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EXECUTIVE SUMMARY  

  
 

Point source nutrient control is on the horizon. The governors of Wisconsin and 
Minnesota have both agreed to reduce by 30% the total nitrogen load (nonpoint and point source 
combined) discharged to their state’s water bodies. The U.S. Environmental Protection Agency 
(U.S. EPA) has set the nutrient criteria, and the individual state agencies are beginning the 
standard setting process. In Ecoregion VI, whether by total maximum daily load allocations or 
other regulatory means, the ultimate standards will be near the U.S. EPA’s current ambient water 
quality criteria of 1.16–3.26 mg/L and 0.063–0.118 mg/L for total nitrogen (TN) and total 
phosphorus (TP), respectively (U.S. EPA, 2000). Although there are advanced treatment 
technologies that can reduce the nutrient load discharged from municipal and industrial point 
sources, there are no technologies, within reasonable economic limits, that will reduce the loads 
of phosphorus and nitrogen sufficiently to meet the criteria. Physical, chemical, and biological 
nutrient controls are capital intensive and require substantial annual operating and maintenance 
costs. 

 
To explore the economic relationship between wastewater treatment technology and 

treatment wetlands and to quantify the magnitude of wetland area needed, a case study was 
developed. This study has examined the seven water reclamation plants (WRPs) owned and 
operated by the Metropolitan Water Reclamation District of Greater Chicago (MWRDGC) and 
the potential use of restored wetlands within the Illinois River watershed. To compare these two 
treatment systems, cost functions were developed for the seven WRPs and for the treatment 
wetlands. These functions were based on the actual operating parameters and conditions of the 
WRPs and wetlands. Biological nutrient control, specifically the five-stage Bardenpho (with 
methanol addition), was assumed to be the advanced treatment technology used in upgrading the 
WRPs. The MWRDGC formulated the capital cost for a single WRP then applied the capital cost 
equations and design to its other WRPs.  

 
For the treatment plants, the derived monthly cost functions covered a treatment capacity 

of 3.4 to 1200 million gallons per day. Seasonal cost functions for nitrogen and phosphorus 
removal were developed based on land, pumping and restoration costs, and nutrient 
concentrations within the Illinois River (the effluent receiving stream). The outfall load from the 
WRPs determined the area of wetlands needed to remove the excess nutrient loads for two sets of 
WRP effluent standards (3.0 mg/L of TN and 1.0 mg/L TP; 2.18 mg/L TN and 0.5 mg/L TP). 

 
Given the physical, chemical, and biological processes governing natural systems, the 

winter months reflect the least efficient wetland treatment and establish the minimum land area 
necessary to treat the monthly MWRDGC demand. This wetland area is much larger than that 
required for treatment during the spring and summer seasons. As a result, surplus wetland 
acreage that could produce nitrogen and phosphorous credits for other emitters, such as power 
plants, would be available during the warmer months. On the other hand, during periods when 
less nutrient removal is needed, the operating conditions and costs at treatment wetlands could be 
curtailed. 



 On the basis of the cost functions, the load-weighted average and marginal costs for each 
treatment technology were determined. The average costs for the seven WRPs are $49,500/ton 
and $8,130/ton for TP and TN, respectively, for the higher criteria of 1.0 mg/L and 3.0 mg/L for 
TP and TN, respectively. The nitrogen cost estimate compares favorably with seven of the larger 
treatment plants tributary to the Long Island Sound, where the load-weighted average cost for 
TN removal was calculated to be $6,870/ton. In comparison, the load- and seasonal-weighted 
average costs for wetland treatment systems are $2,220/ton for TP and $2,250/ton for TN. 
Because the cost functions were determined to be linear, Y ($) =aX (tons of nutrient removed) + 
b, the average cost, Y/X = (a + b /X), is a declining function. Consequently, the greater the load 
treated the less the average cost. Still, within the conditions of the case study, the average cost of 
wetlands is substantially less than that for wastewater treatment plants. 

 
In this study, the marginal cost, or the price of removing the last ton of nutrient, is the 

cost value. Because the marginal cost is the first derivative of the cost function, “a” equals the 
marginal cost. After the first ton of removal occurs, the average cost curve declines whereas the 
marginal cost remains the same. Still, considering the marginal cost of the WRPs versus 
wetlands, wetlands have a lower cost by almost an order of magnitude. The load-weighted 
marginal costs for wetlands are $1,830/ton and $1,930/ton for TP and TN, respectively, whereas 
the load-weighted marginal costs for the seven WRPs are $16,000/ton and $3,410/ton for TP and 
TN, respectively. 
 

The overall annual cost of operating treatment wetlands is 51–63% less than the cost of 
constructing and operating conventional wastewater treatment plants. The savings could be even 
greater, 76–78%, if secondary markets for the surplus nitrogen and phosphorus credits could be 
developed.  

 
Despite the seasonality of nutrient removal by wetlands, wetlands proved to be the more 

efficient means of nutrient control. In addition, wetlands would provide other valuable benefits 
to the environment: flood control, wildlife habitat, recreational opportunities, and public 
education. Given this potential, the next step in this evaluation would be the development of pilot 
projects distributed across the country by ecoregions and climatic zones. These pilot projects 
would verify this study’s cost functions and research the most efficient operating regimen for the 
treatment wetlands. These pilot projects, at the same time, would afford environmental engineers 
and wastewater treatment plant operators the opportunity to become familiar with and learn how 
to manage treatment wetlands.
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CHAPTER 1.0 
 

INTRODUCTION 
 

1.1      Purpose and Objectives  
The purposes of this study were to assess the economic feasibility of using large-scale, 

restored wetlands to assist wastewater treatment plants (WWTPs) in meeting the U.S. 
Environmental Protection Agency’s (U.S. EPA) published criteria for nutrients, specifically, total 
nitrogen (TN) and total phosphorous (TP), and to evaluate the size of treatment wetlands needed. 
The assessment compares the cost of nutrient control by advanced wastewater treatment 
technology to that of wetland treatment technology. The comparison was based on several 
economic factors: annual operating costs, average costs, marginal costs, and present value. The 
economic analyses were defined and quantified based on a case study of the water reclamation 
plants (WRPs, which are equivalent to WWTPs) owned and operated by the Metropolitan Water 
Reclamation District of Greater Chicago (MWRDGC). In turn, these treatment plants were 
placed in the context of their watershed—the upper Illinois River—for the assessment of the cost 
to restore and operate wetlands as treatment systems. Comparing the costs of these two 
technologies was the first purpose of this study. 

The second purpose was to estimate the necessary area of treatment wetlands needed to 
meet the nutrient removal demand of the MWRDGC. For traditional wastewater treatment, land 
area is minimized at the expense of concrete, steel, energy, and labor. In contrast, wetland 
treatment is performed at the expense of land. Although the land requirements for traditional 
wastewater treatment are well established, little is known about the land requirements for a given 
nutrient load reduction under the rigorous, required operational conditions: 365 days a year, 
seasonal influences and flood inundation. These conditions have not been fully tested despite 
numerous studies (e.g., Hey et al., 1994; Kadlec, in press; Mitsch et al., 1999). Except for 
flooding, this study considers the entire range of critical conditions. 

 
1.2      Nutrient Water Quality Criteria and Standards 

For environmental reasons, the U.S. EPA issued criteria for the concentration of TN and 
TP in streams and rivers of the United States (U.S. EPA, 2000). The criteria, expressed in terms 
of concentrations, vary from ecoregion to ecoregion across the country. For the Midwestern 
states (Minnesota, Iowa, Missouri, Illinois, and Wisconsin) located in Ecoregion VI (Corn Belt 
and Northern Great Plains), the recommended criteria are 2.18 mg/L for TN and 0.076 mg/L for 
TP. These criteria levels are considerably less than the concentrations observed in the Illinois 
River today. The concentration of TN found in the Illinois River near Peoria often exceeds 6.8 
mg/L; TP concentrations often exceed 1.5 mg/L. State agencies, authorized tribes, and territories 
are mandated by the U.S. EPA to write and enact water quality standards or to adopt the 
recommended water quality criteria for the relevant ecoregion. 

The U.S. EPA’s concern over increasing nutrient concentrations relates primarily to the 
ecological health of the nation’s waters, although occasional concentrations of nitrate-nitrogen 
(NO3-N) may exceed the drinking water standard of 10 mg/L, which could lead to “blue baby 



syndrome.” Less extreme concentrations of nitrogen, yet considerably above the proposed 
criteria, are thought to cause cancer in humans (Weyer et al., 2001). In addition to nitrate, 
elevated phosphorus concentrations—typically a growth-limiting factor for freshwater algae—
can be responsible for nuisance algal blooms. Indicators of nutrient overenrichment include an 
overabundance of algae and macrophytes, low dissolved oxygen concentrations, fish kills, and a 
depletion of desirable flora and fauna. 

The effect of high nitrogen loads reaching the coastal waters is a global concern. 
Excessive nitrogen loads, conveyed by streams and rivers, are thought to cause hypoxia, or low 
dissolved oxygen, in the coastal ecosystems. In the Gulf of Mexico, for example, the 
overenrichment of nitrogen, mainly NO3-N, increases algal production. The decomposition of the 
dead algae leads to low dissolved oxygen concentrations (<2 mg O2/L) in the water column. 
During the late spring and early summer months, the uncharacteristically low dissolved oxygen 
levels force more mobile organisms (e.g., fish) to flee and kill less mobile organisms (e.g., 
shrimp). In either case, commercial fisheries are affected, as are biodiversity and the ecological 
health of the aquatic ecosystem. Before 1993, the hypoxia zone in the Gulf of Mexico averaged 
3000–3500 sq mi; however, the extent of the hypoxic area ranged from 6100 sq mi to 7700 sq mi 
between 1993–1999 (Rabalais et al., 1999; Rabalais, 2004).  

Although point source discharges, soil depletion, and atmospheric deposition contribute 
to the nutrient loading in the Mississippi River Basin, the majority of the aqueous nitrogen and 
phosphorus found in streams and rivers comes primarily from agricultural activities (Goolsby et 
al., 1999). The use of commercial fertilizers, the application of manure, and the production of 
legumes (e.g., soybeans) all contribute to increased concentrations of nitrogen. The efficient 
drainage systems now employed across agricultural landscapes hasten the movement of nitrogen 
and phosphorous into streams and rivers and reduce the ability of a tributary drainage system to 
retain or recycle these constituents (Hey, 2002). For example, in the less-urban areas of Illinois, 
where agriculture is the dominant land use, surface runoff and subsurface tile drainage is the 
most significant source of nitrogen (86%) and phosphorus (67%) loading, whereas, one-fifth of 
the nitrogen loading and two-thirds of the phosphorus loading in the Illinois River is from urban 
municipal and industrial effluent discharges (David & Gentry, 2000).  

