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II. Long-term inorganic nitrogen dynamics in a “Living Machine” designed to treat and internally recycle water within a building

Abstract

 
Greenhouse-wetland systems are a recently developed wastewater treatment technology that relies on biological and physical treatment methods. This study examines nitrogen removal in one of these systems, the Living Machine at Oberlin College, with the goal of improving understanding of the processes of greenhouse-wetland systems in general. During the three years which were studied, nitrogen removal in the Oberlin System appears to have been limited by denitrification. Denitrification is limited in turn by carbon availability in the final treatment portions of this system. Plants were added to the gravel wetland intended for denitrification in year two in order to add carbon. However, plant colonization remained sparse in year three and no improvement in denitrification was yet observable. Most denitrification instead occurs when water is recycled back to anaerobic tanks at the beginning of the system where carbon is abundant. This is a mechanism for nitrogen removal that could be optimized in design of future greenhouse-wetland systems. Inorganic nitrogen also shows a pattern of increasing concentration over time associated with the accumulation of solid wastes in the initial settling tank. This accumulation masks any trend of improved nitrogen removal due to self-organization of the biological system.

Introduction
Nitrogen removal in wastewater treatment is important because of the potential effects of nitrogen content in sewage effluent. For example, high nitrogen concentrations in water can directly affect human health, as when nitrate in drinking water causes methemoglobinemia in infants, commonly known as 'blue baby syndrome' (Crites and Tchobanoglous 1998). However, the primary impact of nitrogen is due to its role as a limiting nutrient in many aquatic environments. Nitrogen is the limiting nutrient in most marine environments while phosphorus is the limiting nutrient in most freshwater environments (Valiela 1995). Elevated nitrogen inputs into bodies of water can result in increased plant growth and eutrophication. Eutrophication due to nitrogen inputs from sewage have been implicated in loss of species diversity (Preston et al. 2003) and increased occurrence of harmful algal blooms such as red tide, which threaten both human and ecosystem health (Anderson et al. 2002, Huang et al. 2003). Conversely, improvement of nitrogen removal in sewage treatment has been shown to reduce levels of eutrophication (Savage et al. 2002).  


Nitrogen exists in multiple chemical forms and understanding how, when, where and why chemical species of nitrogen are transformed is critical to understanding and improving wastewater treatment. Nitrogen requires a series of microbiological transformations before it can be removed from the system. For general municipal sewage, nitrogen is initially in the form of either ammonium or one of many forms of organic nitrogen. Nitrogen is an important cellular component of proteins and nucleic acids. Organic nitrogen is nitrogen incorporated into these or other biomolecules. Bacterial decomposition, carried out by a wide variety of organisms, transforms organic nitrogen to ammonium. The obligate aerobic bacteria Nitrosomas sp. and Nitrobacter sp. then can convert ammonium into nitrite and nitrate sequentially. Finally, in the process of denitrification, facultatively anaerobic bacteria such as Paracoccus and Pseudomonas convert nitrate into inert nitrogen gas which is released to the atmosphere. Denitrification is an alternative form of anaerobic respiration in which nitrate rather than oxygen is used as a terminal electron acceptor. In addition to requiring anaerobic conditions, denitrification also requires carbon as an energy source. Denitrification rates are maximized when the organic matter to nitrate ratio is close to 2.3 mg BOD/mg NO3-N (Narkis et al. 1978).  Because it is less energetically efficient than aerobic respiration, denitrification occurs only in environments where oxygen is unavailable.


Greenhouse-wetland systems (see chapter 1 for a description of these systems) provide a series of environments intended to optimize nitrogen removal. Anaerobic tanks at the beginning of the system provide an environment for initial ammonification to occur as organic matter is decomposed. Subsequent aerobic tanks are actively bubbled to provide habitat for Nitrosomas and Nitrobacter bacteria to carry out nitrification. The final stages of treatment are an anaerobic clarifier and a gravel wetland, which provide an environment favoring denitrification over aerobic respiration. Nitrogen uptake by plants in the open aerobic tanks and the wetland is another possible removal mechanism. However, plant uptake has been generally found to play an insignificant role in nitrogen removal. For example, in a greenhouse-wetland system treating septage, plant uptake accounted for only 0.5% of nitrogen removal (Hamersley et al. 2001). There is generally not enough plant biomass generated in these systems to remove a significant fraction of the nitrogen in wastewater. However, in a greenhouse-wetland system actively managed for plant production 10% of nitrogen was removed through uptake by plants (Guterstam 1996).


