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IV.  Comparison of an in situ method for measuring oxygen metabolism in wastewater with Biological Oxygen Demand (BOD5)
Abstract


A high level of oxygen demand is characteristic of wastewater. The standard method of measuring oxygen demand is the five-day biological oxygen demand incubation (BOD5). An alternative is to measure the oxygen demand directly within wastewater treatment tanks. This method, called Total System Metabolism (TSM), has the advantages of providing immediate results and relating directly conditions in a particular system. Since both techniques measure metabolic activity of wastewater, one might expect a close positive correlation between BOD5 and TSM measures taken over a range of different conditions. However, results show surprisingly little correlation between the two. Since metabolism depends on temperature, and since temperature varies during TSM measures and is held constant for BOD, a multiple linear regression was applied to temperature, BOD5, and TSM. The inclusion of temperature did not account for any more of the variability of TSM than BOD alone did. Since BOD is widely used as an index of metabolic activity, this lack of relationship is troubling.  Further study of other potential causes of variability in the relationship between BOD and TSM is needed. 

Introduction


Untreated or insufficiently treated wastewater entering a body of water provides a large food source to bacteria and other decomposers. Resulting high levels of respiration can deplete the oxygen in a system, killing fish and other aerobic organisms. The demand for oxygen comes from two components of wastewater, organic carbon and ammonium. These fractions of biological oxygen demand (BOD) are referred to as carbonaceous BOD (CBOD) and nitrogenous BOD (NBOD). Because of the impacts on aquatic systems, the BOD of wastewater treatment effluent is regulated (Crites and Tchobanoglous 1998).  


Previous chapters have focused on the effect of treatment ecosystems on different forms of nitrogen. The discussion of system metabolism in this chapter is instead about the effect of nitrogen and carbon on ecosystems, in particular the effect on oxygen consumption. Knowledge of carbon concentrations is also relevant to nitrogen dynamics since carbon is needed for denitrification. Oxygen is consumed in the process of nitrifying ammonium to nitrate, thus ammonium is the primary source of NBOD. Because organic carbon exerts a similar effect on oxygen demand, NBOD and CBOD are generally lumped together as BOD.  A study of the Oberlin College Living Machine determined that NBOD accounted for the majority of oxygen demand in much of the system (Draper et al. unpublished).


The standard method for measuring BOD is a five-day Biological Oxygen Demand incubation (BOD5). In this method, oxygen consumption is measured in an isolated sample incubated at a constant temperature. It is important to recognize that this technique is conducted on water that is removed from the environment and incubated under highly controlled and artificial conditions including constant temperature, darkness, no mixing, diluted concentration and potentially altered oxygen concentrations.  BOD5 is therefore best thought of as a measure of the potential reactivity of the water sample rather than as a measure of what is actually taking place in the system of interest. The NBOD and CBOD of samples can be separated by adding a nitrification inhibitor to a five-day incubation (Young 1973). The oxygen decrease then reflects only the CBOD. NBOD can be determined by subtracting CBOD from total BOD. 

 
 An alternative to the BOD5 method is to measure respiration directly within a system. In a natural system, respiration can be measured by comparing evening and morning oxygen concentrations, for example (Odum 1956). In wastewater treatment, Total System Metabolism (TSM) can be measured by calculating the rate of oxygen decline in a particular tank when aeration is turned off.


There are several potential advantages to measuring TSM in wastewater treatment systems. The first is that data are available on a day to day basis, rather than after a five-day delay, as with BOD5. This means that operators can make management decisions more immediately in response to changing conditions within the wastewater system. Methods such as BOD5, which rely on bottle incubations, are subject to inaccuracies due to lack of mixing and turbulence (Petersen and Chen 1999).  Measurement of TSM overcomes this problem and more accurately depicts oxygen demand in the system. Measurement within tanks is particularly important in greenhouse-wetland systems, which depend on the functioning of complex ecosystems. Greenhouse-wetland systems are ecologically engineered wastewater treatment systems which are described in more detail in chapter 1.  


There are, however, several limitations on the applicability of TSM. For one, it is only applicable to aerobic systems. This means that TSM cannot be measured in either the initial settling tanks or anaerobic denitrification tanks in greenhouse-wetland systems (see Fig. 2-1). Secondly, since TSM is measured under the particular conditions of an individual tank it is not directly informative as to the effect the water from that tank would have on a another body of water. TSM has a high degree of realism but a low degree of generality. BOD, on the other hand,  has a high degree of generality and low degree of realism. Thus each method is useful, but for different purposes.


Though the two measures are different, they theoretically should be correlated for a particular system. Higher levels of ammonium and organic carbon input to a tank in the LM should result in higher BOD for the water in that tank as well as higher rates of oxygen usage in the tank itself. Since ecosystems are not static objects, but vary over time, the response of a system to a particular input is also expected to vary with time. Therefore, in theory BOD5 and TSM should be positively, but not perfectly, correlated.


