reacts with the organic material. In this experiment, 

the oxidant used to measure COD was Cr2O7
2-, which was reduced by organics to Cr3

+11, 26.  

 

Ammoniacal Nitrogen 

 During anaerobic digestion, the main source of ammonia comes from proteins in the cell 

walls of the organic material7. The initial amount of ammonia is dependent on the organic matter. 

Anaerobic digestion can see the presence of some nitrites and nitrates, but nitrogen is most 

commonly in ammoniacal form11, 28. The presence of nitrogen in anaerobic digestion is essential 

for the bacteria in the inoculum to grow. However, an overabundance of nitrogen is toxic to the 

bacteria. When the bacteria is flooded with nitrogen, methanogenesis cannot occur which causes 

insufficient utilization of carbon sources25. Ammonical nitrogen has fewer toxic effects at 

mesophilic conditions, where it is easier for the bacteria to adjust to environmental changes. 

Ammonical nitrogen is measured as the carbon to nitrogen ratio (C/N) in the reactor. A C/N of 
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under 30/1 is recommended to prevent harmful conditions for bacteria. The most common C/N 

ratio is 25, with most studies ranging between 20 and 3025. Tolerable levels of ammonia vary by 

feed, temperature, pressure, and environment. Some anaerobic digesters can tolerate up to 6,000 

mg/L N-NH3, however it is usually maintained under 3,000 mg/L26.  
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Materials & Methods:  

The following section dictates the specific materials and methods used in the analysis of this 

project. The continuous reactor was operated for a 35-day period at the BIOTAR laboratory at the 

University of Campinas. At the end of the 35-day period, worked stopped because of Brazilian 

Carnival, which coincided with the departure of the MQP students from the laboratory: any 

samples from the final days of the 35-day period were intended to be analyzed at a later date, and 

the results communicated for this MQP report. Unfortunately, due to the coronavirus outbreak and 

preventative measures, all laboratories at the University of Campinas were closed for the 

remainder of the semester. This report shares the results that were analyzed and the methods that 

were consistently used in the operation of this project.  

 

Raw Materials 

Barley bagasse and mesophilic inoculum for this project were provided by the AMBEV Brewing 

Company, from Jaguariúna, São Paulo, Brazil. Before this project, the barley bagasse was oven 

dried at 105℃ for 8 hours. It was then frozen at -18℃ in a plastic bag before use.  

 

Batch Reactor Conditions 

 The batch reactor was a 3.5 L glass vessel. The reactor was temperature controlled by a 

thermostatic water bath at 25℃ ± 2℃. The batch reactor was mixed by a two finned agitator, 

connected a shaft in the center of the reactor. The agitator was used for two minutes daily and set 

at 150 rpm: however, the digestate was often too thick to allow the agitator to move freely and 

manual mixing was necessary to aid the mechanical agitator. All liquid samples were taken from 



17 
 

a sampling port at the top of the reactor. The gas phase samples were taken from a rubber septum 

attached to the biogas collection bag. 40% (1L) of the reactor was left empty, as headspace for the 

biogas produced by the reactor: 60% (2.5L) of the reactor was filled with the digestate. The 

digestate of the batch reactor was comprised of 750 mL mesophilic inoculum (758 g), 500 mL 

water (497g), and 840 mL barley bagasse (183g). The batch reactor was filled three times to sustain 

feeding the continuous reactor. The first two were done in the previously mentioned proportion. 

The final fill was done in one and a half the proportion of the previously mentioned mixture, to 

sustain the reactor system for the last two weeks of the project.   