Nitrogen dynamics in wastewater treatment systems are likely to change over time. There are two basic sources for these changes. The first is change in input, either input volume or nitrogen concentration. Both of these are likely to affect nitrogen removal efficiency. Increased input volume decreases the retention time of the system which in turn decreases nitrogen removal (Huang et al. 2000). The second type of change is alteration of the actual system. These changes may be external changes imposed on the system, for example changes in either management or in temperature and light. Changes in ecologically engineered systems may also originate from ecosystem development within the system itself. Some specific examples of each type of change are discussed below.

Many greenhouse-wetland systems experience seasonal variation in input volume. Educational institutions are one example with high input during the school year and low input during vacations. Oberlin College's Living Machine (LM), for example, receives very low flow during summer months when students are absent. Decentralized wastewater technologies such as greenhouse-wetland systems are also recommended for small remote communities (Crites et al. 1998). Vacation areas, with strongly seasonal populations, often fit this description. In addition to changes in retention time, seasonality of input may also cause variation in bacterial populations, and therefore alter the treatment efficiency of system through the year. On the other hand, variation in flow may actually improve the function of greenhouse-wetland systems by increasing the ability of the biological community to function under a variety of conditions (Todd and Josephson 1996).  
Seasonal variation in weather also can have an affect on nitrogen dynamics in greenhouse-wetland systems. Changes in temperature affect bacterial metabolic rates, a fact that affects treatment in traditional treatment systems as well. An affect of seasonality that is particular to greenhouse-wetland systems is the response of plants to temperature and daylength changes. Temperate plant species go dormant in the winter, potentially affecting nitrogen dynamics.


An example of a change to the system which is externally imposed by humans is the planting of the gravel marsh in the Oberlin College LM. The planting of the marsh was intended to improve nitrogen removal by increasing denitrification rates in the gravel marsh. The marsh is anaerobic, so denitrification is favored over aerobic respiration. Since the marsh is located at the end of the LM system, carbon levels have dropped very low by this time, making carbon rather than nitrogen the limiting factor in denitrification. The addition of plants to the marsh should increase carbon availability due to root exudates. This study will examine whether the planting of the marsh altered denitrification rates in the marsh. 


As ecologically engineered systems, greenhouse-wetland technology is designed to be self-organizing (Todd 1997). In theory, this means that with a moderate level of human management, over time the community of organisms in the system should develop to best exploit ecological resources. In general, as ecosystem succession occurs the biological community uses nutrients more efficiently and fewer nutrients are leached downstream (Odum 1969). If self-organization of the biological community plays a significant role in a greenhouse-wetland system, then nutrient removal efficiency would be expected to increase over time as the community organized to exploit available nutrients to the greatest possible degree. By examining the history of nutrient concentrations in Oberlin College's Living Machine, this study will determine whether self-organization has played an observable role in nutrient dynamics.


In this section, the inorganic nitrogen data collected over the first three years of the LM will be analyzed with the goal of answering several important questions about nitrogen removal in the LM. This chapter focuses solely on inorganic nitrogen; organic nitrogen is addressed in chapter 3. Most basic is the question of how effectively nitrogen is being removed from the system, but also of interest are the effects of marsh planting, self-organization, and seasonal variation in input. Better understanding of these aspects of nitrogen removal will be useful in improving LM operation to maximize nitrogen removal, and in the operation and design of similar systems.

Methods

The Oberlin College Living Machine


Oberlin College's Living Machine (LM) is designed to treat wastewater in the Adam J. Lewis Center for Environmental Studies and return water to the building's toilets for reuse. Water draining from toilets, sinks and drinking fountains in the building is sent into the LM (Fig. 2-1). The first stage of treatment is a pair of underground aerobic tanks (AN1 and AN2) in which solid wastes are removed through settling and the process of decomposition is begun. Water then flows by gravity from the second anaerobic tank to a series of two underground “closed” aerated tanks (CA1 and CA2). These tanks continue decomposition of organic material and provide aerobic habitat for nitrification. Next, water is pumped into a series of aerated “open” aerobic tanks (OA1, OA2 and OA3) housed within the greenhouse.  The OA tanks contain a variety of emergent plant species suspended on racks over the surface of the tank whose root systems provide bacterial habitat. From OA3, water is either recycled back to CA1 or enters the clarifier, where bacteria flocculate and settle. Settled bacteria are recycled to AN1 and CA1. Water that flows over a small weir within the clarifier travels into an anaerobic planted gravel marsh. The effluent from the marsh is stored in the effluent holding tank until it is needed to flush toilets. From the effluent holding tanks, water passes through an ultraviolet light filter that destroys any remaining bacteria or viruses before reuse as flush water for the toilets. A flow schematic for the system is shown in figure 2-1.