Previous comparisons of BOD and TSM have indicated that the correlation between the two is surprisingly weak (Draper et al. unpublished). One possible cause of this is the variation in temperature in the tanks where TSM is measured. Whereas BOD incubations are always at the same temperature, TSM is measured at tank temperature which varies with the weather. Since metabolism is temperature dependent, it seems that this difference between the methods might lead to the observed weak correlation. In this chapter, BOD5 and TSM in three tanks of Oberlin College's Living Machine are compared to determine whether temperature changes can account for the variation in the relationship between BOD5 and TSM.

Methods

Data Collection

Samples were collected from CA1, OA1, and OA3 tanks of the Oberlin College Living Machine (LM). See Chapter 2 for a description of the LM system. The collected samples were analyzed using a standard five-day BOD incubation method. Incubations were carried out periodically during 2001 and spring 2002. The BOD5 incubations followed the procedures described in 'Standard Methods' and resulting values include both NBOD and CBOD (Clesceri et al. 1998). Students employed as LM operators or taking a course in systems ecology carried out the incubations.


Since summer of 2000, an automated system for measuring Total System Metabolism (TSM) has been in place in the LM. Four temperature compensated galvanic oxygen probes (OxyGuard stationary probe, Birkegard Denmark) operate in the CA1, CA2, OA1, and OA3 tanks. The oxygen probes are encased in PVC pipe together with a rotating stir bar, which ensures that water moves continuously past the probe. A datalogging system (Campbell Scientific, Inc., CR10X datalogger, Logan, UT) records the probe's oxygen each minute. The tanks in which TSM probes are located are all actively aerated tanks. However, the aeration system is turned off for an hour at 0400, 1000, 1600 and 2200. The rate of oxygen consumption (mg/L/hour) can then be calculated for each tank by subtracting oxygen concentrations at the beginning and end of this non-aerated period and dividing by time.  Previous empirical studies conducted in these tanks indicate that the rate of oxygen diffusion across the air-water interface is very small relative to metabolic activity and can therefore be neglected in determining system metabolism (Petersen, unpublished data).

Analysis


Both BOD5 and TSM values were available on 16 dates for CA1 and OA3 and 12 dates for OA1. TSM values used were from the 1600-hour readings on the day of BOD sample collection. Linear regressions of the relationship between BOD and TSM were performed both for individual tanks and for all data taken together. Using Systat 10 (Systat Software Inc., Point Richmond, CA), linear multiple regressions were carried out with TSM as a variable dependent on BOD5 and temperature. A linear multiple regression was appropriate since previous research has demonstrated an approximately linear relationship between BOD5 and temperature for the range of temperature values observed in the LM (James McConaghie, unpublished data). The multiple regressions were done using data for both individual tanks and the entire data set.  The data sets for the multiple regressions were smaller because temperature data was only available for 8 of the comparison dates for CA1 and OA1 and 11 for OA3. 


The units used for BOD5 and TSM are usually different. For BOD5, results are generally reported in units of mg/L of O2 decrease over five days. The TSM calculations, however, produce units of mg/L/hour. To facilitate comparison in this study, both TSM and BOD5 were converted to mg/L/day of oxygen consumption. 
Results


When temperature was not considered, there was a positive relationship between BOD5 and TSM across all tanks, but only a small proportion of the variation in TSM could be accounted for by variation in BOD5, as indicated by an r2 value of 0.18 (Figure 4-1). Within individual tanks the degree of correlation varied. BOD5 and TSM results were almost completely unrelated in OA1 and OA3 (figures 4-2 and 4-3). Figure 4-4 shows a stronger correlation between BOD5 and TSM in CA1 with a least square linear regression r2 value of 0.51. The slope of the regression line in CA1 was 0.52.


The multiple linear regressions between temperature, BOD5 and TSM did not result in higher r2 values than liner regressions between BOD5 and TSM. Across all tanks, the adjusted multiple r2 value was 0.06. The adjusted multiple r2 for CA1 was 0.40 while for OA1 and OA3 the regression resulted in adjusted multiple r2 values less than 0.01. Each of these regressions indicated at least one outlier data point. 

 Discussion


While the positive correlation between BOD5 and TSM is encouraging, the degree of correlation is very small. This could be due either to problems in measurement, such as inaccuracy of oxygen probes, or to outside factors that affect the relationship between BOD5 and TSM. The particular lack of correlation in OA1 and OA3 could indicate that in these later tanks, where oxygen demand should be lower, variability in the methods overwhelms variability in oxygen demand. It is interesting that the slope of the regression between BOD5 and TSM in CA1 is much less than one and that the relationship appears to be non-linear. However, these results were not pursued further due to the lack of a general relationship in other tanks. 


It is surprising that the inclusion of temperature did not improve the correlation between BOD5 and TSM, since temperature is known to affect metabolic rate. However, the data set for these regressions were very small, resulting only five degrees of freedom for regressions within individual tanks. Particularly since several data points appeared to be outliers, a larger data set would be helpful in drawing conclusions about the effect of temperature on TSM.