 

Continuous Reactor  

The continuous reactor was a 6.8 L vessel.  The reactor was temperature controlled by a 

thermostatic bath at 35℃±2℃. The thermostatic bath was fed to a heating jacket that heated the 

lowest 2L of the reactor. To aid in heat transfer in the digestate, an insulating cloth was kept around 

the reactor except during sampling and feeding times. The contents of the reactor were stirred by 

a two finned agitator connected to a shaft in the center of the reactor. All liquid samples were taken 

from an opening at the top of the reactor; all gas phase samples were connected from a septum 

located between the reactor and a biogas collection bag. A mylar biogas collection bag was 

connected to the reactor by a system of rubber tubing. Like the batch reactor, 40% (2.72L) of the 

reactor volume was left empty to leave space for the biogas and 60% (4.08L) was left for the 

digestate. The digestate of the continuous reactor consisted of two mixtures of barley bagasse, 

mesophilic inoculum, and water and a daily feeding of 180 mL of the bath reactor digestate. The 

first mixture was comprised of 1.4 L of mesophilic inoculum (1542 g), 0.97 L of water (1497g), 

and 1.6 L of barley bagasse (560g). The second mixture was comprised of 0.59 L of mesophilic 
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inoculum (592 g), 0.354 L of water (341 g), and 0.236 L of barley bagasse (50.85 g). Each day 

180 mL of the reactor digestate was removed before 180 mL of the batch reactor digestate was 

added. 

Characterization Methods 

The biogas and reactor contents were characterized and measured daily. These characterizations 

and measurements included those which quantified the amount of moisture, biogas compositions, 

and presence of chemical factors in the reactors. Figure 2 below shows the sampling scheme used 

to analyze the stability metrics of the continuous reactor.  

 

Figure 2: Sampling and Analytics Used on the Continuous Reactor 

Gas Chromatography  

The chemical components of the biogas were analyzed via Gas Chromatography, in a GC 2014 

Shimadzu Corporation. The chromatograph used a packed column and thermal activity detected 

at 200℃, ShinCarbon ST 50/80 mesh. The column temperature increased in intervals of 5℃/min, 

from 50℃ to 180℃. The mobile phase was nitrogen gas at 5bar, being pumped at 35 mL/min. The 
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complete analysis took 35 minutes. A 5mL sample of biogas from the reactor was analyzed in the 

gas chromatography each day for the presence of methane, carbon dioxide, hydrogen, and oxygen.  

 

Biogas Volume  

The volume of biogas produced by the reactor was measured both in a mylar collection bag and 

the reactor. Ten 60mL syringes of biogas were removed from the reactor each day to avoid a 

pressure build up inside of the reactor. Syringes were used to remove biogas from the collection 

bag. The number of syringes was used to record the daily volume of biogas produced by the 

reactor.  

Energy Production 

The potential energy production of the continuous reactor was calculated using the data from the 

biogas volume and gas chromatography efforts. The ideal gas law and lower heating value for 

methane were used in these calculations. Equations 1a-1c describe the process used to calculate 

the energy produced by the continuous reactor daily.  

Volume of Methane Produced 𝑉𝐶𝐻4
= 𝑉𝑏𝑖𝑜𝑔𝑎𝑠 ∗ 𝑥𝐶𝐻4

                                  1a 

Moles of Methane Produced 𝑛𝐶𝐻4
=

𝑃𝑉𝐶𝐻4

𝑅𝑇
                                                1b  

Energy Produced 𝐸𝑝 = 𝑛𝐶𝐻4
∗

𝐻𝑉𝐿

𝑀𝑊
                                           1c 

 

pH Monitoring 

The microorganisms involved in anaerobic digestion are very sensitive to changes in pH. The 

optimal pH for anaerobic digestion is between 6.5-8.5. The pH was monitored daily and adjusted 
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with NaOH to ensure the reactors were operating within the optimal range. A 10mL sample of the 

digestate was taken and measured for pH. Drops of 6N NaOH were added to the sample until a pH 

of 8.0 was achieved. The volume of NaOH added was then scaled up to adjust the entire reactor. 

The scale up calculation was tabulated using Equation 2. 

