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“Sewer pipes are not designed to 
be watertight. Sewer design sets a 
standard for allowable leakage during 
construction, which averages 125 
gallons per 400 feet of pipe, which is 
the standard distance between sewer 
manholes (ASTM, 2009), or about 
1,650 gallons per mile of standard 
sewer pipe.” 

Chesapeake Bay Program, (2014). “Final Expert Panel Report on Removal Rates for the 
Elimination of Discovered Nutrient Discharges from Grey Infrastructure”



Why does this matter for the model?

• Proper appropriation of loads
• Improved targeting and crediting of management actions
• Scenario analysis (E.g., remediation, pipe ageing, etc.)

This load is in the bay, the load is in the model, but it is currently 
misappropriated.

The majority of misappropriation is likely to other urban load 
sources such as stormwater and lawn fertilizers.



WWTWG Considerations

• Acknowledge interest in more accurately attributing the sources 
of the load. 

• Default values risk overestimating loads due to differences in 
collection systems, surrounding geology, and on-going 
rehabilitation efforts.

• Prefer a conservative estimate 
• to capture the impact of small defects and joint leaks, not large 

structural failures which are more quickly identified and addressed,
• and to reflect the uncertainty in estimates.



Preliminary model structure
• An initial default exfiltration value as a percent of treated volume will be defined by expert 

judgement and literature

• Spatially exfiltration will be mediated soils, geology, and by optional factors identified as 
drivers of exfiltration and transmission by expert judgement and literature.
• Geologic basin as a metric of water table depth driving exfiltration vs infiltration
• The proportion of the system which is gravity fed
• The proportion of the system which is new or recently rehabilitated
• Soil and groundwater transmission attenuation (?)

Exfiltration Vol. = Fraction exfiltration * Annual system treatment volume (dry-weather) * Geologic coef. 
* Fraction gravity line * (Fraction new or rehabbed*Rehabbed coef.)

Exfiltrated nutrient mass = Exfiltration Vol. * concentration in raw WW (33 mg/L TN, 6 mg/L TP)1*Soil Treatment*GW 
Transmission

Workgroup Defined, Required State Provided Input, Optional State Provided Input 

1Chesapeake Bay Program, (2014). “Final Expert Panel Report on Removal Rates for the Elimination of Discovered Nutrient Discharges from Grey Infrastructure”



Literature search to focused on exfiltration as 
a percent of system volume
Study % System Observation System flow

Nguyen and Venohr, 2021 2% to groundwater dry-weather

Delesantro et al., 2022 2.40% to stream dry-weather

Steele et al., 2025 0.60% from pipe total

Amik et al., 2000 11.40% from pipe dry-weather

Ellis et al., 2004 3-5% from pipe review, both

Fenz, 2003 1-5% from pipe dry-weather

Fens et al., 2005 1% to groundwater dry-weather

Karpf and Krebs 2004 2.80% to groundwater dry-weather

Giulianelli et al., 2003 0.24-2.96% from pipe dry weather

Yang et al., 1999 1-2% to groundwater total

CIRIA, 1995 3.00% from pipe total (leaky system)

Notes: 
• Filtered to remove laboratory analyses 

which tend to be higher
• Amik et al., and CIRIA 1995 were 

removed as an outliers from 
subsequent analyses

• Delesantro et al., 2022: Assuming 
NO3

- proportion from WW ~ TN 
proportion from WW

• Studies estimate exfiltration from 
pipe, to GW, or to streams

• Studies may estimate treated volume 
based on total flow or dry-weather 
flow

• Dry-weather flow is generally 
analogous to generated wastewater

Values are generally in agreement, suggesting reasonable basis for generalization.



Exfiltration as a percent 
of dry-weather flow
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*3-48%
Divers et al., 2013
Recommendations of the Expert Panel to Define Removal Rates for the Elimination of   
Discovered Nutrient Discharges from Grey Infrastructure, 2014
Nguyen and Venohr, 2021
Delesantro et al. 2022, 2024
Wakida and Lerner, 2005

• This is the default or initial estimate of exfiltration.
• Additional factors will mediate this load.
• Exfiltration as a percent of dry-weather flow (as 

opposed to total flow) reduces impacts of I/I on 
exfiltration estimate.

• The median literature value for %DWF was selected
• For Test Case B, 98% of the system is gravity fed
• Compared to urban N load to streams (CAST ’23)

Exfiltration Vol. = Fraction exfiltration * Annual system 
treatment volume * Fraction gravity line* Geologic coef. * 
New or rehabbed coef. * Soil atten. factor * GW atten. factor

Test Case B at this step:
383350.7 lbs. N/yr
18.41% of Developed Load

2.4

Test Case B



Calculating dry-weather flow

• Annual dry weather flow is defined as the lowest monthly flow * 12
• Outlier identification is needed to prevent facility flow transfers from creating anomalously low exfiltration 

years
• The % dry-weather flow of total flow is calculated for each year
• An outlier is defined by a value +/- 2 SD
• Outlier years are assigned the last years dry-weather flow



The depth to groundwater fraction exceedance 
in space and time has been calculated for each 
Geobasin. This value represents the fraction of 
time/space that is inundated at a given depth to 
GW.
• A critical depth of 10 ft was selected to 

represent a mean invert depth. This value is 
based on literature and best professional 
judgement.

