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Background:

My purpose here is to briefly present the context and objectives of the proposed research and to indicate modifications in the Oberlin College Living Machine (OCLM) that may be necessary to accomplish this work.  Through a series of supervised research projects outlined below, I anticipate that OC undergrads will generate more thorough descriptions of the research including appropriate literature review and technique description.  A few key points suffice as preliminary background and justification for the proposed work:

1. “Ecosystem metabolism” is a large-scale analog of cell and organism metabolism – it provides an integrated measure of the biogeochemical activity occurring within an ecosystem.  Metabolism is often grossly divided into ecosystem productivity and respiration.  These variables have proven useful and therefore commonly used measures of the status and response of a wide variety of ecosystems (natural and experimental, terrestrial and aquatic).  In aquatic ecosystems, metabolism can be directly measured by tracing changes in the dissolved oxygen concentration over time; respiration removes oxygen while photosynthesis contributes oxygen to the water column.

2. Routine measurement of systems metabolism in each of the aerated tanks in the OCLM would provide an excellent and rapid means of monitoring and mapping the ecological function of the system as a whole.  One of the principle objectives of wastewater treatment is to burn off labile carbon compounds by means of microbial respiration (this is THE central objective of “secondary treatment”).  Ecosystem respiration would provide a direct measure of the location and magnitude of this carbon removal.  Ecosystem productivity may also be a valuable measure since productivity in the downstream tanks (i.e., OA3) may provide a valuable source of new organic matter to fuel nitrogen removal (denitrification) in the marsh.  

3. Combined with other water quality data, measures of system metabolism can be used to develop carbon, nitrogen and phosphorous budgets for the OCLM.  This information can be further codified and explored with dynamic simulation models.  Collectively the endeavor will allow us (students, faculty, Living Technologies, the world) to build a more thorough understanding of ecologically engineered wastewater systems, and ultimately to recommend intelligent modifications that maximize the efficiency and magnitude of carbon and nutrient removal.

Objectives and nested projects:

The principle objective of this research is to develop a technique for measuring whole ecosystem metabolism in the OCLM.  The technique could subsequently be modified to work in a variety of other types of wastewater treatment systems (including more traditional designs).  A number of nested research projects are possible:

1.  Develop the basic technique – modify existing techniques to work in the OCLM.  Key questions: how long does it take to get a measurable change in O2 in each tank in the system; how often do measurements need to be made in order to characterize ecosystem development (e.g., 8/day, 2/day, 1/week); given a background of massive respiration, is it possible to measure productivity in any of the tanks; does oxygen change uniformly in the tanks or is change heterogeneous (patchy); what type of O2 probe is most accurate and reliable in this context?     

2. Develop and implement an automated computer-controlled system for measuring and logging system metabolism in the tanks.  Experimental implementation could be accomplished with the laboratory equipment I purchase as part of my start-up funds.  Permanent implementation would require money to purchase DO probes and data logging equipment (perhaps a grant).  

3. Characterize the metabolic activity of the system.  Key questions:  how does system metabolism change over time; does it respond to short-term changes in weather (light, temperature); does it respond to long-term changes (changes in season, changes in loading, development of floating plant communities); are some parts of the system  more metabolically stable than others? 

4. Conduct a hierarchical comparison of techniques.  Biological oxygen demand (BOD) is the standard laboratory-based index of wastewater reactivity.  Key questions: how does the integrated metabolic activity of the whole system compare with the activity of individual tanks; how does the activity of a whole tank compare with incubations conducted within a tank and with the results of standard BOD bottle incubations?

5. Design, implement, and optimize a cybernetic control system that shifts the “Living Machine” towards becoming more of a “Thinking Living Machine”.  Questions:  how can introduced feedback between system controls (e.g., rate of flow, rate of aeration) and metabolic activity be used to optimize system performance; does introduced feedback lead to so called emergent or goal-seeking behavior?  This last project may sound a bit far out, but I am convinced that ecological engineers will increasingly use added feedback to direct the process ecological self-organization towards configurations that maximize performance objectives (in our case nutrient and carbon removal).

Although project number 1 would logically occur first, and 5 last (probably several years down the line), the other projects might occur in any order.  Assuming that the OCLM is operational by some time in November, I believe that part or all of number 1 could be accomplished in a senior honors project this year.  