20 𝑚𝐿

𝑅𝑒𝑎𝑐𝑡𝑜𝑟 𝑉𝑜𝑙𝑢𝑚𝑒 (𝑚𝐿)
∗

# 𝑜𝑓 𝐷𝑟𝑜𝑝𝑠 𝑁𝑎𝑂𝐻

25 𝑑𝑟𝑜𝑝𝑠
𝑁𝑎𝑂𝐻

𝑚𝐿

= 𝑚𝐿 𝑁𝑎𝑂𝐻                                                                        (2) 

 

Total Solids 

The digestate of both reactors was tested three times a week for total, volatile, and fixed solid 

contents. The methods of testing solid content are consistent those documented in: NREL 

Determination of Total Solids and Ash in Algal Biomass: 2.00g of each sample was taken and 

tested in triplicate, the average results were used to represent the results of the digestate overall. 

Equation 3 and 4 below describe the process of calculating the total and volatile solid content.  

𝑇𝑜𝑡𝑎𝑙 𝑆𝑜𝑙𝑖𝑑𝑠 =
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑖𝑒𝑑 𝑑𝑖𝑔𝑒𝑠𝑡𝑎𝑡𝑒 𝑠𝑎𝑚𝑝𝑙𝑒

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑒𝑡 𝑑𝑖𝑔𝑒𝑠𝑡𝑎𝑡𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
∗ 100                                                                  (3) 

 

𝑉𝑜𝑙𝑎𝑡𝑖𝑙𝑒 𝑆𝑜𝑙𝑖𝑑𝑠 = (1 −
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑚𝑢𝑓𝑓𝑙𝑒 𝑑𝑟𝑖𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒

𝑛𝑎𝑠𝑠 𝑜𝑓 𝑑𝑟𝑖𝑒𝑑 𝑑𝑖𝑔𝑒𝑠𝑡𝑎𝑡𝑒 𝑠𝑎𝑚𝑝𝑙𝑒
) ∗ 100                                                    (4) 

 

Characterization Methods  

Samples of the digestate were taken three times a week for characterization. Forty milliliter 

samples were stored in a -18℃ freezer. All characterization methods shared a preparation 

technique. Five grams of digestate was diluted in 50 mL of deionized water and shaken for 1 hour 
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at 200 rpm. The samples were then gravity filtered through cotton to remove any suspended large 

solids. Then, the samples were vacuum filtered through a Buchner funnel to remove any 

particulates for the solution.  

 Alkalinity 

The reactor was tested for alkalinity via 10 mL portions of the prepared samples. The samples 

were titrated while being agitated with a magnetic stir bar. The pH of the sample was monitored 

with a pH meter. The sample was titrated with 0.02 M H2SO4 until the pH fell within the range of 

4.3-4.7. The alkalinity was then calculated with Equation 5 below.  

 

𝐴𝑙𝑘𝑎𝑙𝑖𝑛𝑖𝑡𝑦 =
𝑀𝐻2𝑆𝑂4∗𝑉𝐻2𝑆𝑂4 ∗5000

10 𝑚𝐿
                                                                                               (5) 

Chemical Oxygen Demand 

The chemical oxygen demand of the samples was measured using digestive and catalytic solutions. 

A solution was created by adding 2.5 mL of the prepared sample, 1.5 mL of a digestive solution, 

and 3.5 mL of a catalytic solution. The solutions were then heated and mixed. The absorbance of 

each sample was measured at 610 nm in a Hatch spectrometer. The chemical oxygen demand was 

calculated using Equation 6 below. 

𝐶𝑂𝐷 = 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑤𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ ∗ 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑠𝑙𝑜𝑝𝑒                                                                (6 

 

Ammoniacal Nitrogen  

The ammoniacal nitrogen concentration in the reactor was measured every three days using a 

distillation and titration-based procedure. Multiple solutions were used in the process of measuring 
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the ammoniacal nitrogen concentration: among these was a borate buffer solution made from 

sodium hydroxide and hydrated sodium tetraborate. A boric acid absorbent solution received the 

distillated samples: the solution was by dissolving 20g of H3BO3 in a liter of water and then 

mixing an indicator solution (methyl red and methylene blue in 95% isopropanol). The samples 

were distillated with 0.5M NaOH to maintain a pH of 9.5, preventing hydrolysis of nitrogen 

compounds in the sample. The distillate and borate buffer solution were titrated with 0.02 M 

H2SO4 until the solution became faintly pink.  
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Results & Discussion  

Batch Reactor Behavior  

This project required both a batch and continuous reactor for the anaerobic digestion of barley bagasse. The 

batch reactor was used to feed the continuous reactor. Results for the characterization of the batch reactor 

can be found in Appendix 1A-1G. 