To restore the health of our nation’s receiving waterbodies, the load reduction is 
enormous. To reduce the nitrogen load reaching the Gulf of Mexico to the pre-1900s 
concentration of 0.8 mg/1, the NO3-N load in the Illinois River would need to be decreased by 
80%, or 101,000 tons per year (Hey, 2002). If these load reductions are to be achieved, both 
point and NPS contributions must be greatly reduced. Although it might be argued that the 
criteria are exceedingly stringent, the need for a reduction in nutrient loads is obvious both in 
terms of the ecological integrity of the inland, freshwater ecosystems as well as that of the Gulf 
of Mexico. 
 
1.3      Nutrient Removal Technologies  

From a regulatory perspective, the easiest place to start the reduction of nutrients is with 
point source dischargers (i.e., municipal and industrial). The dischargers are regulated under the 
Clean Water Act, whereas nonpoint sources (NPS), such as agricultural runoff, are not regulated. 
Clearly, agricultural runoff is the largest source of nitrogen and phosphorous, but it defies 
conventional treatment because of its wide geographical distribution and highly variable flow 
and nutrient concentrations. On the other hand, point sources are easily identified and their 
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treatment technologies are well defined and tested, but expanding and upgrading the existing 
treatment plants will be extremely expensive. Perhaps the proposed technology, nutrient farming, 
could meet the nutrient management needs of both point sources and NPS. 

If the nutrient farming strategy proves technically, environmentally, and economically 
effective for point source control, the point source application could establish the principles and 
examples to lead the way to effective NPS control. But before the nutrient farming strategy is 
applied to the point source case, its effectiveness must be proven. This will require, ultimately, 
several large-scale pilot projects. First, the theoretical basis for these projects will need to be 
established. To start this theoretical development, the analyses set out in this report establish the 
economic principles for nutrient farming by comparing the economics of nutrient farming with 
conventional treatment.  

1.3.1 Conventional Treatment 
Any reduction in biological oxygen demand (BOD), total suspended solids, nitrogen, and 

phosphorus beyond the levels typically reached by secondary treatment is referred to as 
advanced treatment. Several advanced treatment technologies have been developed and used to 
lower nitrogen and phosphorus discharges: biological nutrient removal (BNR), chemical removal 
(metal salts or lime), and physical processes (membrane separation, ionic exchange, reverse 
osmosis, air stripping, filtration, etc.).  

Physical and chemical process (e.g., air stripping, ionic exchange) can remove nitrogen; 
however most systems used biological treatment for the removal of nitrogen. The biological 
treatment of nitrogen involves creating conditions for nitrification and denitrification either in 
suspended growth or fixed-film systems. Nitrification is an aerobic process in which bacteria 
oxidize ammonia to nitrate; denitrification is the conversion of nitrate to nitrogen gas. Although 
nitrification occurs in secondary treatment systems (e.g., activated sludge or trickling filters), 
existing systems can incorporate denitrification by including an anaerobic process after effluent 
nitrification. Because denitrifying bacteria depend on organic carbon for heterotrophic growth, 
methanol is often added. 

Although the final product in nitrogen removal can be a gas (N2), phosphorus removal 
depends on the conversion of the phosphate species to a particulate form and its subsequent 
removal by a solid removal process (i.e., sedimentation or filtration). Phosphorus can be 
removed by chemical precipitation using metal salts (e.g., ferric chloride, alum) or by cellular 
uptake and incorporation into bacteria biomass in excess of typical cell requirements. Although 
chemical addition is operationally simple and can achieve levels less than 0.1 mg/L TP (Reddy, 
1997), the use of chemicals is expensive and results in an increase in sludge production. 

It is generally accepted that biological nitrogen removal is more economically feasible 
than physical/chemical treatment methods; however, this is not necessarily the case for 
biological phosphorus removal, because the cost of enhanced biological phosphorus removal 
depends on influent water characteristics (BOD and TP) and removal method as specific 
environmental conditions must be created to enable specific bacteria to uptake large quantities of 
phosphorus (Reardon, 1994).  

Advanced treatment technologies can provide a reliable effluent under design flow 
conditions; however the use of this technology has ancillary issues. The necessary plant 
expansions and improvements will increase biosolid production and the issues surrounding 
biosolid disposal. The energy costs of a wastewater treatment facility are a major cost factor, 



typically 20–40% of the total annual operating budget (Water Environment Research 
Foundation, 2004). The electrical energy usage will increase, depending on the advanced 
treatment technology employed, as pumping demands will increase for aeration, nitrate 
recycling, and sludge return cycles. In turn, greater amounts of fossil fuel will need to be 
combusted to produce the energy. These carbon emissions, as well as the volatilization of 
methane and nitrous oxide from organic biosolid degradation, will increase the greenhouse gases 
emanating from the wastewater treatment process. 

1.3.1.1 Biological Nutrient Removal 
For this study, the BNR five-stage, modified Bardenpho (with methanol addition) 

treatment process was selected for the case study because the MWRDGC is investigating the use 
of this technology. The five-stage Bardenpho uses anaerobic/anoxic/aerobic-activated sludge 
environments, with the methanol supplying the carbonaceous energy for denitrification. This 
process can produce, after clarification and filtration, an effluent of 3.0 mg/L TN and 1.0 mg/L 
TP. These effluents are well above the U.S EPA’s Ecoregion VI criteria. If the Illinois EPA does 
not enact nutrient standards that are less stringent than the U.S. EPA criteria, additional treatment 
methods of processes will be necessary (e.g., chemical addition for enhanced phosphorus 
removal). 

1.3.1.2 MWRDGC Case Study  
The MWRDGC currently operates seven WRPs. The plants vary in design flow 

capacities, in treatment operation, and in the amount and type of nitrogen [NO3, NO2, and total 
Kjeldahl nitrogen (TKN)] and phosphorus loadings (Table 1-1). The design flows of the 
MWRDGC plants were from 3.4 million gallons per day (MGD) to 1200 MGD—the largest 
WRP in the world.  

 
Table 1-1. TN and TP Influent and Effluent Flow-Weighted Mean Concentrations in 2002. 

 

TN TP 
WRP 

Design 
Flow 

(MGD) 

Average Daily 
Flow 

(MGD) 
Influent 
(mg/L) 

Effluent 
(mg/L) 

Influent 
(mg/L) 

Effluent 
(mg/L) 

Lemont 3.4 2.17 42.6 16.0 5.5 2.69 
Hanover Park 12 8.18 45.5 11.0 5.3 2.79 
John E. Egan 30 23.8 46.7 15.4 7.0 3.14 
James C. Kirie 72 33.4 35.5 7.5 4.1 0.85 
North Side 333 250 30.5 9.8 3.4 1.33 
Calumet 354 237 35.6 9.2 7.1 3.20 
Stickney 1,200 683 47.0 10.8 6.2 1.25 

 
All seven plants operate conventional activated sludge treatment processes with 

nitrification to reduce ammonia and its toxic effects on receiving streams. Three of the plants—
Egan, Hanover Park, and Kirie—have a tertiary filtration stage before chlorination, whereas, 
secondary treatment (settling or clarification) is the final treatment stage for the four other plants. 
The percentage of nutrients removed, based on mass, varies among the plants. Among the plants, 
the average TN removal efficiency varies only modestly: The average for all seven plants is 72% 
(±6 %). The removal of TP varies more widely among the plants, from 48% (Hanover Park) to 
80% (Stickney). 
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Currently, there are no full-scale advance treatment processes for nutrient removal 
operating at any of the plants. Relative to the U.S. EPA nutrient criteria recommendations for 
Ecoregion VI, the WRPs are currently discharging effluents that are 3.4 to 7.3 times higher for 
TN and 11 to 43 times higher for TP. Consequently, the MWRDGC will need to upgrade its 
WRPs to achieve most any reasonable nutrient standard.  

 

1.3.2 Wetland-based Treatment 
1.3.2.1 Nutrient Removal in Wetlands 

If treatment wetlands are properly designed, constructed, and managed, their naturally 
occurring functions should provide an economically sustainable means for reducing the nutrient 
loads found in streams and rivers. In terms of improving water quality and erosion control, the 
value of wetlands is found in the inherent biogeochemical and physical processes that remove, 
transform, and sequester nutrients such as nitrogen, phosphorus, and carbon. These processes 
must be taken into consideration when designing treatment wetlands for nutrient removal.  

Influent nutrients, whether dissolved or associated with particulate matter, are removed 
from the water by a combination of physical, chemical, and biological processes driven by the 
hydrologic forces and catalyzed by the extant soils and plants. These processes may be affected 
by temperature, pH, presence or absence of oxygen, microbial communities, substrate carbon 
characteristics and concentrations, nutrient availability in soils and sediments, and substrate 
properties such as texture and structure (Reddy & Patrick, 1984; Crumpton et al., 1994; Phipps, 
1997). Physical transport processes include particulate settling and resuspension, diffusion of 
dissolved species, litterfall, plant uptake, sorption of soluble nitrogen on substrates, and 
volatilization (Kadlec & Knight, 1996).  

The transformation of nutrient species in wetlands occurs by the processes of assimilation 
(plant and bacterial uptake of phosphorus and nitrogen species), mineralization 
(ammonification), nitrification, denitrification, and nitrogen (N2) fixation. Three forms of 
nitrogen are important as respeciation takes place: nitrate and nitrite (oxidized), ammonia 
(reduced), and organic nitrogen (Norg), which is determined as the difference between measurable 
total TKN and ammonia-nitrogen (NH4-N). As emergent macrophytes produce large amounts of 
detrital carbon (e.g., Murkin, 1989), the high carbon-to-nitrogen ratio reflects a demand. The 
demand for additional nitrogen is met through assimilation or fixation (Bowden, 1987). Nitrogen 
assimilation is the biological process that converts inorganic nitrogen species, mainly NH4-N and 
NO3-N, into organic compounds used for cell and tissue growth (Kadlec & Knight, 1996). 
During growing seasons (spring and summer), plants uptake nitrogen; during the winter months, 
nitrogen can be released after senescence. In addition to plants and algae, microorganisms can 
assimilate nitrogen for growth. The energetically preferred nitrogen species, NH4

+, is readily 
incorporated by many autotrophs and microbial heterotrophs (Kadlec & Knight, 1996). Nitrogen 
fixation is an adaptive process that provides nitrogen for organism growth in conditions that are 
devoid of nitrogen. Atmospheric nitrogen gas that is diffused into solution is reduced to Norg by 
autotrophic and heterotrophic bacteria, cyanobacteria, and higher plants (Kadlec & Knight, 
1996). Typically, this process is not observed in treatment wetlands that receive nitrogen-laden 
waters. 

The overall effectiveness of wetlands as nitrogen sinks depends on NO3-N and the 
capacity of wetlands to remove nitrate by denitrification. Denitrification is the biological 
reduction of NO3-N to gaseous nitrogen species (i.e., N2, nitrous oxide, nitric oxide) under 



anaerobic conditions. Wetlands that receive significant and sustained nitrate loadings have 
demonstrated high rates of denitrification with more than 80% of the externally loaded nitrate 
lost through denitrification (Moraghan, 1993; Crumpton et al., 1994). Water depth in free surface 
water (FSW) wetlands needs to be controlled, as denitrification is limited in systems with low 
NO3-N availability in the sediments because of the low redox conditions associated with high 
water levels.  