Methods

A number of papers describe the basic technique for measuring aquatic ecosystem metabolism (e.g., see Odum 1956; Beyers 1963; Hall and Moll 1975; Petersen et al. 1997; Petersen and Chen 1999).  My goal here is only to provide a brief outline of what needs to be done to adapt the technique to the OCLM.  In a materially closed aquatic ecosystem, photosynthesis and respiration can be directly measured as increases and decreases in dissolved oxygen over time.   The central challenge to measuring metabolism in materially open (i.e. real) ecosystems is that a number of other processes also add and remove oxygen from the water column.  In most systems, advection and diffusion across the air-water interface are important processes.  In the Living Machine, aeration (bubbling with air) represents another significant process for oxygen exchange.  A technique for measuring metabolism in the OCLM must take each of these exchange processes into account.

1. The purpose of aerating the LM tanks is to maximize aerobic respiration.  Oxygen is supplied at a rate that exceeds the respiratory demand so that eventually a steady state is achieved in which oxygen is maintained at some relatively constant concentration.  This means that as long as aeration is turned on, the traditional method of measuring metabolism as change in dissolved oxygen is not feasible.  The most practical way of dealing with this problem is to periodically turn aeration off, trace the decrease in dissolved oxygen for a brief period of time, and then turn aeration back on again.  The key here is to shut aeration off for the shortest time necessary to get a clean trace of the decline in dissolved oxygen.  For the upstream organic-rich tanks, this will likely be a much shorter period of time than for the downstream tanks.  Note that the objective of this method is to measure and not to alter system performance; dissolved oxygen will NOT be allowed to fall to levels that affect ecological function in any of the tanks (a 1-2 mg/l drop should be adequate).  (As an aside, it may eventually prove feasible to estimate metabolism as a function of percent oxygen saturation without turning aeration off – this represents an interesting method development in itself that will naturally emerge from development of the present technique(.  

2. There are two ways that we might address the exchange of oxygen resulting from the flow (advection) of water from upstream tanks.  On one hand, we can use recorded flow rates and measure dissolved oxygen in the incoming water to account for this oxygen exchange (a common approach in natural ecosystems).  My understanding is that water flow through the OA systems will be pulsed; when the water levels in the CA tank reaches a high mark a pump will cycle on until a low mark is reached.  If this is the case, then we can avoid the issue of advection all together by simply timing the metabolism measurements to occur shortly after the CA pump cycles off, when water flow between adjacent tanks is negligible.

3. Adjusting measured changes in dissolved oxygen to account for diffusion of oxygen across the air-water interface is relatively simple.  The rate of oxygen diffusion can be expressed as a simple function of the degree to which the water is over- or under-saturated (i.e., simple Fickian diffusion).  Diffusion coefficients will be determined empirically in non-biologically active water (diffusion measurements in the OCLM on 9/23/99-9/25/99).  

Necessary Modifications in the Living Machine


A few relatively minor modifications in the OCLM will be necessary to pursue the method development outlined above.

1. Separate manual shutoff valves must be installed for air supply to each aerated tank.  This simple modification (which was previously requested and may already have been accomplished) is all that is necessary to accomplish project number 1.  Projects 3, and 4 can also be accomplished with manual shutoff valves, but will be less labor intensive if the system is first automated (project 2).  Data from project 1 will be used to design the automation procedure.

2. Automation of the technique (project 2) requires installation of: a Campbell CR10 data-logging/control computer, permanent dissolved oxygen probes in each tank to be monitored, and the ability to electronically turn air flow on and off (via the compressor or ideally through individual electronic valves controlling air flow to each tank).  The CR10 will continuously record dissolved oxygen in each tank and will receive information from the Seimens computer on the water flow rate and on the status of the pump in the CA tanks.  At prescribed intervals, the CR10 will wait until a pumping cycle from the CA tank is completed, will shutoff airflow to designated tanks, and will monitor the decrease in dissolved oxygen.  The CR10 can be programmed to resume airflow either at a set time (e.g., after 5 minutes) or better yet when the dissolved oxygen concentration decreases by a certain set amount (e.g., by 1 mg/l).

3. It is not clear what physical modifications to the OCLM might be required to accomplish project 5.  The central idea is to shift operations so that instead of just being a passively measured parameter, system metabolism data become feedback input that are used to control the system.  For instance, unusually high rates of respiration in the CA tanks might be a flag that causes the system to shunt a fraction of incoming wastewater directly to the city sewer lines so that the OCLM is not overwhelmed.  On the other hand, if the measured rate of respiration in a given tank is low, airflow to that tank might be reduced (or cycled on and off) to conserve energy.  If productivity in the OA3 tank was significant, less labile carbon (acetate, etc.) might be added to the marsh to fuel denitrification.  Coupled nitrification-denitrification could be induced by manipulating a tank to oscillate from aerobic to anaerobic conditions.  The bottom line is that semi-continuous data on metabolic activity provide the potential to build feedback on the biological activity of the system into the automated management decisions.
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