Effluent Limitation Calculation Guide

BOD Effluent Limitations

The following discussion will focus on the Department's procedures for establishing BOD limitations under the provisions of NR 102 and NR 104.

An examination of the effluent standards and classifications which are listed in NR 104 is a good place to begin determining BOD limits.  It is important to look at downstream situations as well because some receiving waters run into other rivers and lakes which could be classified differently.  Classification is an important early step when calculating limits, especially with regard to BOD.  A review by district staff may help determine a receiving waters classification.  Special attention should be paid to the time of year receiving waters are classified.  Formal classification should be performed as close to the low flow as possible.  Seasonal classifications may be appropriate.  

When establishing BOD5 effluent limitations a number of different approaches are available depending on the receiving use classification in s. NR 102.04(3).  For receiving waters designated as full fish and aquatic life two approaches are available:

1.
Water Quality Model:  Qual - III; (Streeter - Phelps); and

2.
13 lb Rule -  For receiving waters designated as coldwater communities class A or B (via NR102).


26 lb Rule -  For receiving waters designated as warmwater sport fish communities (Class B), warmwater forage fish communities (Class C), or Class D.

Water Quality Model
The water quality model is the most sophisticated approach available to the Department for determining water quality-based effluent limitations.  The purpose of the modeling involves calculating the dissolved oxygen (DO) concentration as affected by the sources of oxygen such as reaeration and photosynthesis, and sinks of oxygen such as BOD (CBOD-Carbonaceous biochemical demand; NBOD-Nitrogenous biochemical oxygen demand), plant respiration, and sediment oxygen demand.  In sanitary sewage samples, there is usually a well-defined difference in the CBOD and NBOD reaction.  For surface waters, however, there is more simultaneity of the CBOD and NBOD reactions.

In order to develop a water quality model at least two water quality studies are required at each site.  The first study should calibrate the input data and the second should verify or check on the model.  The model is used to predict impacts on receiving water at low-flow conditions.  This approach is time-consuming (often requiring six months from initial study to completion of the model summary), for that reason the model should only be considered in crucial situations such as where multiple discharges exist.

Anyone interested in learning more about modeling activities should contact Dale Patterson or refer to the modeling discussion that follows. 

Modeling Approaches
The Department has used surface water modeling techniques since the early 1970's for the purpose of setting effluent limits to maintain water quality standards and to establish wasteload allocations in multiple discharge situations, primarily for conventional pollutants.  More recently, however, the Department's efforts with regard to modeling have focused on the impacts and fate of toxins.  The implementation of water quality criteria for toxic substances has also led to the need to evaluate proposed mixing zones and zones of initial dilution for point source discharges.

When technology-based categorical effluent limits are inadequate to achieve desired water quality standards, effluent limits are developed to achieve those standards.  A variety of methods are employed dependent on the complexity of the situation and the parameters involved.  The following are examples of models which have been used in calculating limits.

A.
Mass Balance Model--This is a simple model that calculates the TMDLs/WLAs of conservative substances.  

B.
Wisconsin Small Stream Model--This is an expanded Streeter-Phelps model that considers BOD, NOD, SOD, photosynthesis/respiration, and reaeration.  It is used to determine ammonia and BOD limits on small streams that will achieve dissolved oxygen and ammonia standards.  It requires site-specific data for application.  The basic Streeter-Phelps oxygen sag equation is:
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Where:




Da = initial dissolved oxygen saturation deficit of the water in mg/L




D = saturation deficit of dissolved oxygen at time "t"




La = initial biochemical oxygen demand (BOD) of the water in mg/L




K1 = deoxygenation coefficient




K2 = reaeration coefficient




t = elapsed time  in days




e = base of natural logarithm (2.718)


The Streeter-Phelps equation considers the biochemical oxygen demand process; the affect of temperature on the reaction rates; and the processes of reaeration and how it is influenced by solubility, diffusion, and turbulence.

C.
Wisconsin Large Stream Model--This model is primarily concerned with wasteload allocations that are codified in NR 212, Wis. Admin. Code.  These allocations have been in place for several years and only require periodic updates as conditions or dischargers change.

D.
Complex Water Quality Models--For multiple discharges on major rivers, complex water quality models are used in steady state and dynamic models.  The models are calibrated and verified to synoptic data and continuous monitoring data to develop TMDLs for BOD.  The models include BOD, nutrients, nitrification sequence, SOD, Chl-a, reaeration and effects of physical structures such as dams.  The models can be either one or two dimensional (horizontal) and require site-specific data for application.  The two major types of complex water quality models are discussed below.