Operating conditions and events in the LM

To accurately analyze inorganic nitrogen dynamics in the LM it is necessary to consider changes and events that have occurred in the system. Operating conditions have not remained constant. For much of the first two years of operation of the system, effluent was not reused in the building's toilets due to problems with the ultra-violet filter. During this period, the LM treated wastewater, but effluent was diverted to the city sewer.  At various times the LM has also been placed in shutdown mode by routing raw waste from the building directly into city sewers rather than into the AN1 tank. Additionally, during some shutdown periods the internal recycle loops of the machine have been turned off.  Several discrete events could also have influenced nutrient concentrations. In June 2002, the gravel marsh was partially planted in an attempt to increase denitrification rates (the marsh had been left unplanted initially to allow measurement of baseline hydrology). On October 14, 2003, accumulated sludge was pumped out of the first anaerobic tank. Finally, several marsh flow experiments were performed in which large volumes of water were flushed through the gravel marsh over several days' time. A timeline of all these events is shown in Table 2-1. If not otherwise specified in the timeline, the LM was under "normal operating conditions", i.e. all building wastewater was sent to AN1 and internal recycle loops in the LM were turned on. This description includes both times when effluent was being reused in toilets and times when city water was used to flush toilets.

Measuring Inflow to the LM

A number of water flow meters are in place in the LM which can be used to track both input to the system and recycling within the system. A meter owned by the City of Oberlin measures the volume of city water which enters the building. Flow between CA2 and OA1 is measured with a magnetic flowmeter (McCrometer, XR model, Hemet, CA). The volume of water used to flush toilets is measure with an impeller flowmeter (Great Lakes Instruments, Alpena, MI). When treated LM effluent is being reused, this meter measures the volume of reused water. The readings of all meters are recorded each hour in a datalogging computer (Campbell Scientific, CR10X, Logan, UT).

Flow into the LM was estimated based on the daily use of city water. When LM water is being reused in toilets, the flow into AN1 is approximately equal to city water use plus the amount reused. When not in reuse mode, inflow is simply equal to city water use. One source of error in this estimate is that any city water used for landscaping is included in city water use, but does not go into the LM. However, water use for landscaping occurs primarily in the summer so city water used for the landscape should have little effect on LM inflow calculations during academic semesters. Another source of error is that water removal when people drink from the fountain and water addition as waste liquid are not included in the estimate.  It is assumed that the volumes of water removed and added are approximately equal and are very small relative to the volume of flush water and hand washing water.  Water use data is available beginning May 2001, so average daily inflow could be calculated for each semester beginning in Fall 2001.

Residence time


In addition to affecting nutrient input, the volume of inflow to the LM also affects how quickly waste moves through the system. Hydraulic retention time, calculated by dividing tank volume by tank inflow, is a measure of the average amount of time for which a unit of input remains in the tank. In the anaerobic tanks and the marsh of the LM, the inflow to the tank is the same as inflow to the LM system as a whole. The flow into AN1 is actually somewhat larger due to a recycle loop from the clarifier to AN1. This volume of recycle to AN1 is assumed to be negligible. However, since this loop recycles settled flocculated bacteria it may have a noticeable impact on nitrogen concentrations despite the small volume. Input to other tanks is a combination of daily input to the system and internal recycle flows. The volume of water in the recycle loops to CA1 was determined by taking the median of the daily difference between the input to AN1 and the flow from CA2 to OA1. The recycle volume was 1280 gallons per day. Average daily inflow to the system over the period of this study (academic semesters only) was 156 gallons a day. Thus, flow in the CA and OA tanks is dominated by the recycle loop and is higher than in the rest of the system. Average hydraulic retention times throughout the LM are shown in Table 2-2. The retention times in Table 2-2 include flows due to internal recycle. Thus, although water remains in each aerobic tank for only about a day on average, it will also be recycled to each aerobic tank an average of five times. It is important to note that retention time is not an indication of response time, i.e. how quickly changes in input will affect later tanks in the system. Due to mixing in tanks, a change at the beginning of the system will be observable in later tanks more quickly than indicated by retention time.