 

Continuous Reactor Behavior  

The continuous reactor was operated as expected according to the methods included in Section 3. There 

were no unexpected changes in operation of the reactor. The following pages detail the characterization of 

the biogas and digestate of the continuous reactor. Data for the characterization of the continuous reactor 

can be found in Appendix 2A-2G.  

Biogas Production  

Figure 3 displays the daily biogas production measured from the continuous reactor. Over a 35-day 

period, the reactor produced over 20L of biogas, averaging 745 mL of biogas produced per day.  The 

composition of the biogas production is explored in the following section. The 20 L of biogas in 35 days 

was achieved by 13.1 L of digestate, this includes the original mix of the continuous reactor and the 180 

mL feedings necessary to sustain the reactor. The stabilization of volumetric production after day 15 

suggests that the reactor began a quasi-steady state period.  
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Figure 3: Biogas Production Daily (Left) and Accumulative (Right) 

The amount of biogas produced is difficult to compare to literature because of dependence on 

substrate material, environmental conditions, reactor size, and collection methods. A comparison could be 

made to a former Major Qualifying Project completed in the BIOTAR Laboratory, focused on the anaerobic 

digestion of barley bagasse, which had been put through an ultrasound pretreatment process. The former 

project reported an average daily production of biogas of 163 mL, a much smaller value than the reactor 

discussed in this report. The former project used a water displacement method of collection, rather than a 

bag, for the last half of the project. The differences in biogas collection methods could be responsible for 

the major difference in average daily volume of biogas produced by the continuous reactor.  

Measuring the volume of biogas produced by the reactor was a delicate task. The biogas collection 

bag was connected to the reactor via a system of rubber tubes. To measure the volume of biogas in the bag, 

the bag had to be disconnected from the rubber tubes which risked gas escaping to the atmosphere. Over 

the course of this project, four individuals measured the amount of biogas from the reactor, because there 

was no standard operating procedure for biogas production measurement, we can expect some deviations 

due to methods.  
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Biogas Composition  

Figure 4 displays the composition of biogas produced by the continuous reactor daily, as reported 

by a gas chromatograph. The composition saw an initial peak of methane composition as high as 75% in 

the first few days, however that peak started to slowly decrease. The amounts of methane and carbon 

dioxide were almost equivalent on day 23 but the proportion of methane began to increase after that. The 

biogas averaged a composition of 58% methane. The trend observed in this figure is consistent with those 

for similar materials. According to Professor Forester-Carneiro, materials that are highly biodegradable 

tend to product high amounts of methane in the beginning stages of anaerobic digestion, but these high 

amounts are not sustained through the lifetime of the reactor.  

 

Figure 4:Biogas Composition for the Continuous Reactor for 35 days 

 The proportions of methane seen in this project are analogous to those with similar materials. In 

the former MQP on the anaerobic digestion of barley bagasse, the average percentage of methane was 

61%29. The average methane composition from the anaerobic digestion of untreated corn stover was 59%30. 