1.
Steady-State Modeling is often used in cases when permit writers have little or no whole effluent toxicity or specific chemical measurements, or where receiving water flow records are not available.  These models are usually combinations of worst-case assumptions of flow, effluent, and environmental effects.  Steady-state model assumes the effluent flow and loading to be constant.  Thus, steady-state models may produce limits that are more stringent than necessary to meet water quality criterion for the pollutant of concern.  In general, steady-state models are more conservative than dynamic models since they are based on worst-case scenarios.  As a result, permit limits derived from steady-state models will generally be lower than limits derived from dynamic models.  Steady-state models also may involve simplifying assumptions for such factors as ambient background concentrations of a toxicant, multiple source discharges, number of pollutants causing toxicity, incorrect effluent variability assumptions, and infrequent compliance monitoring.



Steady-state modeling for the protection of aquatic life allows for the following two sets of calculations:



a.
Protection against acute effects.



b.
Protection against chronic effects.




These calculations consider mixing zones when developing waste load allocations to afford two levels of protection.  


2.seq level2 \h \r0 
Dynamic Modeling is often used when adequate receiving water flow and effluent concentration data is available to estimate frequency distributions. From dynamic models, permit limits are based on probability estimates of receiving water concentrations rather than worst-case conditions.  Specific examples of dynamic modeling techniques are the continuous simulation, Monte Carlo simulation, and lognormal probability modeling.  These dynamic modeling techniques have an advantage over the steady-state models since they determine the entire effluent concentration frequency distribution required to produce the desired frequency of criteria compliance.  

E.seq level1 \h \r0 
Surface Water Classification Methods--For waters that cannot meet a level of water quality to protect warm water fisheries due to in-place pollutants, low natural stream flow, natural background conditions or irretrievable cultural alterations; effluent limitations may be established in accordance with Chapter NR 104 and NR 210, Wis. Admin. Codes, for the respective stream classifications.

F.
Any other procedure deemed appropriate for the parameter and situation of interest (some examples including the 26 lb Rule, which assumes that a tolerable oxygen loss is 2 mg/L and therefore the desired high temperature loading is 26 pounds BOD5 per day/cfs, were addressed on page 56 and are continued on page 58).  Such procedures may include statistical models, mixing zones, or any other calculation or model that when used with site-specific data, will assure the attainment of water quality standards to the best extent possible.

26 lb Rule
This simplified model was developed in the 1970's by the Wisconsin Committee on Water Pollution on the Fox, Wisconsin, Oconto, and Flambeau Rivers.  Further studies throughout the 1970's proved this model to be relatively accurate.  This model has since been used by the Department on many occasions when time was not available to develop a water quality model.  The 26 lb Rule is the most frequently used approach for calculating BOD limits.  It is a simplified version of a model relating OO changes to BOD limits.  It should be noted this is not a "rule" in that it's found in an Administrative Code.  Correspondence on site-specific limits should refer to the calculation without using the term "26 lb Rule".

The 26 lb Rule relates the allowable effluent BOD level to the design flow of the treatment facility and the seven-day 10-year low flow of the receiving water.  A major problem with this model, however, is that in applying a generalized formulation to a large number of streams of varying character, assumptions must be made in order to insure similar conditions in all cases.  These assumptions are:

A.
The natural dissolved oxygen concentration in the receiving water is 7.0 mg/L;

B.
26 lbs of BOD per day per cfs of receiving water 2.0 mg/L to the warm water standard of 5.0 mg/L, 6.0 mg/L for trout streams and may even be bumped up to 7.0 mg/L during spawning (choosing to bump a BOD is a site-specific consideration and the Department may contact fish management for information about fish populations in applicable receiving waters).  For Class A streams it is assumed that 13 lbs of BOD will lower the standard 1.0 mg/L to the cold water standard of 6.0 mg/L; and

C.
The above relationship is temperature dependent and an appropriate temperature correction factor is applied.  The 26 lb Rule is based on a typical 24 degree C summer value for warm water streams.  In the winter, however, the Department may chose to use a temperature of 0-5 degrees C, therefore, the winter limit is usually about double the summer limit.