Nutrient sampling and analysis  


Inorganic nutrient sampling has been carried out since fall 2000 by Oberlin College students (including myself) either in class research projects or employed as operators for the LM. Samples were typically collected midday (between 1000 and 1500). Samples were filtered immediately with a 48 mm glass fiber filter (Millipore, Bedford, MA) and then either analyzed immediately or frozen for later analysis. Nitrate and nitrite concentrations were determined using an ion chromatograph (Dionex 600x, Sunnyvale, CA) equipped with an anion column (Dionex AS-9). Ammonium concentrations were determined in one of two ways. From fall 2000 to spring 2002, samples were analyzed using the ion chromatograph equipped with a cation column (Dionex CS-12A). From fall 2002 to fall 2003 an ion selective electrode ammonium probe (ThermoOrion Model 95-12, Mountain View, CA) was used. At the time of transition between the two methods a variety of standards and samples were analyzed using both methods to ensure that they gave consistent results.

Data Analysis


The units in which results on the ion chromatograph have been reported have been inconsistent over time. In order to analyze nitrate and ammonium concentrations over the history of the LM, all data needed to be in units of mg-N/l rather than mg-NO3/l or mg NH4/l. The conversions necessary to produce comparable data are described in Appendix A.  


The frequency and spatial resolution of sampling has varied over time. Samples outside of academic semesters are sporadic and are disregarded for this analysis. For AN1 and effluent, nitrate data are available for all semesters between spring 2001 and fall 2003 (For the purposes of this study fall semester is September 1 through December 20, and spring semester is February 1 through May 20). Nitrate concentrations in influent to the marsh are available for all of these semesters except for spring 2001. Nitrate concentrations for tanks CA1, OA1, and OA3 are available for each semester except fall 2002 and spring 2003. Effluent ammonium concentrations have been collected every semester from spring 2001 to fall 2003. Ammonium concentrations of water at the marsh inflow (hereafter referred to as marsh-in) exist for each of these semesters except spring 2001, and for AN1 for each semester except spring 2003. Ammonium concentrations for the CA1, OA1 and OA3 tanks exist for spring and fall 2001 and fall 2003. 

Four tanks, AN2, CA2, OA2, and the clarifier, were sampled for nitrate only in 2000 and 2001 and for ammonium even less frequently. Therefore, data from these tanks were not included in this analysis. Nitrite concentration was analyzed together with nitrate concentration.  However, while nitrite is an important intermediate form or nitrogen, it is quickly transformed to nitrate.  As a result, nitrite concentrations were very low throughout the LM (in a given sample, nitrite-N was typically less than 2% of nitrate-N) and are not considered in this study. Additionally, any samples collected during periods of shutdown were not included.

Results

Changes in nitrogen across tanks


The overall average of nitrate and ammonium concentrations in each tank during normal operating conditions is shown in figure 2-2.  Ammonium concentrations decrease in each successive tank with average ammonium concentrations of 0.51 mg NH4-N/L in the effluent. Nitrate concentrations increase in each successive tank until effluent where they drop slightly. Total inorganic nitrogen decreases 10 mg/L between AN1 and CA1, but then stays relatively constant throughout the aerobic tanks. There is a decrease of 4 mg-N/L in total inorganic nitrogen between marsh-in and effluent samples.

Changes in input

Seasonal variation


A comparison of nitrate concentrations shows that in each tank, nitrate concentrations were higher in the spring semester than in the fall semester (figure 2-3). For ammonium concentrations, CA1, OA1 and OA3 were left out of the comparison because spring ammonium concentrations were only available for one semester. Figure 2-4 shows that ammonium in AN1 and the effluent followed the same pattern as nitrate with higher concentrations in the spring than fall. The marsh-in showed the opposite pattern with ammonium concentrations slightly higher in the fall than in the spring.

Average inflow by semester


The average inflow per day to the LM in each semester is shown in figure 2-5.  These average inflow values exclude times when the LM was in shutdown mode. Inflow to the LM in fall semesters 2001, 2002, and 2003 averaged 171 gallons per day. Inflow to the LM in spring semesters 2002 and 2003 averaged 126 gallons per day. There is no trend of increasing or decreasing inflow with successive semesters.