• Where service boundaries cross multiple 
geobasins the groundwater coefficient value is 
population weighted.

Groundwater Coefficient
Exfiltration Vol. = Fraction exfiltration * Annual system 
treatment volume * Fraction gravity line* Geologic coef. * 
New or rehabbed coef. * Soil atten. factor * GW atten. factor

Test Case B at this step:
245344.5 lbs. N/yr
11.78 % of Developed Load

For the test case region fraction 
exceedance was 0.36. Coef.=(1-0.36)



New and Newly Rehabilitated Sewer Coefficient

• Exfiltration primarily occurs from a 
fraction of the total system, 20-50%.

• Rehabilitation reduces exfiltration by 
50-90%.

• Central values were selected
• A10-year timeframe is used to define 

new or newly rehabilitated
• Reporting of these values is intended to 

be optional, and therefore the impact 
should be conservative

Test case coef.:
(1-.047)

Exfiltration Vol. = Fraction exfiltration * Annual system 
treatment volume * Fraction gravity line* Geologic coef. * New 
or rehabbed coef. * Soil atten. factor * GW atten. factor

Test Case B at this step:
233911.4 lbs. N/yr
11.23 % of Developed Load



Attenuation in soil and groundwater (EOF to EOS) 

• Option 1: Treat as a standard NPS 
and attenuate via Land-to-water 
factors.
• Calibrated factors such as geology, 

soils, landscape connectivity, canopy 
cover, etc. which apply to all NPS.

• Option 2: Treat as a “direct load” 
where attenuation is defined 
separately (as part of the work 
group process). 
• There are still BMPs applied to “direct 

loads”.



Attenuation
Can we modify the existing framework and values for 
onsite wastewater attenuation for sanitary sewer 
exfiltration? 

Possibly, but…
• septic systems are generally placed in uplands while 

sewers are preferentially placed near streams 
(Delesantro et al., 2021).

• Soil mapping and classification can be less accurate in 
urban areas.

• Sewer exfiltration is reduced lower in the soil column 
than septic effluent.

• Stormwater pipes can short circuit “attenuation 
zones”.

• Urban soils can be N enriched reducing total % 
attenuation.

• The onsite wastewater report did not address 
phosphorous, but recommended future consideration.

Septic example



Proposals: 
1 - Reduce the TN reduction to account for urban hydrologic 
connectivity and N enrichment and modify based on depth to GW 
via the groundwater coefficient.
2 – No soil attenuation due to the depth of SSE

Zone 1 Attenuation

For example: 34% * 0.8 * (1-0.36) = 17.41% Test Case B:
194146.5 lbs. N/yr
9.32 % of Urban Load

Exfiltration Vol. = Fraction exfiltration * Annual system 
treatment volume * Fraction gravity line* Geologic coef. * 
New or rehabbed coef. * Soil atten. factor * GW atten. factor



Zone 3 Attenuation

In the North Carolina Piedmont, sewer lines are 36% 
closer to streams than septic systems (via flow path 
distance).

Proposal: Reduce the attenuation factor based on 
the exponential of relative distance to streams. 

For example: Case B is in the high transmission class
1-exp(ln(0.55)*(1-.36))=0.32 or 32% attenuation 
factor

Test Case B at this step:
 132019.6 lbs. N/yr
6.34 % of Urban Load

Exfiltration Vol. = Fraction exfiltration * Annual 
system treatment volume * Fraction gravity line* 
Geologic coef. * New or rehabbed coef. * Soil 
atten. factor * GW atten. factor



Phosphorus Attenuation

Delesantro et al., (2021) demonstrated that the P:N ratio for sewer served catchments were 
significantly higher than for septic severed catchments in the North Carolina Piedmont after 
accounting for difference in land-use. Similar results have been found at the Baltimore LTER.
Nguyen and Venohr (2020) suggest that sewer exfiltration TP is 19.5% of the urban load to GW while 
TN is 11.2%.

Phosphorus attenuation is effectivity 100% for onsite wastewater, but… 

Proposal: Set P attenuation relative to N attenuation to match literature SSE P:N ratios



Phosphorus Attenuation

Test Case B:
14,435 lbs. P/yr
15.85 % of Urban P Load

New proposal: Extend the N attenuation method to P assuming 100% 
baseline attenuation and applying the sewer discounting via the percent 
difference in septic to sewer N attenuation

Example: Case B had a sewer exfiltration attenuation of 0.44 (Zone 1 and 
Zone 3). The septic attenuation would have been 0.7. This is 63% of the 
septic attenuation. Therefore, the attenuation of P would be 0.63 (1*.63).



Preliminary estimates of SSE load to streams

Baltimore (Co and City)
• 132,019.6 lb/yr TN
• 6.34% of CAST ‘23 developed TN load
• 14,435 lb/yr TP
• 15.85% of CAST ‘23 developed TP load

HRSD
• 122,581.8 lb/yr TN
• 2.90% of CAST ‘23 developed TN load
• 10,810 lb/yr TP
• 3.6% of CAST ‘23 developed TP load

Watershed (without soil/GW attenuation, 
preliminary)

• 2.6 million lb/yr TN
• 3.1% CAST ‘23 developed TN load

Values are on the conservative 
end of the literature range as a 
percent of the urban load.



End
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