Although there is not a dissipation pathway for phosphorus removal as there is for 
nitrogen (via denitrification), significant quantities of phosphorus are deposited, adsorbed, or 
used in wetlands (Richardson, 1985; Johnston, 1991; Walbridge & Struthers, 1993). Mainly the 
physical process of sedimentation removes particulate phosphate. Emergent and submerged 
vegetation facilitate the sedimentation of particles as the stems and leaves enhance the deposition 
of suspended sediments and phytoplankton by providing friction in flowing waters (Johnston, 
1991). The other dominant physical process for phosphorus removal is the sorption of soluble 
phosphorus. The sediment associated phosphorus can become available to the plant root system 
via desorption, reversed chemical binding, and porewater diffusion. Orthophosphate, the 
predominant inorganic form of phosphorus (PO4-P), accumulates readily in sediments and 
vegetation by adsorption and precipitation reactions (chemical bonding) or as a result of direct 
assimilation (biological uptake), respectively. For a range of wetland soils/sediments, 
phosphorus adsorption (aluminum and iron oxides and hydroxides) and phosphorus precipitation 
(aluminum, iron, and calcium phosphates) are thought to be the two processes by which the 
majority of phosphorus is removed for long-term storage (Richardson et al., 1988; Cooke, 1992; 
Walbridge & Struthers, 1993).  

Subsurface soils and associated plant tissues sequestered the majority of the phosphorus 
in natural and constructed wetlands. The short-term phosphorus storage and nutrient cycling 
provided by wetland biota are important processes that regulate net phosphorus retention in 
wetlands (Richardson & Craft, 1993; Kadlec & Knight, 1996); however, assimilation of 
phosphorus by biota (macrophytes, algae, bacteria) can be minor in comparison to the fraction 
retained by the sediments (Kim & Geary, 2001). The above-ground macrophyte biomass is 
generally replaced between 1 and 2 times per year in northern environments (Mitsch & 
Gosselink, 1993); however, overall plant biomass (live, standing dead, and litter) remains 
constant within a system across the seasons (Kadlec & Hammer, 1988). 

Although plant assimilation can incorporate a significant fraction of the TN and TP load 
in a wetland, it is a seasonal phenomenon. There are seasonal releases of assimilated nutrients 
back into the wetland system during the fall and winter months as nutrients are leached out from 
macrophyte tissues during senescence. The decomposition of the macrophytic leaf litter and 
microbiota is the primary means of accruing new sediment and soil material. The net 
accumulation of organic material and sediment particulates is 1–10 mm/yr (Kadlec & Knight, 
1996; Reddy et al., 1991). The accretion of new material is necessary for the continual removal 
of phosphorus and serves as the only sustainable storage mechanism for phosphorus removal.  

Several treatment wetlands have been successfully removing nutrients from rivers 
receiving urban runoff and municipal effluent. The Prado Basin Wetland, a 465-acre wetland 
located in Riverside County, California, has been receiving waters (up to 100 ft3/s) from the 
Santa Ana River since 1992. Primarily through denitrification, this wetland system has removed 
20 tons NO3-N per month and has recorded reductions in NO3-N concentrations from 10 mg/L to 
less than 1 mg/L during the summer months (Lund et al., 2000; Reilly et al., 2000). The San 
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Joaquin Marsh has been developed and used to treat urban runoff from the San Diego Creek 
Watershed. The 500-acre wetland, which receives 3.25–6.5 MGD from San Diego Creek, 
removes about 15 tons of nitrogen per year (Irvine Ranch Water District, http://www.irwd.com).  

Sound design and management practices will be necessary for optimizing nutrient 
removal throughout the year. Research will be needed to establish best hydraulic conditions (e.g., 
flow rates, depth, wetted surface, and residency time), soil characteristics, and plant community 
structures (Nungesser & Chimney, 2001). The effluent of treatment wetlands can meet regulatory 
standards; however, it depends on wetland size and nutrient loading rates. The removal processes 
have a finite capacity; therefore, once the capacity of these processes is exceeded, removal 
efficiency declines. Based on a survey of 141 treatments systems, the majority of the wetlands 
achieved effluent concentrations of 0.1–0.2 mg/L TP (Kadlec, unpublished data). Research and 
monitoring will be necessary to determine the nutrient load that can be safely assimilated and 
used, given the design conditions, without a negative effect on critical ecological structures and 
functions (Keenan & Lowe, 2001). A robust, diverse wetland should be able to respond 
positively to new and variable influxes of nutrients by readjusting storage capacities, pathways, 
and structures (Kadlec & Knight, 1996). 

 
 1.3.2.2 Nutrient Farms 

Nutrient farming is a strategy for developing and operating treatment wetlands. The term 
farming comes from the activity of growing wetlands to harvest nutrients and, as a related 
benefit, suspended solids and sediment. These are ecological functions that presettlement 
wetlands once performed. Wetlands were abundant in regions such as the Upper Mississippi 
River Basin (UMRB). In the past 200 years, three states (Illinois, Iowa, and Missouri) in the 
UMRB have drained 85–90% of their wetlands (Dahl, 1990). More than four million acres of 
wetlands have been destroyed in the Illinois River watershed (Dahl, 1990). Today, there is a 
greater appreciation of the important functions that wetlands played in this landscape, especially 
in terms of ability of wetlands to improve water quality.  

Nutrient farming is a strategy intended to provide the economic incentive for restoring a 
small, but critical, portion of the lost wetlands and, at the same time, reducing the nutrient load 
coursing this nation’s streams and rivers. The strategy involves converting, for example, low-
lying corn and soybean fields to wetlands. Nutrient-laden waters then would be diverted to and 
detained on the restored landscapes. The diverted waters would be returned to the stream after a 
portion of the nutrient load has been removed. Through this diversion process and with nutrient 
farms distributed along streams and rivers, the requisite nutrient load would be removed and the 
standard achieved. 

Restoring riverine wetlands is suggested as opposed to end-of-pipe constructed or 
artificial wetlands—manmade systems often situated in areas where wetland ecosystems never 
occurred. On the other hand, the use of large-scale treatment wetlands, or nutrient farms, is not 
feasible in highly developed, urban areas where land availability is limited and land costs are 
high or in highly productive agricultural areas. Locating the nutrient farms in downstream 
reaches allows the development and operation of larger farms, which can more effectively target 
larger flows (Crumpton, 2001). These restored wetlands could accommodate all nutrient-laden 
watershed waters originating from point source and NPS. In cases where the nutrient farm is 
located and operated some distance from the point of nutrient discharge, as is the case in this 
study, regulatory agencies will need to identify stream reaches where nutrient transport would be 
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the designated use. These reaches will likely be in highly modified channels (e.g., the Illinois 
Waterway) and removed from primary contact and drinking water uses. 

Developing and operating a nutrient farm would be fairly simple. First, drainage controls 
would need to be established. This might involve blocking drain tiles, constructing inflow and 
outflow weirs and, even, building pumping stations, which is contemplated in this study. The 
farm operator would record, on a daily basis, the influent and effluent loads and compute the 
difference. The mathematical result would represent the earned nutrient credits. The credits 
would be certified by the state, based on the operator’s Daily Monitoring Report and occasional 
site verification. Once the operator has received state certification, the credits could be sold on 
the open market or applied to an existing sales contract.  

The operator may be an individual, association (e.g., drainage district), corporation, or 
government agency (e.g., water reclamation district). The buyers could be other farmers, 
municipal and industrial dischargers, and those emitting nitrogen to the atmosphere, which 
ultimately falls back to the land’s surface, such as power plant and automobile owners. The 
relationship between seller and buyer would be left to their discretion except for the allowable 
nutrient load being emitted and the load removed. These conditions remain the purview of the 
regulating state agency. 

Certainly, nutrient farming will require the development of markets and rules of 
governance. Although neither is well defined at this point, they are clearly necessary to protect 
human health and the environment. They would provide for the exchange and certification of 
nutrient credits, generate farm income and capital for expanding and improving nutrient farms 
(i.e., increasing wetland resources), optimize the allocation of natural resources and, ultimately, 
internalize the cost of agricultural production. 

Once state, tribal, and territory agencies enact water quality standards, the total maximum 
daily load (TMDL) for nitrogen and phosphorus will establish the cap on nutrient loads. Point, 
and, one day, nonpoint, sources will be required to reduce, or at least not increase, their 
emissions of nutrients without buying nutrient credits. Nutrient farm industry would be 
responsible for removing the requisite load to maintain the relevant TMDL and meet the state 
standard. 
 
 1.3.2.3 Ancillary Benefits and Environmental Issues with Nutrient Farms 

Although the primary goal of nutrient farming is to improve water quality both in local 
watersheds and in distant coastal ecosystems, the restored wetlands will provide important 
ancillary benefits unavailable through the use of traditional treatment technology. These benefits 
include reduced flood damages; removal of suspended solids, heavy metals, pesticides, water-
borne pathogens; increased wildlife habitat and biodiversity; hiking, fishing, hunting, and bird-
watching recreational opportunities; alternative source of farm income; and climate moderation 
caused by carbon sequestration. The restoration of wetlands will offset the loss of this type of 
ecosystem, which is occurring at a rate of approximately 58,500 acres per year in the contiguous 
United States because of agricultural and urban, residential development (Dahl, 2000).  

Positioning treatment wetlands adjacent to rivers and systems will allow for the 
conveyance and storage of floodwaters through and on wetlands during periods of high flow. 
The storage of floodwaters may temporarily impair treatment potential; however, operational 
protocols can be developed and implemented to accommodate the floodwaters and the decrease 
in nutrient removal efficiency. Design and operation modifications have been accomplished in 
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existing floodplain treatment wetlands (Brunner et al., 1992). Further, controlled input and 
release of floodwaters can minimize damage to wetland control structures, pumps, and 
vegetation. 

At most locations, the restored wetlands will add needed habitat for waterfowl and 
wildlife otherwise not present in the immediate vicinity or local watershed. Waterfowl damage 
on very large wetlands is not deemed to be serious and control measures are thought to be 
undesirable. There are many major waterfowl (refuge) wetlands in North America, and these do 
not typically require management of herbivory. Many large “natural” wetlands function in an 
oscillatory balanced mode without ecosystem destruction. Bottom-foraging fish, such as carp, 
will likely be present sooner or later in the wetlands. Their presence can create disturbed 
sediments and turbid waters, which may impair nutrient removal processes. Depending on the 
effects on nutrient removal, control measures may need to be considered. It is the presumption in 
this analysis that hydraulic measures could serve this purpose (e.g., water draw-down and 
freezing). 