System Changes

Response to marsh planting


Figure 2-6 shows the average percent difference between nitrate concentrations of water entering and exiting the gravel marsh. The percent difference was calculated by averaging marsh-in concentrations and effluent concentrations over the course of a semester, then calculating the percent difference between the averages. There does not appear to be any difference in denitrification capacity before and after the marsh planting in June 2002. The larger difference between marsh-in and effluent in the fall is most likely a result of changing input that occurs at the start of a semester rather than nitrate removal. At the beginning of the fall semester, the nitrate concentrations in the marsh reflect input during summer low flow conditions. Since the new input with higher nitrate concentrations reaches marsh influent before it reaches marsh effluent, nitrate concentrations appear higher in the marsh-in samples than in effluent during the fall semester. 

Long-term nitrogen patterns


Figure 2-7 shows the average nitrate concentrations in AN1 and effluent during each semester of the study period. In both tanks, there is a pattern of increasing nitrate concentration with each semester, except for fall 2003. In fall 2003, the nitrate concentrations in both AN1 and effluent showed a sharp decrease, dropping nearly to the nitrate concentrations observed in spring 2001. Figure 2-8 and 2-9 show the same pattern for ammonium concentration in AN1 and effluent. Ammonium concentrations increase with each successive semester, but then drop in fall 2003. The trend in effluent ammonium is less pronounced, but still consistent with the others. This data is somewhat problematic because fall 2003 includes samples taken both before and after the pump-out. However, because of the trend of nutrient increase through the fall semester, separated averages for before and after pump-out would not be comparable to data from other semesters.

Discussion

Change across tanks

The lack of data for organic nitrogen poses a difficulty in analyzing rates of nitrification and denitrification in the system. If organic nitrogen is being decomposed to ammonium throughout the system, then rates of nitrification and denitrification are actually higher than they appear in this analysis. The discussion here assumes that rates of mineralization (i.e. conversion of organic to inorganic nitrogen) are negligible. If this is not the case, then nitrification, denitrification, and uptake by plants may all be underestimated in this study. See Chapter 3 for an examination of the role of organic nitrogen in the treatment process. 

The results indicate that ammonium is effectively removed by the LM.  As a result, almost all inorganic nitrogen in the effluent is nitrate. Since denitrification is essentially the only way for nitrogen to be removed from the system, any decreases in total inorganic nitrogen correspond to denitrification. Thus, the decrease in dissolved inorganic nitrogen between AN1 and CA1 (Fig. 2-2) indicates that denitrification is occurring in the early anaerobic tanks. On the other hand, constant inorganic nitrogen through the aerobic tanks indicates that no denitrification occurs in these tanks.  It also confirms that plant uptake of nitrogen in these tanks is insignificant. Denitrification appears to be occurring in the marsh, but as explained in the results, most of the decrease in nitrate is an artifact of the retention time of the marsh. If samples had been collected in the summer months, so that the averages represented an entire year, retention time would not have this effect. Overall, it appears that AN1 is more effective at denitrification than the marsh. This is presumably due to the greater availability of carbon in AN1. 

Several strategies for providing additional carbon in denitrifying treatment stages exist. Traditional treatment plants sometimes add methanol at the denitrification stage (Crites et al. 1998). Greenhouse-wetland systems typically rely on the carbon produced by root exudates.  Narkis (Narkis et al. 1978) suggests adding sewage from earlier treatment stages. Essentially, what currently takes place in the LM reverses this idea. When the LM is in reuse mode, nitrate-rich effluent water is cycled back to AN1 where the anaerobic conditions and high carbon availability provide excellent conditions for denitrification. Thus the reuse of treated water in the LM system, does not just reduce water use, but also facilitates an alternate means of carrying out nitrification.  

Variation by Season

The higher average nutrient concentrations observed in the spring than in the fall is not simply due to higher loading rates, since average inflow to the LM is higher in the fall than in the spring. The difference in nutrient concentrations is most likely due to a decrease in nutrient concentrations during the low flow conditions that prevail during summer vacation when the bathrooms in the building receive very little use. In the fall, nutrient concentrations are initially low until higher flow results in accumulation of nutrients. Since the winter vacation is much shorter, nutrients begin at a higher concentration in the spring than in the fall. This difference may also be exaggerated due to high summer temperatures and resulting higher rates of metabolism.

