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Abstract

Biogas is a developing alternative energy source produced from the anaerobic digestion of organic matter by bacteria. It is composed primarily of methane and carbon dioxide (CO2) with trace amounts of other toxic compounds, such as hydrogen sulfide (H2S). The presence of CO2 decreases the energy yield from the combustion of biogas. Past studies have used expensive and environmentally harmful chemicals to purify biogas. This study will involve the construction of a biogas purification system that utilizes microalgae to metabolize and remove impurities from the system. This method has the distinct advantage of being renewable due to the self-propagation of the microalgae. The microalgae will also produce hydrocarbon products that can be utilized as a biofuel (Appendix A). We expect our biological system to purify biogas to a degree similar to that of the most commonly used chemical methods while increasing cost-efficiency, thereby creating a viable energy source.

Section 1: Introduction

Problem Overview 

Industrial energy demands are rapidly outpacing the available fossil fuel sources, and the need for alternative energy sources is widely recognized (Demirbas, 2010). Experts have proposed biogas as one of these new sources. Biogas is a combustible mixture of gases produced from the anaerobic digestion of organic material by a community of microbes. Biogas is naturally produced in large quantities by landfills and waste-water treatment plants. Many farms worldwide have invested in anaerobic digesters to produce small quantities of biogas from organic waste. Because of the wide availability and renewable nature of the organic materials and microbes required for biogas synthesis, biogas is a potentially effective and sustainable energy source. Compared to natural gas, biogas production, processing, and use generate lower greenhouse gas emissions (Diaz, Perez, Ferrero, & Fdz-Polanco, 2011). 


Biogas typically consists of 45-75% methane, 25-55% carbon dioxide (CO2), and small amounts of other compounds like hydrogen sulfide (H2S) and ammonia (NH3), ranging from hundreds to a thousand parts per million (Mann, Schlegel, Schumann, & Sakalauskas,  2009). The methane in biogas is a valuable source of energy, while other components are impurities that pose major impediments to the commercial use of biogas (Abatzoglou & Boivin, 2008). The variable composition is due to the variety of materials that can be used for production of the biogas. CO2 has no energy yield through combustion and greatly reduces the energy yield per volume of biogas due to its high concentration. H2S is toxic and highly corrosive, often damaging machinery used to transport and produce energy from biogas. It also forms a harmful pollutant, sulfur dioxide, upon combustion (Kapdi, Vijay, Rajesh, & Prasad, 2005). Removal of these impurities is necessary to make biogas an effective energy source. 

Current methods of biogas purification involve chemical or mechanical processes, including chemical scrubbing, chemical adsorption, filters, and membranes. These are expensive and often environmentally hazardous due to the nature of the chemicals used (Osorio & Torres, 2009). Problems associated with cost and sustainability prevent biogas from becoming a competitive alternative energy source. 
Proposed Solution

Biological methods of purifying biogas exist but are not used on an industrial scale. Photosynthetic algae and a few other autotrophic (Appendix A) microbes metabolize CO2 to produce sugars and other compounds that can be used as biofuels (Weyer, Bush, Darzins, & Wilson, 2010). Other microbes, such as purple and green sulfur bacteria, consume H2S during metabolism and produce solid elemental sulfur (Biebl & Pfennig, 1977). These microbes can be used in a system that removes CO2 and H2S impurities from biogas. Because these microbes are self-sustaining and renewable with minimal nutrients, a biological system may be more sustainable and cost-efficient. 

Research Questions


Our research project will develop a biogas purification system using microbes to effectively remove CO2 to natural gas levels, and then compare the cost-effectiveness of this system to current chemical methods. Our study will attempt to answer the following questions: What are the differences in concentrations of methane and CO2 before and after purification? What is the cost of constructing and maintaining our biological purification system? How does the cost compare to that of chemical methods? 
Hypothesis & Testing 

We hypothesize that a purification system utilizing microbes will be more cost-efficient and sustainable than current purification methods while yielding higher methane concentrations. To test our hypothesis, we will collect and compare data on the initial and final composition of the biogas. We will also need to know the cost of building and maintaining our system. We will draw comparisons of our system to chemical methods using the collected data. 

