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NE Florida's Lower St. John's River Initiative 

Now ... 

• Stakeholder driven process set 
scientifically derived nutrient 
reduction goals to restore river 

• Water quality credit trading 
approach allows efficiencies for 
Ag/City's/Utilities 
- Allows utilities to optimize 


projects 

- Allows entities to meet 

environmental goals for lowest 
public cost 

• 	-$500MM in projects planned, 
underway or completed in basin 
to restore river 
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NE Florida's Lower St. John's River Initiative 

With NNe... 


• Arbitrary NNC targets could 
require each entity to meet 
limits - removes benefit to 
environment and public of 
water quality credit flexibility 

• Would approximately 
double utility cost of 
compliance with no 
additional environmental 
benefit 
- JEA estimates $2 billion 

to meet NNC criteria 
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GRU Paynes Prairie Initiative 


Now... 


$20MM Proiect underway 
meets multiple objectives 

• 	 Restores 1300 acres of 
wetlands 

• 	 Cost effectively meets TMDL 
nutrient goals 

• 	 Creates 150 acres of high­
quality wetland habitatand 
public use 

• 	 Restores water balance due 
to 1930's A~div~rsion of 
water froml'ralne 

With NNe .... 


NNC limits would derail this 
project and preclude 

environmental restoration 
of the Prarie through this 

project 

• 400% the Capital Cost 
• 50% increase in Energy Use 



Projected Impact to Ratepayers 


• Approximately doubles 
the typical residential 
water/sewer bill for 
most utilities 

• Cost of this will be born 
by our citizens and 
businesses for dubious 
environmental benefit 

• Diverts public 
resources 

Estimated Capital Costs and Increases in Sewer Rates fo r 

Eight Florida Utilities and an Average Florida Case 

to Construct Facilities to Meet Proposed Numeric Nutrient limits 

Capital Cost 
Monthly (Annual) Sewer Rate 

Increase per Household 

STATE OF FLORIDA2 
$24.400.000.000­

$50,700,000,000 $62.' ($740) 

Bay County $42,000,000 $57 1$685) 

Broward County $425,000,000 S66 IS793) 

Destin Water $34.000,000 S48 IS581) 

Escambia County $275,000,000 S49 IS591) 

Hollywood S370,000,000 S82 IS996) 

Jacksonville $2.000,000,000 S67 IS815) 

Point Buena Vista} $2,000,000 $257 IS3,094) 
Cross City3 $5,800,000 S 28 IS336) 

South Walton} $16,000,000 S12 IS147) 

Notes: , 

l.The low end of the range provides the probable opinion of cost assuming only I 

plants with surface water discharges will be required to meet numeric nutrient 

limits while the high end of the range assume that all plants wilt need to meet 

numeric nutrient limits. 

2.Estimated average costs for the State of Florida include annual O&M expenses, 

and are shown for comparative purposes. 

3.Assumes 2.S persons per connection and ISO gpcd. 



Costs Will Disproportionately Effect 

Low Income Citizens 


Impact of NNC on Monthly 
Water and Wastewater 
Charges 

• 	NNC Requirements 
Projected to Increase 
Wa~er/Sewer Rates >100% 

• Current Median Monthly 
Combined Water and 
Wastewater Bill = $ 56 

• 	Projected Median Monthly 
Combined Water and 
Wast~water Bill After NNC = 
$118 \ 
~. ""1'_0""_.b._ 

Affordability for Low Income 
Utility Customers 

• 	 2009 Poverty Threshold for Family of 
4 = $22,050 

• 	 Water and Wastewater Costs Less 
Than 4% of Household Income 
Considered "Affordable" 

• 	 Combined Water and Wastewater 
Monthly Charge of $73.50 Affordable 
for Florida Families in Poverty 

• 	 12.1% of Florida Citizens At or Below 
Poverty Level 

• 	 Cost to Implement NNC 
Requirements will make Water and 
Wastewater Costs Unaffordable for 
Floridians in Poverty 

Source: Water Affordability Programs, AWARF 1998, Margot Saunders, Phyll is Kimmel, 
Maggie Spade, Nancy Brockway 



South Walton Utility Company 


• 	Late 1980's - Collection system extended along 
Cocohatchee Bay to replace septic tanks 

• 	 1991 - Irrigation Reuse Program Implemented 

• 2003 - Study to identify additional reclaimed water 
disposal alternatives 

• 2008 - AWT project initiated; will achieve 3 mg/L-TN 
and 0.5 mg/L-TP 

• All collection and treatment system upgrades 
were paid for by SWUC members 



EPA Numeric Nutrient Criteria wilL .. 


