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Background 

Wastewater represents the single largest source of N in urbanized watersheds and leaking sanitary 

sewers have the potential to export N and P to streams and waterbodies (Bernhardt et al., 2008). 

Sanitary sewers (SS) leak from defects and structural failures, but because most sewers are not designed 

to flow at high pressure, joints are not always designed to prevent inflow and outflow and sewers can 

leak without any specific failure (Ellis et al., 2003; Rieckermann et al., 2007; Rueedi et al., Walch et al., 

2014; ASTM, 2009). Sanitary sewers often infiltrate (I/I) in wet locations or during wet periods, and 

exfiltrate during dry periods or in dry locations (Nguyen et al., 2021). System wide exfiltration can range 

from 1.7%-25% of total flow (Rutsch 2008; Ellis et al., 2004; Blackwood et al., 2005; Selvakumar, 2004; 

Schiff et al., in prep) and because concentrations of N and P within raw wastewater are two to three 

orders of magnitude greater than background stream and groundwater concentrations, even small leaks 

can result in significant loading. Current versions of the CAST model do not explicitly account for this 

sewer exfiltration load, resulting in it being misappropriated to other sources. We propose three possible 

frameworks and a hybrid approach for modeling SS exfiltration in Phase 7 of CAST which vary in terms of 

their requirements for data, expert judgement, and time.  

Option A 

Option A is developed to be entirely informed by existing literature and data and therefore does not 

require soliciting additional data from utilities. Exfiltration will be estimated per unit service area or per 

capita based on existing literature and applied to the SS service area of the Chesapeake Bay watershed 

(CBW), distributed to the developed LU within the service boundary. Initial literature review indicates 

0.15 – 1.76 lb N/acre/year from SS exfiltration (Delesantro et al., 2022; Nguyen and Venohr, 2021; Lerner 

and Halliday, 1994; Schiff et al., in prep) and additional literature review is advised. Conversion of 

literature reported values to areal exfiltration estimates or per capita estimates requires assumptions 

because different methods are used to estimate exfiltration in the literature including modeled or 

measured to stream, groundwater, or from pipe and values are often reported relative to pipe length or 

network exfiltration. 

Option B 

Option B is developed to require minimal data from wastewater utilities and leverages literature 

agreement on SS exfiltration per unit length of gravity fed pipe averaged over systems or catchments. 

While reported exfiltration of individual pipe lengths varies widely (9.5-1900 gal/day/km; Hoffman and 

Lerner, 1992; Ellis et al., 2009; Ellis and Bertrand, 2010; Schiff et al., in prep), reported or estimated 

exfiltration at larger scales shows better agreement (228-630 gal/day/km; Delesantro et al., 2022; 

Nguyen and Venohr, 2021; Lerner and Halliday, 1994; Schiff et al., in prep) likely due to pipe level 

variation averaging out over catchment or system scales. We propose to estimate service area 



exfiltration within the CBW based on literature of catchment or system level estimates and utility 

reported length of SS (1). 

𝐿𝑜𝑎𝑑 𝑒𝑥𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑒𝑑 =  𝐸𝑥𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 ∗ 𝐿𝑒𝑛𝑔𝑡ℎ 𝑆𝑆 (𝑔𝑟𝑎𝑣𝑖𝑡𝑦) ∗ 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑁&𝑃    (1) 

Where the exfiltration rate is in gal/year/km and estimated from literature review, the length of SS is 

reported by utilities for their gravity lines, and the concentration of N and P in raw WW is either reported 

by utilities or estimated from literature review. Exfiltration load can either be even distributed across 

developed land use within service boundaries, or more finely distributed by population density using the 

strong statical relationship demonstrated between population and sewer length (Delesantro et al., 

2021). 

Option C 

Option C is a placeholder for a spatially and temporally explicit model of SS exfiltration. Scientific 

literature has demonstrated that loading to streams and groundwater from SS exfiltration is spatially 

influenced by sewer hydrogeomorphic position (Delesantro et al., 2022; Hopkins and Bain, 2018) and 

spatial-temporal modeling of exfiltration has been  conducted with data on pipe location and 

characteristics, groundwater head, and soils (Nguyen and Venohr, 2021). These methods require 

extensive data and collecting and managing this data is resource intensive. Further development of 

Option C should be predicated on the potential availability of necessary resources.   