Implications

If successful, our study will provide the data to support the use of biological methods of purification on an industrial scale, helping to make biogas a more affordable alternative energy source. This will address the impending issue of the limited availability and rising prices of fossil fuels. In particular, we will focus on the implementation of biogas in landfills, where large amounts of biogas are already produced, but not utilized to their full potential. Although few novel uses for landfill biogas are being researched, the vast majority of the gas is simply burned off to convert the methane to CO2, a much less harmful greenhouse gas (Jaffrin, Bentoues, Joan, & Makhlouf, 2003). Our system could generate revenue for landfills by allowing them to sell purified biogas to the natural gas grid or generate energy to offset their energy costs. 
Section 2: Literature Review

Overview


In the following literature review, we discuss pertinent information about the topics involved in our research, as well as recent, relevant studies. We define biogas and explain anaerobic digestion, the process by which biogas is created. The details and mechanics of industrial anaerobic digestion are vital for us, so we can create our own functioning small-scale anaerobic digester. We then discuss the chemical impurities in the biogas that we are attempting to remove. We provide several case studies of researchers who attempted to remove each contaminant with different methods. The experimental design and results of these studies have helped us design our own methodologies. We conclude this section with a review of the algal species we plan to use in our purification system, including previous research performed. 

Anaerobic Digestion

Anaerobic digestion is a natural metabolic process in which communities of microbes, in forms of inoculum (Appendix A), break down organic matter in the absence of oxygen. The waste product of this metabolism is a mixture of several gases, collectively known as biogas (Lastella et al., 2002). Manure is generally used as start-up material due to its high abundance and high buffer capacity to maintain stability in the digester (Rongping, Chen, & Xiujiu, 2010). Any organic material, such as food and agricultural waste, can then be fed into the digester to allow this process to continue (Mata-Alvarez, 2000; Zhang et al., 2007). The presence of oxygen will inhibit the microbes from producing biogas, though small quantities are acceptable. (Scott, Williams, & Lloyd, 1983). Temperature must also be controlled because the microbes are classified as mesophilic or thermophilic (Appendix A); therefore, the digester must operate at either 35˚C or 55˚C, respectively. 

H2S Scrubbing
Biogas produced from anaerobic digesters typically consists of 10-2000 ppm of H2S (Osorio, 2009). Landfill biogas has a much lower concentration of H2S, at only 7-100 ppm (Panza & Belgiorno, 2010). Although H2S is only present in trace quantities, it poses serious logistical and environmental concerns. H2S corrodes metals in the various parts of a biogas generation and purification system, resulting in high maintenance costs and engineering problems (Ma, 2000). H2S is also an environmental concern as it forms a pollutant, sulfur dioxide gas (SO2), upon combustion (Kapdi et al., 2005). For these reasons, a minimized H2S concentration is absolutely imperative. 
This problem has been previously addressed by chemical scrubbing. In the basic process of chemical scrubbing, the raw gas is streamed through chemicals. When the chemicals come into contact with the gas, they can react with compounds in the gas to effectively remove them. The chemicals used can be selective for certain compounds in the gas stream. One study looked at the use of some metallic compounds, iron (II) sulfate (FeSO4), zinc sulfate (ZnSO4) and copper sulfate (CuSO4), as scrubbing agents to remove the H2S from biogas. The researchers measured the amount of dissolved H2S before and after scrubbing to assess the effectiveness of each solution. The FeSO4 and ZnSO4 solutions both yielded decent results, but were hindered by problems of pH sensitivity and scrubbing some chemicals other than H2S. The CuSO4 solution showed the greatest potential, as it selectively removed large amounts of H2S for the widest range of pH levels. The only drawback was slight foaming at higher levels of H2S, which can be addressed by silicon-based antifoaming agents. (Maat, Hogendoorn, & Versteeg, 2005).