The methane composition from the anaerobic digestion of untreated food waste yielded an average methane 

composition of 58%, the same as what is represented in this report31.  
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On day 23, there was a minor presence of oxygen in the biogas composition. On that day, oxygen comprised 

less than 2% of the biogas sample.  The presence of oxygen is not recorded in any other data point on Figure 

4. The oxygen on day 23 is present due to error in operation of the reactor.  

 

Ammoniacal Nitrogen  

Figure 5 represents the quantity of ammoniacal nitrogen present in the continuous reactor 

throughout the project. Over the course of a typical anaerobic digestion experiment, the amount of 

ammoniacal nitrogen is expected to increase as cell walls break down and as the expired bacteria began to 

accumulate in the reactor. In this reactor, the ammoniacal nitrogen content increases steadily and then 

decreases immediately following a refill of the batch reactor. This trend is to be expected in this project 

because a refill of the batch reactor implies the presence of cells walls that have not yet been degraded and 

bacteria that have not yet expired. The only outlier in this trend is the sudden decrease in ammoniacal 

nitrogen content at day 15. The magnitude of these quantities is consistent with those for similar anaerobic 

digestion experiments31.  

 

Figure 5: Ammoniacal Nitrogen test results for the continuous reactor for 24 days 

Reactor pH and Alkalinity  
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Figure 6 delineates the changes in pH over the 35-day period of the project. After day 11, the pH 

stabilized between 7.3 and 7.5. This was the first sign that the reactor had entered quasi-steady state. The 

stabilization of pH indicates that the bacteria in the digestate had begun the auto buffering cycle of 

anaerobic digestion, people to withstand and counterbalance changes in the pH of the system. This trend 

is also noticeable in the alkalinity results for the continuous reactor. 

 

 

Figure 6: pH results for the Continuous Reactor for 35 Days 

 

Figure 7 represents changes in the alkalinity of the digestate over the first 24 days of the 35-day period. 

Alkalinity is the ability of the digestate to withstand changes in the pH and ion balances in the reactor.  

After day 11, the alkalinity value appears to start to stabilize. This trend cannot be properly confirmed 

without the final 11 days of data, but the alkalinity values should follow the same patterns as the pH data. 

The magnitude of the alkalinity values is similar to other literature on anaerobic digestion.  
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Figure 7: Alkalinity Levels in the Continuous Reactor for 24 days 

Solids and Chemical Oxygen Demand 

Figure 8 represents the total solids testing of the reactor over the first 27 days of the 35-day period. 

The total solids represent the organic matter yet to be digested by the bacteria of the digestate. The fixed 

solids represent inorganic salts that are indigestible by the bacteria. The difference in those two amounts in 

the volatile solids present in the digestate: the amount of organic matter that could be digested but has not 

yet. In a typical anaerobic digestion experiment, there would be a steady downward trend in the total solids 

in the reactor. The peaks in this graph are directly correlated with days when the batch reactor was refilled. 

It is logical that the total solids would increase when a fresh batch was added because it means nearly fresh 

barley is being added to the continuous reactor. The quantities in this figure are considered consistent for 

wet anaerobic digestion (where the total solids should be between 8 % and 20% when the reactor is started).  
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Figure 8: Total, Volatile, and Fixed Solids Results for the Continuous Reactor for 32 Days 

Figure 9 shows the chemical oxygen demand data for the first 27 days of the 35-day period. Similar 

to the total solids data, there are decreases following refills of the batch reactor: this indicates that there was 

an increase in the organic matter present in the reactor that decreased as the bacteria began to thrive in the 

digestate. Although chemical oxygen demand tests were done every few days, as opposed to total solids 

which was tested daily, we can see that the two related quantities follow the same general trends. The 

magnitude of these values is consistent with previous MQPs and literature29, 32.  

 

Figure 9: Chemical Oxygen Demand results for 27 days 



30 
 

Energy Production Potential 

 A total of 0.00000035 MJ of energy was produced by the continuous reactor (Figure 10). 

Calculations for this value are included in Appendix 3.  This value was obtained by assuming the biogas 

behaved as an ideal gas, all the methane was combustible, and using the lower heating value of methane. 