Option D 

This option is a hybrid approach where utilities or states may opt for Option A, B, or C depending on the 

data they can provide and the level of detail they want accounted in their exfiltration estimates. 

Option E 

No action. No estimation of sanitary sewer exfiltrated N and P load will be added to Phase 7 CAST 

modeling. 

 

Crediting Discharge Elimination 

Sanitary sewer pipe exfiltration discharge elimination can be credited as per protocols detailed in the 

Walch et al., (2014) report to the Watershed Technical Committee and copied below. This approach 

credits measured reductions from single pipe segment rehabilitation. 

“Sewer Pipe Exfiltration discharges can be credited under Protocol 2. It requires before and after flow 

metering in the pipe to determine the change in sewage exfiltration as a direct function of the sewer 

repair, based on the decline in flow rate associated with the capital project. While it is allowable to use 

the sewage concentration default values, the credit is also subject to a discount factor.  

Discount factors:  

• 50% if project is within 150’ of stream or within 10 feet of a lower elevation storm drain pipe,  

• 10% if project is greater than 150’ away from the stream or greater than 10’ feet from a lower 

elevation storm drain pipe to account for losses during groundwater migration” 

 



The working group may also consider a complimentary system or network scale crediting of 

management action. However, any new crediting may be subject to additional review. Here we provide a 

proposed example in which management action of utilities are accounted for as a percent reduction to 

exfiltration which is a function of the length of rehabilitated pipe (Figure 1). Precent reduction will vary 

from 0 to Y where Y will be informed by literature review and expert judgement. Initial literature search 

yielded a percent reduction of I/I and exfiltration after pipe rehabilitation of 36-70% (Staufer et al., 2012; 

Batman et al., 2011). The percent length of pipes rehabilitated within a service area (X) to achieve a 

percent reduction in service area exfiltration nearing the potential limit (Y) will again be informed by 

literature review and expert judgement. It is generally agreed that few pipes are responsible for most of 

the exfiltration and that pipe inspection and targeted rehabilitation are the most efficient management 

approach (Walch et al., 2014). The value of X and the characteristics of the curve should reflect and 

prioritize targeted rehabilitation. Finally, rehabilitation needs to be defined relying on literature search 

and expert judgement. Old pipes are more likely to have large leaks (Nguyen et al., 2021; Schiff et al., in 

prep) and pipe constructions have ASTM designated design lives, therefore defining rehabilitation as a 

management action within the last T years may be appropriate. 

 

 

 

References 

Batman, P. J., Shelton, J. W., & Travis, J. P. (2011, January). Holistic Sewer Rehabilitation—Measures of 

Effectiveness. In WEFTEC 2011 (pp. 2448-2461). Water Environment Federation. 

Bernhardt, E. S., Band, L. E., Walsh, C. J., & Berke, P. E. (2008). Understanding, managing, and minimizing 

urban impacts on surface water nitrogen loading. Annals of the New York Academy of Sciences, 1134, 

61–96. https://doi.org/10.1196/annals.1439.014 

Blackwood, D. J., Ellis, J. B., Revitt, D. M., & Gilmour, D. J. (2005). Factors influencing exfiltration 

processes in sewers. Water Science and Technology, 51(2), 147-154. 

Figure 1: Example method for 

estimating the reduction to 

exfiltration from sanitary sewer 

rehabilitation at system scales where 

values Y, X, and T will be informed by 

literature review and expert 

judgement. 

 

https://doi.org/10.1196/annals.1439.014


Delesantro, J. M., Duncan, J. M., Riveros-Iregui, D., Blaszczak, J. R., Bernhardt, E. S., Urban, D. L., & Band, 

L. E. (2022). The Nonpoint Sources and Transport of Baseflow Nitrogen Loading Across a Developed 

Rural-Urban Gradient. Water Resources Research, 58(7), e2021WR031533. 

Delesantro, J. M., Duncan, J. M., Riveros-Iregui, D., Blaszczak, J. R., Bernhardt, E. S., Urban, D. L., & Band, 

L. E. (2021). Characterizing and classifying urban watersheds with compositional and structural 

attributes. Hydrological Processes, 35(9), e14339. 