The "26" value stems from the following equation:
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The 4.8 has been calculated by taking 2.4 which is the number one receives when converting 26 lbs of BOD/day/cfs into mg/L, multiplied by 2.0 which is the change in the DO level.  A typical background DO level for Wisconsin waters is 7 mg/L, so a 2 mg/L decrease is allowed in order to meet the 5 mg/L standard.  

For establishing the BOD5 effluent limitations for any discharger the following information should be obtained:

7Q10=  Seven-day 10 year (7Q10) low flow for the receiving water (USGS determination).  This value is to be obtained at the nearest upstream location from the discharge, and the request is to go through the SWSM Section.

QSTP=  Design Flow for Wastewater Treatment System

Temp. (stream)=  25 degrees C (summer) and 5 degrees C (winter)


    (These values are generally used when data is not available)

(Limitations using this approach would be weekly averages.)

Dissolved Oxygen Levels
A typical background DO level for Wisconsin waters is 7 mg/L, in which case a 2 mg/L decrease is allowed in order to meet a 5 mg/L standard.

The formula which implements the "26-Pound Rule" is as follows:

Limitation = (2.4)(DOstream-DOstd)(7Q10+Qeff)(0.967(T-24))/Qeff
where:


DOstream =
Background dissolved oxygen concentration (typically 7 mg/L),


DOstd =

Water quality criterion for dissolved oxygen,


7Q10 =

Seven-day 10 year low flow for the receiving water (USGS determination, this value is to be obtained at the nearest upstream location from the discharge, and the request is to go through the SWSM Section),


Qeff =

Effluent flow,


T =

Stream temperature in degrees C (typically 25 degrees C in summer and 5 degrees C in winter), and


Limitation =
Weekly average BOD limit.

Actual data for the variables DOstream and T should be used or considered when available.  Seasonal data may also be considered if the differences or the effect on the limitation(s) are significant.  Data from low-flow months or periods within a season is preferable for averaging when limits are based on low flow conditions such as Q7,10.  When summer and winter limits are calculated, the low-flow months are June-August (summer) and December-February (winter).  Data from other months may be used if the results "appear" close to those from low-flow months.

26 Pound Rule - Modification for Low Slope
The assumption that 26 pounds of BOD5 per day per cfs of total flow will lower instream dissolved oxygen levels by 2 mg/L may not be accurate in situations where the stream reaeration rate is low; namely in areas of low slope.  As slope decreases, natural reaeration decreases as well, so the DO decrease will be greater.  The 26 Pound Rule does not normally incorporate a reaeration or slope term, so it may be necessary to adjust the calculation in such a situation.  

In October, 1991, Dale Patterson of the Modelling Unit of WRM's Planning and Policy Section developed some guidance on slope adjustments to the 26 Pound Rule.  The reaeration rate (K2) is a function of slope, and K2 is used to relate BOD5 loadings to BOD5 decay rate.  In situations where slope is high, the 26 Pound Rule calculation is sufficiently protective and may still be used as per the previous discussion.  A series of graphs are attached that may be used to estimate the allowable pounds of BOD5 per day per cfs when slope is low.  It is a safe assumption that if the stream slope exceeds 5 feet per mile, no slope-related adjustment is necessary to the 26 Pound Rule.  

Table 1-A (in Appendix N) is used to calculate K2 (@ 20oC, but temperature is not a function of the K2 calculation) based on slope in feet per mile.  Table 1-B (in Appendix N) is the same relationship as 1-A, but illustrates only the lower portion of the graph (slope less than 8 feet per mile).  The K2 value that was determined using Table 1-A or 1-B is then used in Tables 2-A or 2-B to determine the allowable pounds of BOD5 per day per cfs for discharge, that number could be compared to the 26 lbs/day/cfs figure.  

To use Tables 2-A or 2-B (both in Appendix N), two other variables must be input.  Both Tables 2-A and 2-B incorporate the BOD decay rate, which is an indicator of the change in instream BOD5 concentrations over time.  The BOD decay rate is commonly estimated as a function of time using the following equation:

BODt= (BOD0) X (e-K1 X t), where

BODt= BOD concentration at time t,

BOD0 = BOD concentration at time zero (initial concentration),

K1= BOD decay rate (units of days-1), and

t= time in days.

Typically, the BOD decay rate is assumed to be 1.0 days-1, so that value should be used unless specific information is available to show otherwise.