       
Although chemical scrubbing requires large volumes of liquid solvents and is not cost-efficient, our project will focus on chemical scrubbing for its simplicity and proven efficiency.  H2S scrubbers using sodium hydroxide or metallic elements have both had removal efficiency rates of greater than 99%.
CO2 Scrubbing


Removing the CO2 is a necessary step in cleaning the biogas due to its inhibitive quality of reducing the amount of energy produced from biogas combustion (Osorio & Torres, 2009). Recent studies have scrubbed CO2 from biogas with water using their differences in water solubility at various temperatures. Specifically, they sprayed pressurized water from the top of a scrubbing column, while biogas flowed from the bottom, creating a counter-current flow (Kapdi et al., 2005). The water scrubbed almost all of the CO2 in the biogas. Factors, such as scrubbing tower dimensions, biogas and water flow rates, and water purity must be considered for effective scrubbing. A rural community in Ghana is currently using a pressurized water column to scrub the CO2 from biogas. A case study done on this system showed that it removes 92% of the CO2 from the raw biogas (Ofori-Boateng and Kwofie, 2009).
CO2 Fixation

A small number of studies have tested how microalgae cultures can purify biogas by photosynthetic carbon fixation (Appendix A). In one study, researchers tested the use of the microalgae, Chlorella vulgaris, to treat biogas (Mann et al., 2009). Biogas flowed from one gas-proof bag to a photobioreactor (Appendix A), where the microalgae were cultured. The gas that had been treated with the microalgae was then pumped to another gas-proof bag for collection and analysis. While the CO2 levels of the treated biogas fell to 1.2-2.5% with different light intensities in the photobioreactor, oxygen was introduced to the biogas as a result of the photosynthesis. Such a mixture of methane and oxygen is flammable and explosive; therefore, it is important to remove oxygen from the system to prevent the possibilities of fire and explosion. 
Algal Culture


The algal species, Chlorococcum littorale, has the ability to thrive in high concentrations of CO2 and to produce algal oils (fatty acids). One study found that the species was able to tolerate high concentrations of CO2 up to 40% (Iwasake, Hu, Kurano & Miyachi, 1998). Another study found that cell concentration for a given incubation time fell with increasing concentration of dissolved CO2. Moreover, algal oil production was greatest at the lowest concentration of CO2 (Ota et al., 2009).


Chlorococcum littorale is an exceptional source for harvesting algal oils, which can be used as an alternative source of fuel. A study has shown that algae are able to produce lipids at a faster rate than agricultural-based feedstock, prompting increased numbers of commercialized algal fuel systems (Weyer, Bush, Darzins, & Wilson, 2010). Studies have used a multitude of effective procedures in extracting these algal oils such as oil pressing, enzymatic extraction, osmotic shock, or using chemicals like benzene, hexane, and ether (Amin, 2009). In possibly incorporating these processes within our algal system, we can collect algal oils as an additive benefit of using Chlorococcum littorale as our primary algal species.

The benefits of using Chlorococcum littorale include their tolerance for high concentrations of CO2, steady CO2 fixation rate, and its adaptability to various systems. Chlorococcum littorale has shown to be an effective species for harvesting solar energy and producing organic compounds, an important focus of our project. Our project will expose algal species to high concentrations of CO2 and will test the survivability of Chlorococcum littorale under harsher conditions. In addition, the species can be easily grown using basic sea or brackish water, making it an ideal species for laboratory studies (Amin, 2009).

The species Phaeodactylum tricornutum has also been found to thrive in conditions of high CO2 concentrations. Phaeodactylum tricornutum can produce up to 1.5 grams per liter of biomass per day when maintained at a temperature below 30° C (Fernandez et. al, 2003). It was also able to grow in conditions with both air-levels of CO2 and 5% CO2 (Tachibana et al., 2011). In addition, Phaeodactylum tricornutum has been shown to produce fatty acids that are beneficial for the treatment and prevention of medical disorders. One study concluded that exposing the diatom to 1% CO2 (vol/vol) air allowed it to produce more fatty acids than under normal aerated conditions. It was also noted that pH had a drastic impact on the production of the fatty acids. The study found that the optimal starting pH was 7.6, which resulted in a pH of 7.1 by the end of the observation period. Due to the importance of pH on the growth of these species, Tris buffer was used to increase algal oil yield. The same study also found that the algae performed optimally at a temperature of 21.5 and 23 °C. In addition, it was found that exposure to large amounts of nitrogen limited fatty acid production (Ward & Yongmanitchai, 1990).
 