• 	Force Florida's regulated public to "recover" 
water bodies to nutrient levels they would not 
naturally meet 

• 	 Unseat Florida's existing , EPA-approved nutrient 
TMDLs 

• 	Render moot ongoing environmentally beneficial 
projects designed to meet EPA-approved 
nutrient TMDLs 

• 	Misallocate limited public resources 
• 	 Impose severe economic burdens on Floridians 




Nitrogen Mass Ba lance of aTile-drained Agricultural Watershed in East-Central Illinois 


lowell E. Gentry* Michigan State Univelsity 

Mark B. David and Frederick E. Below University of Illinois 
Todd V. Royer Indiana University 

Gregory F. McisaacUniversityofillinois 

Simple niU"Ob'Cll (N) inpuu'outpUl bah""" Cllculat ions 
in agricuJrur:I1 systems are used to ~Jua[e ~rform;mc<: of 
nmriem m~mgt:mcnt; how~.".,r. they ge""",Uy ,ely on CO<!C1lsive 

:lSSurnptions thaI do not consider I~aching, d~nitrifiCltion. or 
""noal depletion ofsoil N. We constructoo a rdatively complete 
N mass balance for the Big Ditch warcr.;hnl. an extensively 
tile-drain...! agricuhur:Il w:ucrshcd in c:m-ccmr:ol Illinois. WI!: 
conducted din,"Ct m=ll"'rnenlS of a wide range or N pools and 
fluxes for a 2·yt period, indudingsoil N mincr.I.[iz:u;on. soybean 
N, fixation. l~e and river N loods, and ground w:lt", and in­
Strrom dcnitrmcnion. Fenili1.cr N inputs w~", from a su""'}' of 
th .. wat~rsh...:! and yield datJ from coumy (S{imates that were 

combined with es,imatl-d protein COntems 10 obtain grain N . 
By using maize fenilil..:r recove!)' and soybean N. fixation 10 

cstimate IOtaI grain N deriv...:! from soil. we ~kulatro the 
explicit change in soil N SIOf:lg~ each yGU. Overall. (~niliz<."T 

Nand SO)OOn N.. fixation dominar...:! inputs. and IOtal grain 
l""Xpon dominat"':! outpu". Precipimion during 200 1 .....-as below 
av~rage (78 cm), where:>s precipilation in 2002 nreeded th~ 30­
yr average 0(97 em; monthly rainF.dl ""S above average in April. 
May, and June o( 2002, which fIoode.d f"']ds and prodwxd LJ.rge 
lile and riverin~ N l<nds. In 200 I. wate"hed inpms were greater 
Ihan Outputs. suggesting that carryover of N to rhe subsequent 
year rrwy occUr. In 2002. total inputs , ...."., I"", than ompms due 
10 brge leaching losses and likely mbstanlial field de-nitrifiea';on. 
The explicit change in soil slOrage (67 kg N ha- ') off~ this 
b,ahncc short full. Although 2002 was climatically UIllJ.5Ual, with 

current production u ..nds o(greater maize grain yields with Ies:! 
fertili1.cr N, soil N depiction is likely to occur in maiu./soybt.'":m 

rOlations, especially in yca" with alx}\-"c-avL'f3ge precipitation or 
extremely weI spring periods. 

Copy'lght 0 2009 by t~ American Soc;"ty 01 Agronomy, C'op Science 
Society of America. and Soil S,;"nce Society of America. All ,ights 
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N ITROGEN budget c.dculariuns in agricultural systems Jrc useful 
fur develuping a quantitative understanding ufN sources and 

sinks and assessing uverall availability ufN to the target crop spedes 
as wdl as effickncy of udli~~1tion . -1l1CSC calculations range from 
simple input/outpUt budgec; at the field, watershed, or regional scale 
to intensive mass OOJance evaluations at the microplot and small 
field scale (WatsOn and Atkinsun, 1999) . Howt>yer, accounting for 
all N Auxes and oblaining a complete N mass balance is exm:mely 
challenging due to the inherent complexity of the N cycle and 
the difficulty in directly mt:a~uring various fluxes, particularly 
denitrification (Davidson and Scitringcr, 2006) . Therefore, simple 
field budgets are more commonly used a.~ performance indicators 
of nutrient managemcllI and as regulatory polity instruments, 
especially in Europe (Oenema et aL, 2003) . 