The second variable which must be considered is R, which in this case is the ratio of ultimate BOD to 5-day BOD.  Two alternatives are presented here.  Table 2-A determines the 26-Pound Rule adjustment based on a BODult/BOD5 ratio (R) of 2.5 to 1, while Table 2-B  makes the comparison using a BODult/BOD5 ratio (R) of 4.0 to 1.  This ratio is also site-specific, but R is usually closer to 2.5 than to 4.0, so it is likely that Table 2-A should be used in most cases.  

Using Table 2-A with R = 2.5 and the BOD decay rate of 1.0, the reaeration rate K2 is used to estimate the allowable pounds of BOD per day per cfs.  Several examples are shown on Table 2-A, interpolation may be used for K2 values that are not shown.  In that case, K2 of approximately 3.0 or less will result in BOD5 loadings less than 26 lbs/day/cfs.  Going back to Table 1-B, a K2 value of 3.0 corresponds to a slope of only about 2.5 feet per mile, which is very low in typical Wisconsin waters.  That still may occur in certain regions of the State such as the Central Sands region around Wisconsin Rapids.  If the BOD decay rate stays at 1.0 and R = 4.0 instead of 2.5, Table 2-B would show  that a K2 value of about 6.0 or less would result in allowable BOD loadings less than 26 lbs/day/cfs, and using Table 1-B that would correspond to a slope of 5 feet per mile or less.  If the decay rate was higher than 1.0, the minimum slope cutoff for the 26-Pound Rule restriction would be increased.  In most cases, though, it may be generalized that if the stream slope is 5 feet per mile or less, the 26 Pound Rule calculation should be adjusted downward.  

Finally, it should be noted that the lbs/day/cfs value calculated from Tables 2-A and 2-B specifically are applicable at 25oC.  The 26 Pound Rule formula already has a factor to adjust for temperature (0.967T-24), so in the BOD5 limit calculation formula, the low slope adjustment would affect only the "2.4 term" which represents the conversion from 26 lbs/day/cfs to mg/L.  If, for instance, the stream slope was only 1 foot per mile, the estimated K2 would only be about 1.0 (Table 1-B), and if Table 2-A was applicable with a BOD decay rate of 1.0, the BOD5 limits should be calculated using approximately 12 lbs/day/cfs.  In that case, instead of a "2.4" multiplier in the BOD5 limit equation, the multiplier should be closer to 1.1 (2.4 X 12/26 = 1.1), which would result in BOD5 limits that are approximately half of what they would be using the 26 Pound Rule at face value.

Seasonal BOD5 Effluent Limitations:
The BOD5 effluent limitations determined on a seasonal basis (i.e., spring and fall discharge only) use the same procedure as for continuous discharge except the mean monthly flow for the receiving water is used rather than the 7Q10 because receiving water flows are greater during these time periods and Qeff must be adjusted to reflect the actual effluent flows during discharge periods.  Limitations for seasonal dischargers are represented as monthly averages.

When actual stream data is lacking in BOD5 limit calculations, the following rules-of-thumb may be applied:


A.
Stream temperatures for application of the 26 lb Rule:



Summer (May - Oct. or June - August if four-seasonal limits are calculated) = 25 degrees C (20 degrees C for trout streams) Fall (Sept. - Nov.) = 15 degrees C



Winter (Nov. - April or Dec. - Feb.) = 3 degrees C (5 degrees C for trout streams)



Spring (March - May) = 10 degrees C



Typically, the Department only gives two seasonal limits, but occasionally 



it might give four values, or even use only spring and fall for such



things as fill-and-draw systems.


B.
Background DO = 7 mg/L (assumes a 2 mg/L decrease to the 5 mg/L warm water standard, that 2 mg/L change is what generated the "26" value).


C.
Lowest BOD5 limitations given to municipal discharges = 10 mg/L.

Variance BOD5 Effluent Limitations:
The variance effluent limitation for receiving waters classified as either limited forage fish communities or limited aquatic life have their BOD5 limitations established under NR 104.02.  For streams classified as limited forage fish communities, the BOD5 limits are listed under NR 104.02(3)(a).  These limitations apply for all streams classified under this section, unless downstream reaches of a higher classification would be impacted to a point where water quality standards for those reaches would be violated.  In those situations, an alternate BOD5 limitation would have to be determined using either a model or a modified 26 lb Rule.  For streams classified as limited aquatic life, the BOD5 limitations would be set under NR 104.04(3)(b), and again down stream reaches may alter this limitation if it is determined that the downstream standards may be violated.
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