As with other shallowly flooded habitats, wetlands can potentially provide a breeding 
habitat for mosquitoes. Mosquitoes present a biting nuisance and a vector of diseases (e.g., West 
Nile virus) to livestock and humans; however, the actual occurrence of mosquito-related health 
problems associated with treatment wetlands is rare, especially in northern climates (Kadlec & 
Knight, 1996). In a properly designed and managed wetland, mosquito populations can be 
controlled by natural aquatic predators (e.g., dragonfly and damselfly larvae), maintaining 
constant water levels and avoiding high organic loadings. In addition, there is no known instance 
of an odor problem related to wetlands treating such low-strength wastewater. 
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CHAPTER 2.0 
 

CONVENTIONAL TREATMENT COST ANALYSIS 
 
 
 
2.1 BNR Nutrient Load Removal Calculations 

Because the Illinois EPA water quality standards for nitrogen and phosphorus have not 
been enacted, the total cost equations were structured to represent a range in TN or TP effluent 
limit. The modified five-stage Bardenpho achievable effluent limits of 3.0 mg/L TN and 1.0 
mg/L TP were considered the upper permissible water quality limits for the calculation of the 
mass of nutrients needed to be removed from the treatment plant effluent. In addition, the tons of 
TN and TP required to be removed to achieve stricter effluents limits (2.18 mg/L TN and  0.5 
mg/L TP) were calculated. These limits were chosen based on the Aggregate Ecoregion VI 
criterion for TN (2.18 mg/L) and the estimated achievable TP limit for the MWRDGC’s WRPs 
(0.5 mg/L). For the case study, the daily influent and effluent concentrations for each plant in 
2002 were used to determine the relevant loads. 

The load of TN and TP that needs to be removed by advanced treatment processes in 
order for each WRP to meet the design effluent limits was calculated by subtracting the mass 
load associated with the targeted effluent limit from the existing effluent load. The difference 
was termed the excess load. Mass load, in lb/day, was determined by multiplying the existing 
effluent concentrations or effluent limit value (mg/L) by the daily flow and a unit conversion 
factor of 8.34 [(lb l)/(mg 106 gal)]. The excess load was calculated on a daily basis for each 
WRP.1

Using 2002 data, the annual nutrient discharge, permissible loads and excess loads for the 
seven plants are presented in Tables 2-1 (TN) and 2-2 (TP). For all seven plants, the TN loads 
that need to be removed to achieve the 3.0 mg/L and 2.18 mg/L effluent limits are 13,700 and 
15,300 tons, respectively. Approximately 1270 and 2210 tons of TP need to be removed to 
achieve the proposed 1.0 mg/L and 0.5 mg/L TP effluent limits, respectively. Only the Kirie 
plant achieved the 1.0 mg/L TP limit. However, this plant was not operating at full capacity. In 
addition, the Stickney and North Side WRPs met the upper effluent limit for TP on several days 
in 2002. The excess monthly loads needed to be removed to achieve the 3.0 mg/L TN and 1.0 mg 
mg/L TP effluent limits were used in developing the total cost equations for the seven individual 
WRPs. 

 

 
1 Since the effluent data sets for each WRP were not complete for all the nutrient species of interest because of sampling 
protocols (5 days a week) or missing test samples, several daily concentrations had to be estimated. Single or consecutive 
missing data points were estimated based on the average percent removed from the raw influent water since the percent 
removed between influent and effluent is fairly consistent within a specific WRP. The average of the percent removed was 
calculated from the 5 days before and 5 days after the missing data point if the nutrient species was sampled 7 days a week. 
Otherwise, the average was calculated from the three days before the missing data point and the next three recorded 
measurements. The Stickney WRP did not have 20 consecutive TKN (TN = TKN + NO3-N + NO2-N) measurements for any 
treatment stage including the raw influent; therefore, the outfall concentrations were estimated from a correlation between 
effluent TKN concentration and the recorded daily flow. 



Table 2-1. Total Annual Nitrogen Load for 2002. 
3.0 mg/L Effluent Limit 2.18 mg/L Effluent Limit 

WRP 
Influent 

Load 
(tons) 

Existing Outfall 
Load 
(tons) 

Permissible 
Limit 
(tons) 

Excess 
(tons) 

Permissible 
Limit 
(tons) 

Excess 
(tons) 

Lemont 141 53.0 10.0 43.0 7.10 45.9 
Hanover Park 566 137 37.4 99.4 26.6 110 
John E. Egan 1690 558 109 449 77.4 481 
James C. Kirie 1800 380 152 227 109 271 
North Side 11,600 3,730 1,140 2,580 813 2,910 
Calumet 12,900 3,310 1,080 2,230 773 2,540 
Stickney 49,400 11,200 3,160 8,100 2,250 9,000 
Total 78,100 19,400 5,690 13,700 4,060 15,300 

 
 
 

Table 2-2. Total Annual Phosphorus Load for 2002. 

1.0 mg/L Effluent Limit 0.50 mg/L Effluent Limit 

WRP 
Influent 

Load 
(tons) 

Existing Outfall 
Load 
(tons) 

Permissible 
Limit 
(tons) 

Excess 
(tons) 

Permissible 
Limit 
(tons) 

Excess 
(tons) 

Lemont 18.1 8.90 3.30 5.60 1.60 7.20 
Hanover Park 66.5 34.8 12.5 22.3 6.20 28.6 
John E. Egan 254 114 36.2 77.5 18.1 95.6 
James C. Kirie 206 43.1 50.8  (7.61) 25.4 17.8 
North Side 1,300 506 380 126 190 316 
Calumet 2,570 1,160 361 795 181 976 
Stickney 6,550 1,300 1,052 247 526 773 
Total 11,000 3,160 1,900 1,270 948 2,210 

 
 
 

2.2 BNR Cost Estimates  
The costs presented in this report assume the use of the modified five-stage Bardenpho 

(with methanol addition) technology.2 The capital costs for upgrading the seven WRPs with the 
Bardenpho system have been estimated to be $1.51 billion (Table 2-3). This equates to a total 
present value cost of $2.51 billion.3  

 
 
 
 

                                                 
2 Should the MWRDGC be required to meet a new nutrient effluent limit, this particular biological nutrient removal technology 
may or may not be used; however, the estimated costs reflect what might be required. Still, the nutrient removal cost analysis is 
hypothetical and only serves to demonstrate the cost differences between wetland and in-plant treatment technologies. The five-
stage Bardenpho process is capital cost intensive, requiring extensive tankage, chemicals, and energy. Less capital-intensive 
options may be applicable for future nutrient standards, and these options would affect the cost comparisons. 
3 For present value calculation, interest rate was 4% and payment period was 50 years for the land and 20 years for the facilities. 
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Table 2-3. Advanced Treatment Capital and Operating and Maintenance (O&M) Costs. 
Advanced Treatment  

(five-stage Bardenpho Process)  (103 $) 
2002 O&M 

Costs  
Advanced 

Treatment  O&M2WRP 
Land Facilities1 Total  (103 $) (103 $) 

Lemont 158 5,940 6,100 794 397
Hanover Park 636 21,000 21,600 2,900 1,450
John E. Egan 951 40,200 41,200 4,930 2,470
James C. Kirie 924 96,500 97,400 6,780 3,400
North Side 4,080 235,000 239,000 22,100 11,100
Calumet 1,080 250,000 251,000 34,200 17,100
Stickney 3,670 847,000 850,000 78,800 39,000
Total 11,500 1,500,000 1,510,000 151,000 75,000

1  Includes 15% construction contingency, 15% construction overhead and profit, 15% of total construction  
 costs for engineering, legal, and administration. 

2 50% of total conventional treatment O&M costs as recommended in Zenz (2003).  
 

2.3 Annualized Treatment Costs  
For purposes of developing the cost equations, the annualized capital (facilities and land) 

and O&M costs for nutrient removal were computed (Table 2-4). The capital costs for six of the 
seven plants were based on the expansion costs at the Calumet WRP. Internal cost factors for 
small, medium, and large plants were derived by the MWRDGC and multiplied by the cost of the 
Calumet WRP; therefore, the listed capital costs do not take into consideration plant specifics, 
such as influent characteristics that can and will result in design/costs differences. Variations in 
the specific plants may require more capital upgrade than for others but, on average, the 
engineering estimates reflect the expected, average cost for the system as a whole. 

The MWRDGC researched multiple processes that would treat TN and TP 
simultaneously or separately to achieve the very low effluent levels of 3.0 mg/L and 0.50 mg/L, 
respectively. Based on this research, the MWRDGC selected BNR processes and allocated the 
total annualized costs between TN removal (60.4 %) and TP removal (39.6%) (Table 2-4). 

The O&M costs incorporated both the variable and fixed variable costs for labor, energy, 
chemicals, and supplies. The variable costs are those costs that fluctuate with changes in output; 
whereas, fixed variable costs are those costs that do not vary with the level of removal but would 
be eliminated if the process were to be shut down or negated (e.g., labor). The advanced 
treatment O&M costs were estimated under several different scenarios. Employing an average 
O&M cost ($0.854/1000 gallons) that incorporated power, chemical, and labor costs for BNR 
treatment (Reddy, 1998), the total annual O&M costs were from $17,800 to $102,000 per ton of 
nutrient (TN and TP combined) removed based on the less stringent effluent standards for the 
seven WRPs. With the minimum cost equation ($0.252/1000 gallons), the O&M costs calculated 
were from $5,200 to $30,100 per ton of nutrient removed. These costs estimates are for an entire 
BNR system that includes nitrification. The MWRDGC, based on its operating experience, 
estimates that Bardenpho O&M costs would add 50% to the current (2002) O&M cost, as 
reported in Zenz (2003) (Table 2-3). The O&M costs under this scenario were from $4,080 to 
$15,400 per ton of nutrient removed (both TN and TP) ($0.090–$0.320/1000 gallons). O&M 
costs of nitrogen removal were from $0.054–$0.200/1000 gallons. It should be noted that other 
cost estimate studies reported lower O&M costs for nitrogen removal at $0.040–$0.090/1000 
gallons (Moore et al., 2000) and $0.040–$0.076/1000 gallons (Bacon & Pearson, 2002). 



Table 2-4. Annualized Advanced Treatment Costs. 
 Costs (103 $) Allocation ($) 

WRP 
Land1 Facilities2 O&M Total  TN (60.4%) TP (39.6%) 

Lemont 3.66 432 397 830 502 330 
Hanover Park 29.4 1,520 1,450 3,000 1,810 1,190 
John E. Egan 44.0 2,920 2,470 5,430 3,280 2,150 
James C. Kirie 42.8 7,020 3,400 10,500 6,310 4,140 
North Side 189 17,100 11,100 28,300 17,100 11,200 
Calumet 50.0 18,200 17,100 35,300 21,300 14,000 
Stickney 170 61,600 39,400 101,000 61,000 40,100 
Total 529 109,000 75,300 184,000 111,000 73,100 

1 Annualized cost calculation based on n = 50 years, i = 4%. 
2 Annualized cost calculation based on n = 20 years, i = 4%. 
 