Section 3: Methodology

Overview

        
Our research is designed to address the issues of the cost and efficiency of biogas purification. We hope to answer the question: What kind of system can remove impurities from biogas to a degree that is competitive with established chemical methods, while being more financially feasible? We propose to explore the use of a microbial metabolism-based system to consume the gaseous impurities such as CO2 and H2S. We hypothesize that we can create a biological system that is more cost efficient than current purification methods with similar, if not higher methane yields. To test this, we will examine the abilities of various species of microbes to remove CO2 from biogas and determine which species are the most efficient. 

We will conduct differential research to test how our system compares to current chemical methods. Our research will be done through lab-based experimentation to control for extraneous variables involved in maintaining a biological system, while maintaining a feasible scale. A model or a theoretical approach has limited applicability to industrial use due to the complexity of a biological system and the difficulty in making realistic comparisons, while a full-scale industrial test of a purification system is impossible to perform within our cost constraints.

We will produce our own biogas for testing using a small-scale anaerobic digester. We will then remove the CO2 and H2S impurities using a liquid microbe culture system that we will design and construct. Since H2S is highly corrosive, it must be removed first in order to avoid damage to the remainder of the purification system (Horikawa et al., 2004). To simplify our experiment and prevent system damage, we will start by removing H2S with a proven chemical method in order to obtain a biogas sample to test our method of CO2 removal only. We will test a biological method for the removal of CO2 first because CO2 is the most prevalent contaminant in biogas. Once we have developed this system, we will then test the removal of H2S with a biological method.

Our system will allow us to collect samples of the influent and effluent (Appendix A) biogas for measurement of gas composition and yield. We will analyze this data and calculate the cost of construction and start-up of our purification system and then compare the performance and cost of our system to that of baseline chemical methods.
Materials & Methods
Biogas Production. We will construct a small-scale anaerobic digester from a 5-gallon PVC bucket and maintain a constant flow rate of biogas using a regulator at 25ºC. The digester will be fed with a manure-based inoculum and low-protein organic matter designed to produce biogas similar in composition to that produced from landfills (45-75% methane, 25-55% CO2, and 7-100 ppm H2S). The digester will be kept in a fume hood, sealed with an airtight lid, and outfitted with four ports: one in the lid and three in the body of the digester. Raw biogas will flow out of the port in the lid while a peristaltic pump (Appendix A) will connect the two body ports to mix digester contents. Intermittent stirring will increase interactions between microbes and the feed slurry (Wilkie, Smith, & Bordeaux, 2004). Periodically adding new feedstock ensures that the microbes have a fresh batch of organic materials to process. Concurrently, a portion of the digested material will be removed to prevent overflow by placing a waste port roughly 8 inches below the top of the digester. The same volume of added feed will come out through the waste port. Biogas will accumulate above the waste port.  

Our pilot study aims to optimize a wide range of factors including the flow rate, type of feed, feeding frequency, composition of biogas, and other logistical problems. We will test several types of flour to determine the optimal mixture of feed. We will use flow meters to find the maximum biogas production rate and the time it takes to reach that rate. We will test the composition of the biogas using gas chromatography.


To test the entire system, we will set up the anaerobic digester and allow it to run until the flow rate approaches the maximum. We will then attach the tube through which the produced biogas flows out of the digester to the H2S scrubber to test the system.

Chemical Removal of H2S. For the basic set up of our H2S scrubber, we will have a Pyrex glass column (4 cm diameter and 65 cm tall) as the scrubbing tower. It will have rubber stoppers on both ends to seal the gas inside. Each stopper will be cut to allow rubber tubing in and out of the column. Due to the effectiveness of CuSO4 in the widest ranges of pH levels and for its selective removal of H2S, we will use it in our pilot studies to determine if it is an appropriate choice of chemical solution for our research. The biogas from the digester and 1 M CuSO4 from a reservoir will flow through the tubing. There will be Pall polypropylene rings inside the column to act as fillers to increase the contact time between the biogas and the CuSO4, allowing for more H2S removal.
During our pilot study, we will determine the amount of H2S that we can remove for a given flow rate and volume of biogas, the amount of CuSO4 we will need to use for purification column, and any modifications that we will need to make to the scrubber in order to maximize its effectiveness. We will flow the biogas and chemicals through the column to scrub the biogas. If the process cannot remove H2S to less than 10 ppm, we can set up two or more scrubbing towers in series to test how much more H2S it can remove. Also, due to possible foaming, we will observe if silicon antifoaming agents are required. We will use Gastec H2S detectors to measure the H2S concentration before and after the scrubbing. For use in the complete system, we will scale the column appropriately based on the flow rate of the anaerobic digester and the results of the pilot study.