There are also factors other than temperature that could potentially produce variation in the relationship between BOD5 and TSM. One possibility is that carbonaceous and nitrogenous oxygen demand may have different effects on BOD5 and TSM. For example, if nitrification rates increased more quickly with temperature than carbon metabolism, then changes in CBOD:NBOD ratio would affect the relationship between BOD5 and TSM. The fact that the slope of the regression between BOD and temperature is different in OA and CA tanks indicates that this might be the case (McConaghie, unpublished data). Other differences between the conditions for TSM and BOD5 might also affect nitrification and carbon metabolism rates differently. Results from an earlier study of the LM indicate that both nitrogenous and carbonaceous BOD contribute significantly to overall BOD5 in the LM and the ratio of the two varies with time (Draper et al. unpublished). It is possible that this variation affects BOD5 and TSM differently resulting in reduced correlation.


Another possible factor in the relationship between BOD5 and TSM is variation in bacterial populations. BOD5 should always be limited by the availability of BOD rather than by bacterial populations. Over the period of a five-day incubation, bacterial populations have a chance to expand to take full advantage of available resources. In fact, BOD5 is designed to be independent of endogenous bacterial populations. Samples that have very low bacterial populations are seeded with additional bacteria (Clesceri et al. 1998). TSM, on the other hand, may be limited by bacterial populations in some cases. If bacterial populations are limiting in the system of interest, TSM could be lower relative to BOD. This could occur, for example, when input has been low for a period and then there is a sudden increase in BOD. Bacterial populations might have declined such that TSM does increase in proportion to BOD. 


 Both BOD5 and TSM have a role in the measurement of system metabolism. TSM is a measurement of the oxygen demand on a particular system. BOD5 is a more generic measurement designed to correspond to the relative oxygen demand which a water sample would put on any body of water. The relationship between these measures is not straightforward  and cannot be explained simply by temperature variations. Variation in the ratio of CBOD to NBOD and limitation by bacterial populations are potential factors in the relationship between TSM and BOD​5 .

Further study of the relationship between TSM and BOD5 is needed. Future research should develop a larger dataset for comparison between the BOD5 and TSM methods, particularly for the multiple regressions incorporating temperature.  Another potential area of study is to determine the temperature dependence of both CBOD and NBOD to determine if this is a cause of variation in the relationship between BOD5 and TSM. 

Figures

[image: image1.wmf]BOD vs TSM (CA1)

y = 0.5216x - 1.522

R

2

 = 0.5075

-4

-2

0

2

4

6

8

10

12

14

16

18

0

5

10

15

20

25

BOD (mg/L/day)

TSM (mg/L/day)


[image: image2.wmf]BOD vs TSM (OA1)

y = 0.0024x + 0.6234

R

2

 = 0.0004

0

0.5

1

1.5

2

2.5

0

5

10

15

20

BOD (mg/L/day)

TSM (mg/L/day)


[image: image3.wmf]BOD vs TSM (OA3)

y = 0.0909x + 1.9368

R

2

 = 0.0185

0

2

4

6

8

10

12

14

16

18

0

5

10

15

20

25

30

35

BOD (mg/L/day)

TSM (mg/L/day)


[image: image4.wmf]BOD vs. TSM (all tanks)         

y = 0.2683x + 0.6612

R

2

 = 0.1832

0

5

10

15

20

0

10

20

30

40

BOD (mg/L/day)

TSM (mg/L/day)



[image: image5.wmf]Tank

Adjusted multiple R^2

CA1

0.4

OA1

<0.01

OA3

<0.01

Overall

0.06


References

Clesceri, L. S., A. E. Greenberg and A. D. Eaton.  1998.  Standard Methods for the Examination of Water and Wastewater. American Public Health Association

American Water Works Association

Water Environment Federation, 20

Crites, R. and G. Tchobanoglous.  1998.  Small and Decentralized Wastewater Management Systems. WCB McGraw-Hill, Boston. 

Draper, R., J. Beale and J. Milne.  unpublished.  Oxygen consumption in the Living Machine: A comparison of nitrification and carbon metabolism using the BOD5 method.  

Odum, H. T.  1956.  Primary production in flowing waters.  Limnology and Oceanography 1:102-117.

Petersen, J. E. and C. C. Chen.  1999.  A method for measuring depth-integrated community metabolism in experimental planktonic-benthic ecosystems.  Hydrobiologia 391(1-3):23-32.

Young, J. C.  1973.  Chemical methods for nitrification control.  45(4):637-646.

�


Figure 4-2: Linear regression between BOD5 and TSM for data from CA1.
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Figure 4-3: Linear regression between BOD5 and TSM for data from OA1.
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Figure 4-4: Linear regression between BOD5 and TSM for data from OA3.
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Figure 4-1: Linear regression between BOD5 and TSM including data from CA1, OA1, and OA3.
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Table 4-1: Adjusted R-squared values for multiple linear regressions with TSM as the dependent variable and BOD5 and temperature as independent variables.