 

2.4 BNR Nutrient Removal Cost Equations 
For each plant, the daily advanced treatment cost was determined separately for TN and 

TP removal using the following equation: 
   

( )($) Costs O&M 
Tons Excess Annual

Tons ExcessDaily 
365

($) Cost Capital Annualized
  ($) Costs Trt Advanced ⎥⎦

⎤
⎢⎣

⎡+⎟
⎠

⎞
⎜
⎝

⎛=   (2.4-1) 

Because the annualized capital costs are independent of nutrient loadings, these costs 
were allocated evenly over 365 days. In contrast, the daily O&M costs depend on the nutrient 
loadings as operation parameters may change for low or high nutrient loadings; therefore, the 
annual O&M costs were allocated based on the fraction of tons removed daily. The daily costs 
were summed on a monthly basis. The monthly costs were graphed versus the corresponding 
monthly excess nutrient loadings. The total cost equation is the linear fit to the data: Y = aX + b, 
where Y is the nutrient removal cost expressed in dollars, a is the marginal cost ($/ton), b 
represents the monthly capital costs ($), and X represents the tons of nutrient (TN or TP) needed 
to be removed monthly to meet the permissible limit. Examples of the TN and TP cost functions 
for the Calumet WRP are presented in Figure 2-1. 

The individual monthly total cost equations for each WRP are listed in Table 2-5. The 
intercepts represent monthly capital costs. The slopes, or marginal cost, are a function of nutrient 
loadings and factors of treatment (e.g., labor, chemicals, and energy). The seven individual WRP 
cost equations were used to project the costs for the lower effluent limits of 2.18 mg/L TN and 
0.50 mg/L TP for each plant. The total annual advanced treatment costs for the two TN and TP 
effluent limits are listed in Table 2-6 and 2-7, respectively. The average cost is the total removal 
cost divided by the total tons removed. Because the cost equations are linear, the positive y-
intercept ($) of the total cost function ensures falling average costs ($/ton) as nutrient removal 
loads increase with the possibility of positive economies of scale. Because the average cost is 
decreasing, the marginal cost ($/ton) is less than the average cost at every level of removal.  
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Figure 2-1. Total Cost Curves for the Calumet WRP for TN Removal (top) and TP Removal (bottom ). 

 

The daily advanced treatment cost was modified for several of the WRPs that met the 
higher TP effluent limit. For several days in 2002, the effluent of the Stickney, Kirie, and North 
Side WRPs met or were below 1.0 mg/L TP. For these dates, mathematically, there were 
negative loads removed. Therefore, for the days the limit was met, only capital costs were 
considered in the monthly cost summation, as theoretically there would be no associated O&M 
costs. Only positive loads removed were used in the development of the cost equation. However, 
in the application of the cost equations to determine the total advanced treatment cost, the 
negative loadings were considered because the MWRDGC would save money and could use the 
extra removal to meet their overall monthly demand. As Kirie had an overall annual TP effluent 
less than 1 mg/L, the average cost is not applicable and is not given in Table 2-7. In general, the 
total and marginal costs for TP removal are significantly higher than TN costs because of the 
higher costs allocated to TP and the smaller mass that is removed. 
 

 

 



Table 2-5. Monthly Total Cost Equations for TN and TP Reduction. 

WRP TN Cost Equation1 TP Cost Equation1

Lemont Y = 6,390X + 18,900 Y = 30,600X + 13,200 
Hanover Park Y = 10,100X + 67,800 Y = 27,200X + 48,700 
John E. Egan Y = 3,130X + 156,000 Y = 14,300X + 87,000 
James C. Kirie Y = 10,100X + 335,000 Y = 152,000X + 232,000 
North Side Y = 2,810X + 819,000 Y = 29,300X + 557,000 
Calumet Y = 4,370X + 966,000 Y = 8,530X + 602,000 
Stickney Y = 3,070X + 3,020,000 Y = 36,600X + 2,000,000 

 1 X = load removed (tons), Y = Cost ($). 

 

Table 2-6. Estimated Annual Costs for TN Reduction. 
Total Annual Cost ($) Average Cost ($/ton) WRP 

3.0 mg/L 2.18 mg/L 3.0 mg/L 2.18 mg/L 
Marginal Cost1 

($/ton) 
Lemont 502,000 520,000 11,700 11,400 6,390 
Hanover Park 1,820,000 1,930,000 18,300 17,600 10,100 
John E. Egan 3,280,000 3,380,000 7,300 7,030 3,130 
James C. Kirie 6,310,000 6,730,000 27,800 24,900 10,100 
North Side 17,100,000 18,000,000 6,610 6,190 2,810 
Calumet 21,300,000 22,600,000 9,570 8,930 4,370 
Stickney 61,000,000 63,700,000 7,570 7,110 3,070 
Total 111,000,000 117,000,000       

1 Marginal cost independent of effluent limit. 
 
  

Table 2-7. Estimated Annual Costs for TP Reduction. 
Total Annual Cost ($) Average Cost ($/ton) 

WRP 
1.0 mg/L 0.5 mg/L 1.0 mg/L 0.5 mg/L 

Marginal Cost1 
($/ton) 

Lemont 331,000 381,000 59,000 52,900 30,600 
Hanover Park 1,190,000 1,360,000 53,400 47,600 27,200 
John E. Egan 2,160,000 2,410,000 27,800 25,200 14,300 
James C. Kirie2  1,620,000  5,480,000 NA 309,000 152,000 
North Side3 10,400,000 15,900,000 81,900 50,400 29,300 
Calumet 14,000,000 15,500,000 17,600 15.900 8,530 
Stickney3 33,100,000 52,000,000 134,000 67,700 36,600 
Total 63,000,000 93,000,000       
1 Marginal cost independent of effluent limit. 
2 Kirie met the 1.0 mg/L TP effluent limit for based on monthly totals and had a negative excess load total (Table 2-2). 
3 North Side and Stickney met the 1.0 mg/L TP effluent limit some days in 2002. 
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CHAPTER 3.0 
 

WETLAND TREATMENT COST ANALYSIS 
 

 

3.1 Wetland Nutrient Removal Calculations 
3.1.1 Nutrient Loads 

For purposes of this analysis, a unit treatment wetland was devised, cost parameters were 
estimated, and cost equations were developed. The unit wetland was assumed to comprise 1500 
acres and to be located on the floodplain of the Illinois Water (River), approximately 130 miles 
downstream of the MWRDGC service area in north-central Illinois. The monthly nutrient 
concentrations and water temperatures used in the case study were taken from the Illinois River 
at Ottawa, Ill. (U.S. Geological Survey Station # 05553500). Table 3-1 presents the monthly 
values. The nutrient and water temperature data for 2 months (September and November) were 
estimated because the data were not reported. The average of the data for the month before and 
month after was used to estimate the missing values.  

 
Table 3-1. Monthly Wetland Input Parameters. 

Month Season Temperature 
(°C) 

Inlet TN  
Concentration1

(mg/L) 

Inlet Nitrate + Nitrite 
Concentration1

(mg/L) 

Inlet TP 
Concentration1 

(mg/L) 
k (TP)2

(m/yr) 

Jan Winter 2.1 6.40 5.00 0.73 7.0 
Feb Winter 3.2 8.50 7.10 0.35 9.0 
March Spring 7.3 7.29 6.29 0.35 7.5 
April Spring 15.8 6.46 5.36 0.37 30.1 
May Spring 22.5 5.10 3.70 0.56 22.7 
June Summer 25.0 8.63 7.33 0.36 19.1 
July Summer 29.2 5.10 4.12 0.54 12.4 
Aug Summer 26.0 4.32 3.33 0.74 13.6 
Sept Autumn 20.9 4.35 3.30 0.79 15.8 
Oct Autumn 15.8 4.37 3.27 0.83 21.6 
Nov Autumn 11.6 5.09 4.18 0.62 21.8 
Dec Winter 7.4 5.81 5.10 0.41 10.2 

1 2001USGS water quality data for Illinois River at Ottawa, Ill. (USGS Station #05553500). 
2 Rate constant for phosphorus removal ( Kadlec, unpublished data.). 
 
 

3.1.2 Monthly Removal Calculations 
A FSW wetland model that assumes wetlands behave like well-mixed units in series was 

developed to determine the removal of TN and TP. The conceptual configuration for the 1500-
acre unit wetland, or nutrient farm, had three compartments perpendicular to flow. Each 
compartment was divided into two interior cells. Two interior levees formed the three 
compartments with each interior levee containing two redistribution structures to provide 



multiple flow paths. Wetlands are more efficient if operating closer to plug flow (i.e., with many 
tanks in series). 

Mesocosm and field investigations support the assumption that nutrient removal is best 
represented by a first-order relationship (Crumpton et al., 1993; Kadlec & Knight, 1996; Spieles 
& Mitsch, 2000). Monthly removals of TN and TP were defined by the following general 
equation, 

( )⎟⎠
⎞⎜

⎝
⎛ +

−
= Nq

kCC N
N

ie 1  (3.1.2-1) 

    
where Ce = outlet concentration (mg/L), 
  Ci = influent concentration (mg/L), 

kN = first order areal rate constants for N continuously stirred tank reactors (m/yr), 
q = hydraulic loading rate (m/yr),  
N = number of well-mixed units assumed (in this model, N = 2).  

  
Total nitrogen is composed of ammonia (NH4-N), nitrate plus nitrite (NO3-N+NO2-N), 

and organic forms (Norg). However, ammonia is present at only relatively low levels in the 
Illinois River at the assumed point of treatment, averaging about 1.11 mg/L. Therefore, only 
organic and oxidized (nitrate + nitrite) forms are considered further. The amount of  Norg in the 
Illinois River is also very small, and is assumed to be negligible. The wetland is expected to 
generate Norg at a concentration of about 1.5 mg/L. 

The rate constant for nitrate removal was determined by k = k20 *Θ (temperature –20); 
whereas, the rate constants used for phosphorus removal are listed in Table 3-1. After a period of 
initial adaptation, the rate of phosphorus removal may change. During the adaptation period, the 
sequestration of phosphorus species is by existing soil. Once the soil becomes saturated, 
sustainable removal of phosphorus is from particulate settling and accretion in newly formed 
sediments. The design calculations used in this study pertain to this long-term stable operation 
and are based on data from 141 systems that all receive concentrations less than 1.0 mg/L TP 
(Kadlec, unpublished data). Wetlands located in cold climates can consistently retain phosphorus 
in amounts of 0.1–6 g m-2 yr-1 (Kadlec & Knight, 1996).  
 

The removal rate is determined from the difference between the influent concentration 
and the calculated outlet concentration multiplied by the hydraulic loading rate,  

 

    (3.1.2-2) ( )qCeCi 3.65yr 1m g 2-Rate Removal −=−
⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

where q = hydraulic loading rate (cm/day), 3.65 is the unit conversion factor. 

  
For TN the difference between influent and outlet concentrations in the removal rate 

calculation (Eq. 3.1.2-2) was calculated as the removal of oxidized nitrogen, plus a 1.5 mg/L 
gain in Norg,  
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The total mass removed for TN and TP was determined as, 

( ) 047143 −−= E.*EA*yr 1m g 2- rate Removal  (tons) removal Load  (3.1.2-4) 

where EA = effective area (acres), 3.714E-04 is the unit conversion factor. 