This value is most likely less than the total energy the reactor was able to produce because the 50-day 

experiment was cut down to only 30-days.  There are some discrepancies in the collection and measurement 

of the biogas volume that are discussed in a future section. This value does not consider the energy expended 

in heating and stirring the reactor. With enough information on the operation of the reactor, the energy 

expenditure can be calculated and subtracted from the energy production to obtain a net energy gained by 

the system. The amount of energy produced by anaerobic digestion is often reported in terms of mass of 

the raw material: in this case it would be 0.0063 MJ/kg barley bagasse.  

 

Figure 10: Accumulative Energy Production 

 The average brewery expends 200 MJ of energy producing 100 Liters of beer. The standard size 

for a bottle of beer is 355 mL33. These statistics reveal the continuous reactor produced enough energy to 

create 53% of one bottle of beer. A six-pack of beer would require 4.2 kg of barley bagasse to power via 

this pretreatment method for anaerobic digestion. This value can be brought into context by considering 

that the average brewing process creates 20 kg of barley bagasse for every 100 L of beer33. Through these 

values, it can be concluded that this pretreatment method for anaerobic digestion can use 60% of the barley 
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bagasse produced from one standard bottle of beer to supply the energy necessary to produce a six-pack of 

beer. Alternatively stated, the waste from one beer can be used to supply enough energy to produce 10 

beers.  

 

Mass Balance 

 A mass balance was conducted on the continuous reactor to evaluate how much carbon from the 

brewers spent grain resulted in methane in the biogas. The carbon from both the initial loading of the 

continuous reactor and the daily feeds from the batch reactor. The mass balance found that 0.8% of the 

carbon in the continuous reactor was digested into methane. Presumably, the other 99.2% of the carbon 

became organic content in the liquid phase of the reactor. Calculations for the mass balance can be found 

in Appendix 4.  
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Conclusions & Recommendations 

 The primary conclusion for this study lies in the energetic potential of this pretreatment method. 

This small-scale trial showed promising results as a renewable energy source for the brewing industry.  

Using barley bagasse as a renewable energy source would represent a large move toward a more sustainable 

process for the brewing industry. Future work should hold the digestate in the batch reactor for fixed periods 

of time, instead of refilling when the reactor is empty, to control for digestion in the pretreatment step. After 

the operation of the batch reactor has been standardized, I recommend work be done to optimize the 

conditions in each reactor. 

Future work should focus on varying the parameters of this project to observe changes to the 

production of methane. The temperatures and pressures of the batch and continuous reactor should be 

systematically varied to select optimal environmental conditions. Changing the proportions of water in the 

original loading of both reactors change the mass balance results, further work should explore the effect 

this variable has on the methane production rate.  

I recommend a technoeconomic analysis be done on the system to examine the costs associated 

with the industrial scale up of this system. This analysis should consider any energetic costs associated with 

the operation of both reactors. This analysis should also account for any financial gain possible by selling 

the digestate as fertilizer. A technoeconomic analysis is essential in the scale-up and industrialization of 

this process.  
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Appendix 1-A Batch Reactor Biogas Volume Data 
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Appendix 1-B Batch Reactor Biogas Composition Data 
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Appendix 1-C Batch Reactor Total & Volatile Solids Data 
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Appendix 1-D Batch Reactor Alkalinity Data 
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Appendix 1-E Batch Reactor pH Data 
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Appendix 1-F Batch Reactor Chemical Oxygen Demand Data 
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Appendix 1-G Batch Reactor Ammoniacal Nitrogen Data 
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Appendix 2-A Continuous Reactor Biogas Volume Data 
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Appendix 2-B Continuous Reactor Biogas Composition Data 
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Appendix 2-C Continuous Reactor Alkalinity Data 
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Appendix 2-D Continuous Reactor pH Data 
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Appendix 2-E Continuous Reactor Chemical Oxygen Demand Data 
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Appendix 2-F Continuous Reactor Ammoniacal Nitrogen Data 
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Appendix 2-G Continuous Reactor Total & Volatile Solids Data 
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Appendix 3 Energy Production Calculations 
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Appendix 4 Mass Balance Calculations  

 

 

 

 

 

 

 

 

 

 