Biological CO2 Purification System. As previously mentioned, the mixture of methane and oxygen is flammable and explosive. Our study will circumvent this problem by separating the methane from CO2 through scrubbing before the carbon fixation. This way, methane is never in contact with oxygen. The carbon fixation purifies the water used to scrub the CO2 so it can be reused, which will drastically reduce wasted water. Our CO2 purification system will consist of two tanks, one for the removal of CO2 from the biogas using water and the other for the removal of CO2 from the aforementioned water. The first tank will be a thin, tall, airtight column (10 cm in diameter and 50 cm high) with a volume of approximately 4L, approximately 80% of which will be filled with water. It will be packed with 6mm Raschig rings to increase the contact surface area. We will create a mathematical model to design the optimal system using equations derived from source: (Geankoplis, 1983).
This tank will contain four ports, as described in figure 1 (Appendix D): one near the bottom through which water will be pumped out (port 1), one just above the bottommost port through which biogas will be bubbled into the tank (port 2), one just below the water line through which water will flow in (port 3), and one at the top through which gas will be collected (port 4). The second tank will be flat, long, shallow, and open along the largest surface. This tank will contain 2 ports, one on each end of the length through which water will be pumped in from the bottom of the first tank (port A) and back out to the top of the first tank (port B).
Once the biogas has been scrubbed of H2S, it will enter the first tank through port 2 and be bubbled into the water column through a sparger. The CO2 in the biogas will dissolve in water. This tank will have a downwards flow which will slow the biogas bubbles in their rise through the water column, increase contact time, and establish a countercurrent exchange which will greatly increase the efficiency at which CO2 is dissolved. The methane in the biogas is not soluble in water and will rise to the top of the tank where it will exit through port 4. The carbonated water will be pumped out of the tank through port 1 and flow through a tube to port A of the second tank. The second tank will contain a culture of a photosynthetic algae species, which will remove the CO2 from the carbonated water. It will then flow out of the second tank through a filter back into the first tank through port 3. The filter will prevent algae from entering the first tank. The second tank will be lit by a fluorescent light to allow the algae to grow and photosynthesize and will model an open system in order to allow the oxygen produced from photosynthesis to exit the system and not contaminate the purified biogas.
The pilot study for each tank will be done separately. The pilot study for the water tank will focus on optimizing the efficiency of the CO2 scrubber.  The water tank will be composed of a continuous inflow and outflow of distilled water through the packed column. A mixture of 50% CO2 and 50% nitrogen gas will be bubbled though the water and the resulting gas will be collected. Nitrogen gas is not soluble in water, so it will serve as a cheaper substitute for the methane in biogas. In order to determine the amount of CO2 removed from the gas the pH of the water will be measured after the gas has been run through it.  In order to improve the efficiency of the system the pH and flow rate of the water will be adjusted.
We will test the algal tank by culturing the algae to a confluent state and then pumping in carbonated water with a known amount of dissolved CO2 and measuring the dissolved CO2 concentration of the water exiting the tank through a simple water test kit. Culture conditions will be adjusted to maximize the growth rate and CO2 fixation rate.

Microbe Culture. In order to scrub the carbonated water to a high degree of efficiency, the living conditions have to be optimized for the growth of the algal species. The first species we plan on testing, Chlorococcum littorale, will be cultured at 25°C. Due to the proximity of this temperature to ambient room temperature, external sources of heat will not be necessary to maintain equilibrium. If, however, we find that this is not the case, we will utilize a water bath or heat lamp to maintain the correct temperature. The pH of this system is also very important for the growth of the algal species and will be maintained at 5.5 with equimolar HCl and NaOH.
Since Chlorococcum littorale is a marine species, the proper salinity must be maintained to ensure optimal growth. This can be achieved through the synthesis of artificial seawater with a mixture of distilled water and Daigo’s Artificial Seawater SP to create a 3.6% by weight salinity value.