The unit design calculations presume that only two-thirds of the area is effective at any 
one time. This allows for a conservative estimate of nutrient removal and accounts for any 
animal “damage” to vegetation that is likely to occur. The presence of emergent plants is 
important as they assist in the settling of suspended sediment and provides the surface area for 
microbial biofilm growth.  

In this study, the excess loads, which need to be removed to meet the criteria for the 
seven MWRDGC WRPs, and the in-stream concentrations, at the wetland site were used to 
determine the total wetland area. Because the models used to forecast performance respond to 
changes in hydraulic loading and temperature on a monthly basis, the required area varied with 
these parameters. Consequently, at low temperatures, the land requirements were greater and, in 
fact, in December and January, land requirements were the greatest. Also, the land requirements 
would have been greater if it had been assumed that the wetland effluent needed to meet the in-
stream water quality standards. In this regard, the treatment wetland only was required to remove 
the requisite load.  

 

3.2 Wetland Cost Estimates 
A large database exists on wetland performance in the context of treatment wetlands 

(Kadlec & Knight, 1996). There is a firm basis for wetland biogeochemistry and treatment 
wetland design. The wetland cost and nutrient removal parameters used in this case study were 
determined based on treatment wetland literature, practical experience in the construction and 
operation of treatment wetlands in the Midwest and Florida, and construction and restoration 
costs of large-scale wetlands in Illinois. The parameters used in the model are listed and defined 
in Table 3-2.  

The calculated costs were based on land, wetland restoration, hydraulic controls, and 
O&M. The costs associated with pumping and water distribution have been minimized because 
the nutrient-rich water is already being discharged to the river system. Inflow and outflow pumps 
were assumed necessary. The pumps would be located on the external levee, between the river 
and the wetlands, and would control the hydraulic loading into and through the nutrient farm. 
The capital cost for large scale pumping stations can account for a third or more of the total 
project cost (Kadlec, in press); therefore, if gravity flow can be used, actual pumping costs could 
be less than those assumed in this study. The capital cost for pumps was determined by the 
equation, 

 
75,000  3,500X  ($) Costs Capital +=       (3.2-1)  

 
where X = pumping capacity, cfs. 



The annual energy cost for pumping, either at the inlet or outlet, was based on a static 
head of 10 feet, and an energy price of $0.183/kWh, 

1,357.7X  ($) CostsEnergy  Annual =       (3.2-2) 
where X = pumping capacity, cfs. 

  

A pump efficiency of 80% was taken into consideration within the wetland model 
calculations. The pumping capacity for a given land size was assumed to be,  

0.06L  (cfs)Capacity  Pumping =       (3.2-3)  
where L = land size (acres). 
 

 
Table 3-2. Wetland Model Parameters and Assumptions for the Wetland Cost Curve Calculations. 

Parameter 
Category Parameter Variable Value Definition/Equation 

Depth h 2.0 ft   
Nitrogen rate constant  
(20°C) 

k20 35.0 m/yr (Kadlec & Knight, 1996) 

Temperature factor θ 1.09 (Kadlec & Knight, 1996) 
Percent vegetated  F 0.67   
Effective Area EA 67% Equation: EA = F * 100 % 
Compartments C 3  
Compartment Efficiency N 2   

Wetland 
Basic 

Hydraulic Efficiency NC 6  NC = N*C*land area 
Grading Fraction G 1.00  Fraction of effective area that requires grading 
External Levee Length   0.0017 miles/acre   
Internal Levee Length   0.00058 miles/acre  

Wetland 
Construction 

Redistribution Structures   4  
Pumping Stations   2   
Capital Cost     Equation: Cost = 3500 * pumping capacity +  

75,000 
Pumping Capacity     Equation: Capacity (cfs) = 0.06 cfs/acre * area 
Energy Cost   0.183 $/kWh   
Annual Energy Cost     Equation: Cost = 1357.7*pumping capacity  

Pumping 

Energy/Pumping Efficiency   80%   
Land    $2,200/acre   
Grading   $500/acre   Based on effective area 
External Levee   $792,000/mile   
Internal Levee   $500,000/mile   
Roads/Construction   $6.67/acre Based on $10,000/1500 acres 

Land Capital 

Structures   $10,000/each   
Personnel   $16,000 $40/h @ 400 h/yr for 1500 acres 
Sampling/Testing   $ 5,000 Based on 1500 acres 
Materials & Supplies   $ 5.33/acre  Other Costs 

Contingency   10% Of total capital cost (land and pumping) 
Nutrient Cost

Allocation % Allocation   91% N, 9% P Based on an approximate per mass basis 
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3.3 Wetland Cost Equations  
The addition of downstream nonpoint sources to the wetland hydraulic loading may 

decrease or increase the “evenness” of the wetland influent concentrations. If there were no 
additional sources, then the variations in point source effluent would affect the load removed 
and, consequently, the wetland outlet concentrations. The model was used to forecast 
performance response to changes in hydraulic loading and temperature on a monthly basis. In 
this study, the excess loads that needed to be removed to meet the total monthly demand of the 
seven MWRDGC WRPs were used to determine the total wetland area. If the wetland effluent 
has to meet the in-stream standard, the required wetland area would be larger than stated.  

The total wetland area and associated costs were scaled up from the unit size of 1500 
acres. The total annualized cost (farm land purchase, capital improvements, and O&M) was 
allocated evenly over 12 months regardless of loading rate or removal requirements (Table 3-3). 
A cost equation was constructed for each season (Table 3-4). The cost allocation between 
nitrogen and phosphorus removal (91% and 9%, respectively) was based on the approximate 
mass of each nutrient removed within the wetland. 

Table 3-3. Annualized Costs for the Model 1,500-Acre Wetland. 
Category Item Payment Period1 (years) Costs2 ($) 

Purchase 50 154,000 Land 
Salvage 50 (21,600) 
External Levee 50 104,000 
Internal Levees 20 35,000 
Control Structures 20 3,240 
Roads 20 809 

Land Improvements 

Grading 50 25,600 
Pumping Capital Pumping Stations 20 63,100 

Labor and Supplies NA 29,000 O&M 
Electricity NA 122,000 

Total     515,000 
 1 Interest at 4%. 
 2 Includes contingencies, except for land purchase. 

 

The seasonal total cost equations were derived from the linear regression of the 
annualized monthly costs versus the monthly removal of nutrient (TN or TP) for different sized 
nutrient farms (Table 3-4). Graphical representations of the four seasonal curves for TN and TP 
removal are presented in Figure 3-1.  

 
Table 3-4. Total Cost Equations for TN and TP Removal in Wetlands. 

Season TN Cost Equation1 TP Cost Equation1

Winter Y = 2,740X + 650,000 R2 = 0.855 Y = 2,350X + 96,000 R2 = 0.784 
Spring Y = 1,990X + 239,000 R2 = 0.946 Y = 2,610X + 99,000 R2 = 0.776 
Summer Y = 960X + 1,700,000 R2 = 0.619 Y = 1,590X + 123,000 R2 = 0.722 
Autumn Y = 3,000X + 108,000 R2 = 0.976 Y = 1,400X + 17,500 R2 = 0.960 

1. X = load removed (tons), Y = Cost ($). 
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Figure 3-1. Total Cost Curves for the Treatment Wetland for TN Removal (top) and TP Removal (bottom ). 
 

In this case study, the wetlands were operated at a constant hydraulic loading throughout 
the year; however, during periods when the concentrations of nitrate are high in the source water 
(i.e., spring) the hydraulic loading could be increased to increase the mass of NO3-N removed. 
The overall concentration reduction would be less, as there is a trade-off between removal 
efficiency and load reduction. Under the parameters used in this model, the highest removal 
efficiency is in summer for TN (77%) and spring and autumn (58%) for TP (Table 3-5). The 
lowest removal efficiencies were in January for both TN (27%) and TP (33%), hence January is 
the critical month in determining the wetland area needed to meet the monthly demand of the 
MWRDGC.  
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Table 3-5. Nutrient Loads Removed and Removal Efficiency for Model Wetland. 

TN TP 
Month Hydraulic 

Loading 
(cm/d) 

Outlet 
Concentration 

(mg/L) 

Loads 
Removed 

(tons) 

Removal 
Efficiency 

(%) 

Outlet 
Concentration 

(mg/L) 

Loads 
Removed 

(tons) 

Removal 
Efficiency 

(%) 
Jan.1 4.4 4.7 10.17 27 0.48 1.50 35 
Feb. 4.4 5.8 15.81 32 0.22 0.79 38 

March 4.4 4.6 15.65 36 0.20 0.87 42 
April 4.4 2.9 21.20 56 0.20 0.99 45 
May 4.4 1.9 18.95 63 0.29 1.59 48 
June 4.4 2.0 39.13 77 0.18 1.08 51 
July 4.4 1.6 20.56 68 0.25 1.71 54 
Aug. 4.4 1.7 15.54 61 0.32 2.45 56 
Sept. 4.4 1.9 14.17 55 0.33 2.71 58 
Oct. 4.4 2.3 12.01 47 0.33 2.97 61 
Nov. 4.4 3.1 11.96 40 0.23 2.29 63 
Dec. 4.4 4.0 10.51 31 0.15 1.56 65 

 

Because nitrate reduction by denitrification is microbially mediated, nitrate removal is 
highest in the summer and spring months in comparison to the colder seasons. In addition to 
denitrification, nitrogen is removed by plants. The plants use ammonium for growth during the 
spring and summer months, and have a secondary reliance on NO3-N. Because the influx of 
NO3-N into the Illinois River is seasonal, peaking in the spring, the maximum removal is 
necessary during this time. Typically, phosphorus removal is highest in the spring as phosphorus 
is used in new plant growth and lowest during the fall as biomass decomposition returns 
phosphorus to the system. In this particular case study, the removal of phosphorus was highest in 
the fall because of the higher incoming water concentrations for the months of September, 
October, and December. In general, the removal of nitrogen or phosphorus is greater with higher 
incoming concentrations. The effluent concentrations in this study were 0.15–0.48 mg/L (TP) 
and 1.6–5.8 mg/L (TN). 

The cost of treatment wetlands depends on the amount and complexity of pumping, 
distribution, control structures, site preparation, and land costs. The costs are much lower for a 
wetland within the levee district on the Illinois River as only minimal site grading would be 
necessary. The location, natural topography and hydrology, existing seed bank for vegetation re-
establishment, and existence of an external levee will help to alleviate these costs. The straight 
cost for the unit treatment wetland is approximately $4,860 per acre. Mitsch and Gosselink 
(2000) placed the cost of a 1500-acre wetland at $3,000 per acre and a 3000-acre wetland at 
$2,100/acre. Based on the itemized analyses in this case study, these published estimates are 
relatively low. 
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CHAPTER 4.0 
 

COST COMPARISONS BETWEEN TRADITIONAL AND 
WETLAND NUTRIENT MANAGEMENT 

 
4.1 Monthly Cost Comparison 

Using the cost equations, seasonal costs tables were constructed (Tables 4-1 and 4-2). 
These costs reflect the influent and effluent characteristics of the seven MWRDGC wastewater 
treatment plants, the characteristics of the nutrient load in the Illinois River, and the seasonal 
performance of the treatment wetlands. 