Ammonium concentrations in marsh-in, which are higher in the fall than in the spring, constitute an exception to the seasonal pattern. This could simply be noise, or it could indicate seasonal variability in nitrification capacity. Low flow in the summer could result in reduced populations of nitrifying bacteria resulting in lower nitrification rates in the fall. Whether this is the case is an important issue for operation of greenhouse-wetland systems with variable flow patterns. It may be necessary to seed the system with nitrifying bacteria after periods of low flow. More research monitoring ammonium concentration throughout the aerobic tanks of the LM could establish whether ammonification rates are reduced following low flow periods.

Response to marsh planting
The results indicate that to date, planting the marsh has not had any observable effect on denitrification rates. This could be because plant density is not yet high enough to have an impact. Plant density has continued to be low because, in the Oberlin College LM, the open aerobic tanks are located within the marsh. This requires operators to walk on the marsh, reducing plant growth. The observed lack of effect due to plants is consistent with previous findings that the plants are not affecting the hydrology of the marsh (McConaghie 2003).

Long-term nitrogen patterns 

The increases in nutrient concentration with successive semesters cannot be attributed to increased hydraulic loading and therefore seem to be a result of nutrient accumulation within the system over time. Decomposition of solid wastes in AN1 may increase as the wastes accumulate resulting in higher ammonium concentrations. Higher ammonium concentrations also likely lead to higher nitrate concentrations as ammonium is converted to nitrate. This explanation is consistent with the drop in nutrient concentrations observed for fall 2003 when accumulated sludge was pumped out of AN1.

Due to the pattern of nutrient accumulation described above, there is no evidence of ecosystem self-organization causing improved nutrient removal. However, it is possible that self-organization does play a role in nitrogen dynamics over this timescale and that rates of nutrient accumulation would have been even greater if not for improved removal rates. However, it is also possible that self-organization does not play a significant role or occurs over longer or shorter timescales. For example, the organization of the microbial community likely occurred in the first few months of LM operations, before nitrogen data was being collected. From the available data, it is impossible to determine the role of self-organization in nitrogen dynamics.

Conclusion


While ammonium is removed quite effectively in the LM, denitrification rates are not sufficient to remove nitrate. This difficulty should be considered in the design of future greenhouse-wetland systems. One possible means of nitrate removal which is suggested by this study is the recycling of nitrate-rich effluent back to anaerobic tanks early in the system. Nitrogen dynamics have changed over the study period and are likely to continue to change as marsh plants develop, and sludge reaccumulates in AN1 after pump-out. Since LM effluent is now being reused in toilets, about 70% of input to the LM is treated effluent. Since nitrate is not completely removed in the effluent, this may lead to accumulation of nitrate in the system over time. Regular monitoring of inorganic nitrogen should continue in order to follow these changes. 
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Figure 2-3: Average nitrate concentration in spring and fall semesters by tank. Error bars show standard deviation of all samples.





�


Figure 2-4: Average ammonium concentration in spring and fall semesters by tank. CA1, OA1 and OA3 are excluded due to insufficient data. Error bars show standard deviation of all samples.
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Figure 2-5: Average daily inflow to AN1 by semester. Excludes periods of shutdown.
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Figure 2-4: Average nitrate in AN1 and effluent by semester. Error bars show standard deviation.
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Figure 2-8: Average ammonium in effluent by semester. Effluent ammonium was not measured in Spring 2001. Error bars show standard deviation.
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Figure 2-2: Average of all nitrate and ammonium concentrations by tank during times of "normal operating conditions" in the study period.
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Figure 2-1: Flow diagram of the Oberlin College Living Machine. Dashed lines show internal recycle loops.
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Figure 2-7: Average nitrate in AN1 and effluent by semester. Error bars show standard deviation of all samples.
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Figure 2-6: Average percent difference in nitrate concentrations between marsh influent and effluent by semester.





�Figure 2-9: Average ammonium in AN1 by semester. AN1 ammonium was not measured in Spring 2003. Error bars show standard deviation.
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Table 2-2: Average hydraulic retention times throughout the LM during the period of the study (academic semester only) based on an average daily inflow rate of 156 gallons. Retention times are based on both inflow to the system and internal recycle flow.
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Table 2-1: Timeline of event in the LM during the study period. Unless otherwise listed here, the LM was in "normal operation conditions"- i.e. receiving building waste with internal recycle loops on.