We will closely monitor temperature, pH and salinity on a daily basis. The temperature will be measured with a thermometer, the pH will be measured through a Schott pH electrode, and the salinity will be measured through standard water tests. Half of our microbe culture will be removed from the original environment and placed in fresh media on a biweekly basis to ensure that optimal conditions are maintained.


The second species we intend on testing is the diatom, Phaeodactylum tricornutum, cultured around 21°C.  This species will be cultured in a standard L1 medium with f2 vitamin solutions, allowing for proper nutrients and salinity for optimum growth. This medium can be easily produced by using artificial seawater with a mixture of distilled water and small additives specific to our diatom species. The pH will be carefully monitored around an optimum pH of 7.6. The species was obtained from Dr. Ganesh Sriram, a University of Maryland chemical engineering professor, who has worked extensively with the diatom. One flask of the cultured diatom was obtained for cultivation for our initial pilot studies. Further sub-culturing of the diatom will be performed to assess the efficacy of a variety of media in optimally growing the diatom.

Data Collection. Biogas will be collected in three parts of the system: the initial biogas created directly from the digester, the biogas after H2S scrubbing, and the final biogas after CO2 scrubbing. These samples will be analyzed by gas chromatography (GC) and Flame Ionization Detectors (FID). This will tell us the percent composition of the gas, so we can analyze the removal of the contaminants. The GC and FID can be done easily in chemistry laboratories on the University of Maryland, College Park campus.

Analysis & Expected Results

        
The cost of the system will be calculated in two parts, the construction cost and the operating cost. Each set of costs will be compared separately to those of the baseline chemical methods. The only construction costs of this project are those of materials and labor. The factors contributing to the operating cost are the costs of producing the biogas, light and pumping energy, waste disposal, growth media, and operation labor. The purification efficiency of our system will be calculated by comparing the composition (% methane, % CO2, and % H2S) of the biogas before and after purification and calculating the energy yields based on these values.

        
We will use these costs and the purification efficiency to calculate the energy-cost efficiency of our system, which will be expressed in joules per liter per U.S dollar (J/L$). We will then compare this value as well as its components to those as calculated from data presented in several papers reporting the use of efficient and established chemical methods. We expect the initial construction cost to be lower than that of the baseline chemical biogas purification methods. The cost of running our biological system should be far lower as well because algae are self-propagating and the required nutrients are less expensive than the chemicals and materials currently used in the chemical methods (Kapdi et al., 2005; Abatzoglou & Boivin, 2008; Mann et al., 2009). Our biological system should generate biogas of high final methane concentration of similar quality as that produced from chemical purification. 

        
If our system is in fact more cost efficient than the currently employed chemical methods, it could help high-grade biogas become a cheaper and more feasible alternative and renewable energy source. 
Baseline Definition & Statistical Analysis. After compilation of our analyses, we will compare the purification and cost efficiency to other research studies conducted at a similar scale. Data from studies involving a biological process (Converti, Oliveira, Torres, Lodi & Zilli, 2009), chemical process (Guo, Niu & Lin, 2011) and physical process (Harasimowicz, Orluk, Zakrzewska-Trznadel & Chmielewsk, 2007) will be used for the baseline comparison. The efficiencies of each study, as determined by the final methane concentration divided by cost, will be compared. We will use t-tests to compare the composition of unpurified biogas to the composition of biogas purified by our system. This will ensure that our data is statistically significant and is not due to error and randomness. 

Challenges & Limitations

A major concern with our experimental design is the strict control we must have over the extraneous variables throughout the experimentation period. Once we have determined the optimal pH, temperature, and other living conditions for the microbes, we must ensure that these parameters are maintained for each microbe. If these conditions are not controlled, they could affect the performance of the microbe’s metabolism, and thus distorting the results.

The composition of the biogas that we are testing will also be an extraneous variable. A change of feed material will alter the composition of the biogas being produced. Running trials with different compositions of biogas will yield inconsistent results because the microbes will perform differently with varying biogas compositions. It will also be more difficult to compare sets of data if the initial biogas compositions are not similar. This can be controlled by maintaining a constant temperature, pH, and inlet feed material. We will also periodically check the initial biogas composition to ensure that it stays consistent throughout the experimentation period. Since we are also employing a pretest-posttest procedure, any changes in biogas composition should be taken into account. By testing the biogas produced before entering our purification system, we establish a strong control by which to measure the degree and efficiency of purification.