As described above, the performance of the treatment wetlands was seasonally derived; 
consequently, the required land area and costs were calculated for each month in the season. 
Based on the less stringent standards (3.0 mg/L TN and 1.0 mg/L TP), the wetlands removed, on 
an annual basis, 25,900 tons of nitrogen at a cost of $58,200,000 (Table 4-1). On the other hand, 
the WWTPs only produced 13,700 tons of nitrogen above the standard. The cost to remove 
precisely this amount via wetlands would be $37,600,000. A similar situation exists for TP 
(Table 4-2).  

 

Table 4-1. Monthly Comparison of Excess TN Removal and Costs (103 $) for 189,000 Acres, which 
Meets the Limit for 3.0 mg/L TN and 1.0 mg/L TP (Controlling Parameter). 

TN 
Wetland Removal WRP Requirement 

TN Extra Credits 
Month Season 

Tons Cost (103 $) Tons Wetland Cost (103 $) Tons Value (103 $) 
Jan1 Winter 1,280 4,160 1,190 3,920 90 247 
Feb Winter 1,990 6,110 1,190 3,910 810 2,210 
March Spring 1,970 4,160 1,460 3,130 510 1,020 
April Spring 2,670 5,540 1,220 2,670 1,450 2,870 
May Spring 2,390 4,980 1,150 2,520 1,240 2,460 
June Summer 4,930 6,450 1,100 2,760 3,830 3,690 
July Summer 2,590 4,200 1,100 2,770 1,490 1,430 
Aug Summer 1,960 3,590 1,140 2,810 810 784 
Sept Autumn 1,790 5,460 1,030 3,200 750 2,260 
Oct Autumn 1,510 4,640 1,050 3,260 460 1,380 
Nov Autumn 1,510 4,620 955 2,970 550 1,650 
Dec Winter 1,320 4,280 1,100 3,670 220 614 
Total   25,900 58,200 13,700 37,600 12,220 20,600 
 1 Critical month in determining the wetland area needed to meet the monthly removal requirement for the controlling 

parameter (TP).  
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Table 4-2. Monthly Comparison of Excess TP Removal and Costs (103 $) for 189,000 Acres, which 
Meets the Limit for 3.0 mg/L TN and 1.0 mg/L TP (Controlling Parameter). 

TP 
Wetland Removal WRP Requirement 

TP Extra Credits 
Month Season 

Tons Cost (103 $) Tons Wetland Cost (103 $) Tons Value (103 $) 
Jan1 Winter 189 540 188 538 0 0 
Feb Winter 100 331 97 323 3 8 
March Spring 109 384 61 258 50 126 
April Spring 124 423 6 115 120 308 
May Spring 201 623 18 145 180 477 
June Summer 136 340 76 244 60 96 
July Summer 215 466 136 339 80 127 
Aug Summer 309 615 122 317 190 298 
Sept Autumn 341 494 139 211 200 282 
Oct Autumn 374 540 162 243 210 296 
Nov Autumn 289 421 148 224 140 197 
Dec Winter 197 560 114 365 80 195 
Total   2,580 5,740 1,270 3,320 1,320 2,410 

1 Critical month in determining the wetland area needed to meet the monthly removal requirement for the controlling 
parameter (TP). 

 

Because the required land area was based on meeting the total monthly demand during 
the coldest month of the year, the annual masses of TP and TN removed were well beyond the 
MWRDGC’s need. For example, 189,000 acres of wetland are required to meet both the 3.0 
mg/L TN and 1.0 mg/L TP standard, so that the demand of the critical month, January, is met; in 
most cases, phosphorus removal is the controlling parameter. If treatment wetlands of this area 
were operated, they would remove 12,200 extra tons of TN (25,900 tons removal minus the 
WRP requirement of 13,700 tons). The extra tons and costs for each standard are summarized in 
Table 4-3. 

The nutrient farm operator could reduce pumping during the noncritical periods, thereby 
reducing his operating costs. Alternatively, the farmer could continue to remove the excess 
nutrients and sell the surplus to other WWTPs or to other sources that need to reduce their 
emissions, such as agriculture, energy producers and manufacturing.  

 
Table 4-3. Summary Table of Nutrient Removal (tons) and Cost (103 $) for Wetlands and Conventional Treatment. 

Wetland Removal WRP Requirement Extra Tons and Credits Nutrient Limit 
(mg/L) 

Land Size 
(acres) Tons Cost (103 $) Tons Cost (103 $) Tons Cost (103 $) 

3.0 TN 176,000 24,100 54,800 13,700 37,600 10,400 17,200 
2.18 TN 193,000 26,500 59,300 15,300 41,000 11,100 18,300 
1.0 TP 189,000 2,580 5,740 1,270 3,320 1,320 2,410 
0.5 TP 322,000 4,400 9,100 2,210 5,250 2,190 3,810 

 

The total costs and present values for WRPs and wetlands are presented in Table 4-4. To 
achieve the two sets of effluent limits (3.0 mg/L TN and 1.0 mg/L TP, 2.18 mg/L TN and 0.5 
mg/L TP), 189,000 and 322,000 total acres of wetland are needed. Even with this land 
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requirement, employing the use of wetlands instead of advanced treatment processes to meet 
regulatory nutrient loadings would result in an annual savings from 63% to 51%, depending on 
the standard. There is fewer savings for the more stringent standards because more land is 
required to achieve the 0.50 mg/L TP standard. If the extra credits produced in the wetlands were 
sold at cost, the savings would increase to 76% and 78%, depending on the standard (Table 4-5). 
In this case, there is a greater savings at the lower standard limits because of the increase in the 
number of available nitrogen credits for the larger wetland size requirement. 

 
Table 4-4. Total Annual and Present Value Cost Comparison (103 $). 

Total Cost (103 $) Present Value3 (103 $) Criteria Limit 
Wetland Total1 WRP Total2 Savings Wetland Total WRP Total Savings % 

3.0 mg/L TN 
1.0 mg/L TP  63,900 174,000 110,000 870,000 2,370,000 1,500,000 63 

2.18 mg/L TN 
0.50 mg/L TP 103,000 211,000 108,000 1,390,000 2,860,000 1,470,000 51 

1 For land purchasing costs and salvage value n = 50 years, i = 4%; land improvements (grading, levee construction, roads) 
and pumping capital: n = 20 years, i = 4%. 

2 For land costs: n = 50 years, i = 4%; capital costs n = 20 years, i = 4%. 
3 n = 20 years, i = 4%. 

 
Table 4-5. Total Annual and Present Value Cost Comparison, Including Sale of Extra Credits (103 $). 

Total Cost (103 $) Present Value3 (103 $) 
Criteria Limit 

Wetland Total1 WRP Total2 Savings Wetland Total1 WRP Total Savings % 
3.0 mg/L TN  
1.0 mg/L TP  40,900 174,000 133,000 556,000 2,370,000 1,810,000 76 

2.18 mg/L TN 
0.50 mg/L TP 46,000 211,000 164,000 629,000 2,860,000 2,230,000 78 

1 For land purchasing costs and salvage value n = 50 years, i = 4%; land improvements (grading, levee construction, roads) 
and pumping capital n = 20 years, i = 4%. 

2 For land costs: n = 50 years, i = 4%; capital costs: n = 20 years, i = 4%. 
3 n = 20 years, i = 4%. 

 

4.2 Marginal Cost Comparison 
The marginal costs for nutrient removal are given in Table 4-6. The marginal cost 

represents the price paid, or cost incurred, to remove the next ton or the last ton of nutrient. 
Because the cost functions were found to be linear, the marginal costs of the WRPs were the 
same throughout the operating range. On the other hand, marginal costs of wetlands vary from 
season to season but the intra-seasonal marginal costs were found to be liner. For example, the 
marginal cost for removing a ton of nitrogen in the winter would be $2,740, whereas in the 
summer it would be $960. The marginal cost for wetlands was $960–$3,000. This range, of 
course, depended on temperature as well as the influent nutrient concentrations to the wetland. 
The lower the concentration, the higher the marginal cost of treatment. Similarly, the lower the 
water temperature, the higher the marginal cost. Marginal cost at the WRPs did not vary 
seasonally, for the influent concentrations, temperatures, and removal efficiencies were 
reasonably uniform. Still, the marginal cost among the plants varied greatly, particularly for 
phosphorus. The marginal costs for nitrogen removal was from $2,810–$10,100/ton. On the 
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other hand, marginal costs for phosphorus were $8,500–$152,000/ton. The high end of the range 
results from the efficiency with which the Kirie WRP is now operated. On many days, this plant 
met the 0.5 mg/L TP effluent limit and, of course, satisfied the less stringent effluent limit a 
greater percent of the time. 

 
Table 4-6. Comparison of Marginal Cost (MC) for TN and TP: Wetland and Conventional Treatment. 

Conventional Treatment ($/ton) Wetland ($/ton) 
WRP TN TP Season TN TP 

Lemont 6,400 30,600 2,740 2,350 
Hanover Park 10,100 27,200 

Winter 
    

John E. Egan 3,130 14,300 1,990 2,610 
James C. Kirie 10,100 152,000 Spring     
North Side 2,810 29,300 960 1,590 
Calumet 4,370 8,500 Summer     
Stickney 3,070 36,600 Autumn 3,000 1,400 
Load-Weighted MC 3,410 16,000 Load-Weighted MC 1,930 1,830 

 

 

4.3 Comparison to Long Island Sound Estimates  
The cost functions and estimates for nutrient removal by conventional treatment 

technology compare favorably with the removal costs derived from the nitrogen credit trading 
program established in Connecticut for Long Island Sound (LIS) (Moore et al., 2000; Rocque, 
2003). Considering the 2002 costs for nitrogen removal at seven wastewater treatment plants 
tributary to the LIS, which are similar in actual flow to the MWRDGC WRPs, the load-weighted 
average cost per ton for nitrogen removal was $6,870 (Table 4-7). This is somewhat less than the 
load-weighted average cost of $8,130 for the MWRDGC’s seven plants.  

 
Table 4-7. Long Island Sound Nitrogen Removal Costs. 