Ellis, J. B., Revitt, D. M., Lister, P., Willgress, C., & Buckley, A. (2003). Experimental studies of sewer 

exfiltration. Water Science and Technology, 47(4), 61–67. https://doi.org/10.2166/wst.2003.0221 

Ellis, J. B., Revitt, D. M., Blackwood, D. J., & Gilmour, D. J. (2004, July). Leaky sewers: assessing the 

hydrology and impact of exfiltration in urban sewers. In Hydrology: science and practice for the 21st 

century (pp. 266-271). British Hydrological Society. 

Ellis, J. B., Revitt, D. M., Vollertsen, J., & Blackwood, D. J. (2009). Sewer exfiltration and the colmation 

layer. Water Science and Technology, 59(11), 2273-2280. 

Ellis, B., & Bertrand-Krajewski, J. L. (2010). Assessing infiltration and exfiltration on the performance of 

urban sewer systems. IWA Publishing. 

Hoffman, J.M., Lerner, D.N., (1992) Leak free sewers – who needs them? Water Waste Treatment 

35(8):18–19 

Hopkins, K.G., Bain, D.J., (2018) Research note: Mapping spatial patterns in sewer age, material, and 

proximity to surface waterways to infer sewer leakage hotspots. Landsc Urban Plan 170:320–324. 

https://doi.org/10.1016/j.landurbplan.2017.04.011 

Lerner, D. N., Halliday, D., & Hoffman, M. (1993). The impacts of sewers on groundwater quality, 

Groundwater problems in urban areas. In Proceedings of the international conference organized by the 

Institution of Civil Engineers (pp. 2-3). 

Nguyen, H. H., & Venohr, M. (2021). Harmonized assessment of nutrient pollution from urban systems 

including losses from sewer exfiltration: a case study in Germany. Environmental Science and Pollution 

Research, 28(45), 63878-63893. 

Nguyen, H. H., Peche, A., & Venohr, M. (2021). Modelling of sewer exfiltration to groundwater in urban 

wastewater systems: A critical review. Journal of Hydrology, 596, 126130. 

North Carolina Department of Environmental Quality. (2008). Minimum design criteria for the permitting 

of Gravity sewers. Web. Retrieved from 

https://files.nc.gov/ncdeq/Water%20Quality/Surface%20Water%20Protection/PERCS/WCS%20%28Sewe

r%20Extension%29/MDCGS 

Rieckermann, J., Bareš, V., Kracht, O., Braun, D., & Gujer, W. (2007). Estimating sewer leakage from 

continuous tracer experiments. Water Research, 41(9), 1960–1972. 

https://doi.org/10.1016/j.watres.2007.01.024 

https://doi.org/10.2166/wst.2003.0221
https://doi.org/10.1016/j.landurbplan.2017.04.011
https://files.nc.gov/ncdeq/Water%20Quality/Surface%20Water%20Protection/PERCS/WCS%20%28Sewer%20Extension%29/MDCGS
https://files.nc.gov/ncdeq/Water%20Quality/Surface%20Water%20Protection/PERCS/WCS%20%28Sewer%20Extension%29/MDCGS


Rueedi, J., Cronin, A. A., & Morris, B. L. (2009). Estimation of sewer leakage to urban groundwater using 

depth-specific hydrochemistry. Water and Environment Journal, 23(2), 134–144. 

https://doi.org/10.1111/j.1747-6593.2008.00119.x 

Rutsch, M., Rieckermann, J., Cullmann, J., Ellis, J. B., Vollertsen, J., & Krebs, P. (2008). Towards a better 

understanding of sewer exfiltration. Water Research, 42(10-11), 2385-2394. 

Selvakumar, A., Field, R., Burgess, E., & Amick, R. (2004). Exfiltration in sanitary sewer systems in the US. 

Urban Water Journal, 1(3), 227-234. 

Staufer, P., Scheidegger, A., & Rieckermann, J. (2012). Assessing the performance of sewer rehabilitation 

on the reduction of infiltration and inflow. Water research, 46(16), 5185-5196. 

Walch, M., Brosh, M., Lilly, L., Tribo, J., Whitehurst, J., Brumbaugh, B., ... & Katchmark, W. (2014). 

Recommendations of the Expert Panel to Define Removal Rates for the Elimination of Discovered 

Nutrient Discharges from Grey Infrastructure FINAL PANEL REPORT. 

https://doi.org/10.1111/j.1747-6593.2008.00119.x