Each member of the team is also a confounding variable when we are conducting experiments. If we, as experimenters, are not completely consistent in our methodology, slight variations between each of our procedures could affect our results. To minimize the effects of this possible source of error, our team is broken into smaller subgroups which will focus and gain expertise on a specific aspect of the project.


There are also several threats to the external validity of our study. Our study is limited in its generalizability because we will be only testing one composition of biogas. Our system may give different results for different compositions of biogas. Higher H2S and CO2 concentrations may require more scrubbing or chemical fixation. However, this specificity of biogas conditions is necessary for our application to landfills.


Additionally, all of our experimentation will be done on a laboratory scale. However, our goal is to apply the study to an industrial scale. The major differences in the size of our system and industrial systems present the question: what is the scalability of our study? By establishing firm controls on the variables, our laboratory-scale design can be applied to a much larger size with few changes. Despite these potential setbacks, our research on creating a biological system for purifying biogas will offer insight into a feasible economical and environmentally friendly alternative source of energy. This original research can serve as a foundation for future research on scaling up similar designs. 
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Appendices

Appendix A: Glossary

Autotroph - an organism that uses inorganic matter (usually CO2 as in photosynthesis) as a source of carbon to create the molecules needed to survive. Heterotrophy the other way in which organisms can obtain carbon - by consuming already living matter.
Biofuel - energy sources derived from biological material.
Biomass - any and all mass derived from a biological source, usually no longer a component of a living system.
Carbon Fixation - The process of converting inorganic carbon (such as CO2 as in photosynthesis) into organic carbon matter that can be used by organisms to create the molecules needed for life.
Countercurrent Exchange - a system of diffusive exchange employed in many biological systems in which one current with an initially low concentration of the solute to be diffused flows in one direction, and another current with an initially high concentration of the solute flows in the other direction. This set-up greatly improves the diffusion rate of the solute by creating a constant concentration gradient across the contact of the two flows (diffusion rate is proportional to the difference in concentration). In the case of our CO2 purifying system, biogas with an initially high concentration of CO2 flows upwards, while water with an initially low concentration of CO2 flows downwards. This means that at the bottom where the gas is at the highest concentration of CO2, the water is also at a high concentration of CO2, but still lower than that of the gas and so diffusion will occur. At the top of the water flow, the gas has the lowest concentration of CO2, but the water has an even lower concentration of CO2 so diffusion still occurs. Without this system, diffusion is limited strictly by the contact time of CO2 in water and the volume of water. Countercurrent exchange improves the rate of diffusion so that less contact time is needed to fully dissolve CO2.
Effluent - the flow out of a system.
Influent - the flow into a system.
Inoculum - the biological material (often manure) used to initiate the process of biogas production in an anaerobic digester.
Mesophilic - an organism that grows optimally at temperatures between 25˚C and 40˚C (moderate temperatures around body temperature).
Peristaltic Pump - a type of fluid pump that operates by compressing a tube containing the fluid flow and moving the compression forward, pushing the fluid forward, then decompressing the tube and pulling the fluid forward before recompressing the tube at the start. Such a pump is typically set up in a circle to create a continuous flow.
Photobioreactor - a system that emulates the conditions needed to culture a biological species. 
Thermophilic - describes an organism that grows optimally at high temperatures (greater than 45˚C).
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Figure 1. Diagram of biological CO2 purification system. The red arrows indicate the direction of flow. The green bubbles are flowing upwards. The green represents biogas while the blue represents water, and darker colors indicate higher CO2 concentration.
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Figure 2.  Model of entire purification system. 
Appendix C: Budget
	Item
	Cost per unit ($)
	Number of units
	Approximate Cost ($)
	Inventory
(Y/N)