Connecticut 
WWTPs 

1990 Actual 
Flow1

(MGD) 
Load Removed2

(tons/yr) 
Annual Costs3

($) 
Average Cost 

($/ton) 

Fairfield 7.57 69.0 1,400,000 20,400 
Greenwich 9.82 164.8 187,000 1,140 
New Haven East 38.72 528.2 1,260,000 2,390 
Stamford4 15.83 240.9 4,780,000 19,800 
UConn 3.00 7.7 118,000 15,400 
Waterbury 22.69 362.8 1,690,000 4,650 
West Haven 7.82 31.2 221,000 7.080 
   Load-Weighted 6,870 

1 Moore et al., 2000. 
2 2002 annual E-pounds removed converted to end-of-pipe load by dividing by E-factor (trading ratio). 
3 Annual cost = TN portion capital cost (assuming i = 4%, n = 20 years) + O&M cost. 
4 Includes projected capital cost, O&M, and load removed for facilities to be completed in 2005. 
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There are several factors that should be considered in this average cost comparison. The 
average costs for the MWRDGC’s plants reflect an effluent standard of 3 mg/L; whereas the LIS 
costs are based on the load reductions assigned to individual plants through a wasteload 
allocation program. The effluent TN concentrations for these plants are most likely greater than 3 
mg/L. Second, capital cost for the LIS program are significantly less than MWRDGC’s plant 
costs because the most cost-effective projects are undertaken and the selected technology does 
not need to meet the same stringent standard as the MWRDGC. Those LIS facilities that decide 
not to implement additional treatment controls can purchase nitrogen credits from facilities that 
remove more than their allocation requires. Finally, the annual load removed for the Connecticut 
WWTPs was calculated as the difference between the 2002 performance for the facilities and the 
baseline estimated in the LIS TMDL. Even when considering the lower average cost, the 
treatment wetlands in this case study are more economical. 
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CHAPTER 5.0 

 
SUPPLY AND DEMAND 

 

The foregoing discussion, comparing the cost nutrient removal at WRPs and in wetlands, 
assumed MWRDGC had purchased land and operated the wetlands. However, if the MWRDGC 
chose to rely on others to own and operate the wetlands, it could achieve nutrient removal 
through a contractual relationship with the wetland owner/operator (“nutrient farmer”). As such, 
the MWRDGC would purchase nutrient removal credits via some market mechanism. 

 

5.1 Demand of WWTPs 
According to microeconomic theory, as the price of nutrient credits rises, the demand for 

credits diminishes. Then, the MWRDGC would buy nutrient credits at any price less than the 
cost of producing those credits themselves. The demand curve for each nutrient was constructed 
by, first, determining 12 monthly removal loads for each WRP. The loads removed ranged from 
the minimum monthly load required to satisfy the less strict criterion to the maximum monthly 
load required to satisfy the stricter criterion. The tons to be removed were calculated by 
subtracting the 12 individual removal loads from the maximum monthly load plus one ton, which 
was added to avoid a zero “tons to be removed” value. 

The removal cost for the tons removed was calculated by multiplying the marginal cost 
by the associated tons removed. These four variable sets (marginal cost, tons removed, tons to be 
removed, and removal cost) were ranked in ascending order according to their marginal cost and 
then separated into 12 classes of seven. The load-weighted marginal cost (i.e., weighted price) 
for each class was calculated by dividing the sum removal costs by the total tons of nutrient 
removed in that class. In addition, for each class, the average tons to be removed, or delta, was 
calculated by dividing the total tons to be removed by seven. For each of the seven classes, the 
aggregate load removed was calculated. The first class aggregate load was the sum of the 
individual class deltas. For each succeeding class, the aggregate load was determined by 
subtracting the delta of the preceding class from the preceding sum.  

To construct the demand curves, the 12 weighted prices were plotted against the 
corresponding aggregate load. The resulting curves, shown in Figure 5-1, give the amount of 
removal credits that the MWRDGC would be willing to buy if the price were less than the cost of 
removal. For example, the MWRDGC should be willing to purchase 250 tons of nitrogen 
removal credits if the price is less than $3,000/ton.  
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Figure 5-1. Demand and Supply Curves for the Monthly TN Removal (top) and TP Removal (bottom). 

 

 

5.2 Nutrient Farm Supply 
The supply curve was constructed differently. Assuming the availability of an infinite 

amount of suitable land at a fixed price, as demand increases, the supply would increase simply 
by adding more wetlands. These treatment wetlands would be operated under the same cost 
conditions as the other wetlands were operated. The fixed supply price was calculated as the 
load-weighted seasonal marginal cost. The supply curve, under these conditions, is a horizontal 
line spanning the range of demand. From high to low prices, the demand curve slopes towards 
the supply curve but the two curves do not intersect. Consequently, over the range of analysis, 
there is not an equilibrium, or an intersecting, point beyond which the MWRDGC might well 
produce its own nitrogen removal credits. Over the range of consideration, it is cheaper for the 
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MWRDGC to buy the wetland removal credits. The only factor that might alter this conclusion 
would be that of profit but, for now, profit is not considered within the supply curve.  

The shaded area between the supply and demand curves represents the cost savings to the 
MWRDGC or the profit to the nutrient farmer. How the profits/savings are divided depends on 
negotiations between the two parties or as stipulated in their contractual agreement. As illustrated 
in Table 5-1, the cost of nutrient removal per ton for the wetlands is significantly less than the 
WRP treatment processes. This average cost (total cost divided by total tons of nutrient removed) 
differential leads to a region of substantial cost savings or profits. In the case where the 
MWRDGC need to meet the less stringent TN criterion, a total savings of $73,800,000 a year 
would be what is at stake (Table 5-2). If this sum were split evenly, the nutrient farmer might 
walk away with $36,900,000 in net profit. This would equate to $195 of net profit per acre, a 
very handsome sum for any farmer in today’s market. A similar situation exists for TP. The net 
profit per acre could be $157 per acre. The aggregate net profit would be $352 per acre. The 
situation changes a bit if the more stringent criteria must be met. As shown in Table 16, the net 
total profit would be only $255 per acre, but this is still a handsome profit. Both of these net 
profits are substantially above what is earned today in the corn and soybean production areas of 
the Midwest. In Illinois, tillable land rents for about $150 per acre, which is a reflection of the 
net profit for agricultural production. These savings and profits would provide the economic 
incentive for bottomland property owners to convert to nutrient farming. 

 
Table 5-1. Average Cost (Load-Weighted) for WRP and Wetland Treatment. 

Average Cost ($/ton) Nutrient 
WRP Wetland 

TN (3.0 mg/L) 8,130 2,250 
TN (2.18 mg/L) 7,660 2,120 

TP (1.0 mg/L) 49,500 2,220 
TP (0.5 mg/L) 42,200 2,060 

 
 
 

Table 5-2. Profit Comparison (Annual Cost Savings Includes Sale of Extra Credits). 
TN TP Wetland Size

(acres) Savings 50% split of 
savings Net profit/acre  Savings 50% split of 

savings Net profit/acre 

189,000 73,800,000 36,900,000 195 59,400,000 29,700,000 157 
322,000 76,000,000 38,000,000 118 88,400,000 44,200,000 137 
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CHAPTER 6.0 
 

CONCLUSIONS AND RECOMMENDATIONS 
 
6.1 Conclusions 

On the basis of the foregoing analyses, treatment wetlands can efficiently remove 
significant loads of nitrogen and phosphorus. Correctly designed and operated, these wetlands 
could remove nitrogen to a level envisioned in the nutrient criteria established by the U.S. EPA 
in 2001. In addition, the wetlands could remove a substantial amount of phosphorus—though 
perhaps not as much as the U.S. EPA envisions. The cost of restoring and operating treatment 
wetlands is 50–60% less than the cost of constructing and operating advanced wastewater 
treatment systems. The savings could be even greater if secondary markets for the surplus 
nitrogen and phosphorus credits could be developed. The savings could reach as high as 60–70% 
of the cost of conventional nutrient control. The surplus credits, generated mostly during the 
summer months could be sold to other point (e.g., power utilities, automobile owners, or 
manufacturers) or NPS emitters.  

Besides the savings in capital and operating costs, treatment wetlands would provide 
benefits to the overall ecological health of the river system. Deleterious algal blooms in fresh 
water ecosystems could be greatly reduced if sufficient phosphorus were removed by the 
wetlands; public health would be protected by the reduction of NO3-N in surface waters, which 
are used for human consumption. Nutrient farms also would support a wide range of aquatic and 
terrestrial wildlife, including waterfowl and fish. Consequently, recreational opportunities could 
be developed and recreational income generated. 

The land requirements for nutrient farming, although extensive, can be secured. Using the 
watershed of the case study, the Illinois River contains 1,400,000 acres of flood prone land as 
defined by the Federal Emergency Management Agency. These are lands that should not be used 
for agricultural production, let alone for residential, commercial or industrial use. Converting 
these lands to nutrient farming would increase flood storage and reduce flood damage. These 
lands, with their hydric soils, would make ideal nutrient farms. 

If nutrient farms, or treatment wetlands, are used to meet the needs of municipal and 
industrial point source dischargers, there will need to be a financial structure to support these 
landscapes. A range of ideas is possible. One model would be for point source dischargers to 
acquire land and operate their own nutrient farms. This would link the operation of the nutrient 
farm closely to the needs of the nitrogen emitters. Another model would be to leave the land in 
private ownership, perhaps even in the current ownership, and rely upon a contract to govern the 
relationship between the nutrient emitter and the nutrient farmer. Among other things, such a 
contract could call for removal to be synchronized with emissions and allow for the nutrient 
farmer to purchase extra credits on the spot market during critical cold weather periods. At any 
rate, the nutrient farmer would have the assurance of a long-term period during which revenue 
would flow into the nutrient farm on a reasonably secure basis and the emitter would have a 
reasonably long-term, inexpensive solution for nutrient control. A more sophisticated and 
elaborate method would be to establish nutrient credit markets where nutrient farmers would 
offer to harvest nutrients at some specific time in the future. Such contracts would be shorter 
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term but, perhaps, less expensive. Whatever the model might be it will need to be tested 
thoroughly before implementation.  

6.2 Recommendations 
Although the authors feel confident in the validity of the cost functions and the 

subsequent analysis and comparison of the alternative treatment technologies, the various 
assumptions and, ultimately, the costs associated with constructing and operating large-scale 
nutrient farms need to be proven. In this regard, pilot projects should be established in various 
ecoregions to study the design, operation, and economic efficiency of treatment wetlands as 
nutrient farms. Because WWTPs are responsible to state agencies to meet water quality 
standards, the reliability of nutrient farming must be established.  

Pilot projects are needed to compile information on construction and operating costs, 
maximum nutrient loading rates, scaling-up considerations, seasonal variations in nutrient 
removal, flood storage, and wildlife effects. In addition, special consideration should be given to 
quantifying and monetizing the ancillary benefits of sediment and carbon sequestration in 
treatment wetlands. Another consideration is the energy savings, and thereby the reduction of 
carbon emissions, of conventional WWTPs. Until large-scale nutrient farms exist, and greater 
experience gained in their design and operation, there will continue to be reluctance to use this 
technology on a broad scale. 

If pilot projects bear out the results of this study, water quality will be greatly improved 
and municipal and industrial wastewater treatment will save an enormous amount of money and 
energy (reducing carbon emissions by implication). At the same time, nutrient farms will spur 
recreational development and reduce flood damage. Combined, these economic and social 
benefits should far exceed the cost of shifting from corn and bean production and the cost of 
constructing and operating nutrient farms. 
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