	PVC Bucket
	$5.00
	1
	Provided by Mentor
	Y

	Peristaltic Pump
	$250.00
	3
	Provided by Mentor
	Y

	PVC Stopcock Valve with Flow Indication
	$25.50
	6
	$152.00
	N

	NaOH pellets (100 g./pack)
	$87.10
	1
	$87.10
	Y

	Filter/screen (100 filters/pack)
	$75.00
	1
	$75.00
	N

	pH probe
	$30.00
	3
	$90.00
	N

	Cake flour (32 oz./box)
	$3.00
	6
	$18.00
	N

	Corn flour (24 oz./box)
	$3.00
	6
	$18.00
	N

	Oatmeal (18 oz./box)
	$5.00
	6
	$30.00
	N

	Wheat flour (48 oz./box)
	$4.00
	6
	$24.00
	N

	All purpose flour (5 lb./bag)
	$3.00
	6
	$18.00
	N

	1/4" PVC clear tubing (100 ft./pack)
	$15.00
	1
	$15.00
	Y

	Cylindrical Water Tanks (75 cm tall)
	$40.00
	2
	$80.00
	N

	CO2 gas(10 lbs./cylinder)
	$100.00
	2
	$200.00
	N

	Nitrogen gas (20 ft^3/cylinder)
	$75.00
	2
	$150.00
	Y

	Sparger (bubbling device)
	$50.00
	3
	$150.00
	N

	Fluorescent lamps
	$20.00
	2
	$40.00
	Y

	Chlorococcum littorale species (1 vial)
	$150.00
	1
	$150.00
	N

	Phaeodactylum tricornumtum species (1 vial)
	Provided by Mentor
	1
	Provided by Mentor
	Y

	Botryococcus braunii species (1 vial)
	$30.00
	3
	$90.00
	N

	Open water tanks
	$30.00
	2
	$60.00
	Y

	Daigo Artificial Seawater
	$60.00
	5
	$300.00
	N

	Flow meter (ea.)
	$42.00
	3
	$126.00
	N

	BW Gas Alert Extreme H2S Gas Detector with Datalogger GAXT-H-DL             
	$280
	2
	$560
	N

	CO2 Detector CM001 (CO2meter.com)
	$1069
	2
	$2138
	N

	Copper Sulfate powders (50 g./pack)
	$147.00
	5
	$735.00
	Y

	Anti-foaming agents
	Provided by Mentor
	1
	Provided by Mentor
	Y

	
	
	Total Additional Budget
	$4219
	


Appendix D: Timeline
Winter 2011

· Pilot studies

· Anaerobic digester

· Create a small-scale anaerobic digester

· Measure the rate of biogas production and flow rate of the output gas 

· H2S scrubbing:

· Build a small-scale scrubber

· Run trials with sample biogas from Beltsville Agricultural Research     

   Center

· Determine percentage of H2S removal

· Adjust to desirable levels of H2S
· CO2 scrubbing:

· Run trials to determine amount of water required to dissolve CO2
· CO2 fixation: 

· Cultivate chlorococcum littorale and monitor growth

· Test survivability of chlorococcum littorale in different CO2    

    concentrations

· Apply for grants

· Collect materials for data collection

Spring 2012

· Finalize team thesis proposal

· Present proposal to committee

· Identify experts that can help with research

· Review more literature on the topic

· Identify scholarly conferences and journals that could be used as a forum for the research

· Design the team’s website

· Start building final purification system

Summer 2012

· Complete construction of purification system

Fall 2012

· Begin data collection

· Construct and modify system for purification

· Cultivate microbial cultures for purification ponds

· Conduct waste removal and hydrocarbon extraction

· Test for compositions of biogas before/after purification

· Present findings at Junior Colloquium

· Make detailed outlines of final thesis paper

· Identify scholarly meetings and conferences

· Keep searching/applying for grants

Spring 2013

· Complete the data collection

· Analyze data results

· Edit draft proposal

· Prepare/present poster for Undergraduate Research Day in April

· Identify possible scholarly sources that could be forum for research

· Consider making proposal for meeting or conference

· Manage budget

Summer 2013

· Continue conducting research on purification system

Fall 2013

· Attend Gemstone senior orientation

· Finish data collection

· Draft Results and Discussion sections of thesis

· Continually revise thesis

· Create a draft of presentation to be used at Thesis Conference

· Contact and submit names of experts to be panelists at Team Thesis Conference

Spring 2014

· Complete thesis

· Submit thesis to scientific journals

· Present and defend thesis in the spring

· Submit final thesis including discussants’ edits and sign off on thesis

· Make final update of team website