In conventional agricultural systems, N budgets generally iden­
tify fertil ize r N as the major input and N contained in grain as the 
major Output. In the Midwcst, where mai'l-e (Z(fl mays L.)/soyhean 
(Giycin( max L.) rotations :lIe the predominant cropping system 
and tile drJinage is cxtensive, N inputs often include an estimate of 
soybean Nl fixation, and N outputs include N leaching from tiles 
(McIsaac ct al., 2002). A mass balance, Oil the other hand, implies 
a more rigorous invt:Stigation into N pools and fluxes throughout 
the plant/soil system and often involves applying tIN to microp­
lots (Stcvcns Ct aI., 200S). Rt'b'lrdless of the experimental rigor, N 
accounting and budgeting has been used to evaluate the potential 
neg'Jtive impact of agricultural production on water (Iuality and 
morc recently on the soil resource Gaynes and Karlen, 2008) . 

Numerous studies ill the Midwest have presented field N budgets 
w evaluate rhe dft'CLS of agriculrurJ..! practices on N leaching losses 
(Kladivko Ct a!., 1991 ; Gentry et al ., 1998; Karlen et al., 1998; An­
dr;lski et aI., 2000; Jaynes el a1., 2001; Webb et al ., 2(04) . ' Ihest: 
studics show mat leaching losses can ~ substantial and are largely de­
pendcm on lhe rare offertilillrion. soil type, Jnd predpitation_ 'Ihere 
arc a variety of culrural practices that can improve field N balances 
and decrease N loss, including timing ofN application, variable rate 
technology, usc of nitrification inhibitors and slow release fertilizers, 

LE. Gentry. Dep. of Crop and SoH Sciences. Michigan State Univ. 571 Plant and 
Soli Sc!er'ICes Bldg.. fast linslr>g. MI 48825. M.B. David and G.F, Mel"""" Dep_ of 
Natural Re"'ur~es and Environmental Scie",es. Univ. ol illinois, W-S03 Turne' H~II. 
1102 5. Goodwin Ave. U,bana. IL 6180 1. F.E, Below, Dell of Crop Sciences, Univ. of 
Il linois, 322A fdward R. Madigan Lab. 1210W.Gregory Ave. Urban~, IL61801. T.V. 
Royer,lndl~na Un lv. S~hooI of Public and Environmental Affairs, 1315 f.TCnth St. 
Bloomington,lN 47405, 

Abb reviations.: NNI, net nitrogen Input. 
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and cover crops (Randall and Vetsch, 2005; Mamo et a!., 2003; 

Snapp t( aL, 2005), 'Ihtre have also been N budget calculations on 
the watersh(:d scale (David et ai" 1997; Hurkan and James, 1999; 
Mclsaac et aI., 2002; Libra et a1, 20(1). Collectively, thCSl" studies 
have established a clear link between agricultural production and 
riverine N loads but do not aux>unt filf all N pool~ (amount of 
Stored N) and fluxts (movement ofN), 

Our goal in this srudy was to dirccdy measure as many of the 
major N inputs and outpUtS as possible, supplemcnt'(..J with es­
timates where needed, to construct a relatively complete N mass 
balance in an extensively tile-drain(....! agricultural watershed under 
a mai7.c/soybean production system, We conduatd direct mea­
surements ofa wide range ofN pools and fluxes for a 2-yr period 
including soil N mineralization, soybean N l fixation, tile and river 
N loads, and ground water and in-stream denitrification, Due to 

the lack ofanimal production and municipal wastewater discharge, 
this agriculturally dominated watershed was well suited to evaluate 
the linkage becv.=n terrestrial N cycling and riverine N load, 

Materials and Methods 
Site Description 

"lhe Big Ditch watITshed (101 km!) is a relatively flat and exten­
sively tile..drained area dominated by row crop agriculture (89%) 
with approximately an equal mixture of maize and soybean planted 
annuallY, typical of east-=ntral illinois watersheds (previously de­
scribLu by Borah et aI., 2003; Schalleret al" 2004; Royer etal., 2006; 
Mehnw et a1., 2007). In conjunction with this smdy, Mehnen et al. 
(2007) provide a decailed map ofthe watershed. Our measurements 
ofN pools and fluxes in the Big Ditch watershed were conducted in 
200 I and 2002 (riverine and tile N concentrations and load.~ \vere 

calculated on a water-year basis: October 2000 through September 
2002). We estimated land are-J annually planted to maize and soy­
bean throughout the watershed based on the ratio ofthese tWO crops 
in ClJampaign County, Illinois (IllinoL~ Agricultural Sl3.tistics). Lo-­
cal pr~ipitation was estimated by averaging available daily observa­
tions from the thR"c: closest weather ~'tations (Rantoul, Fisher, and 
Mahomet), although there were occasional missing: values for these 
statiOI1$. Monthly mean precipitation v.tlues were abo obcainc:d 
from the eastern illinois Climate Division operated by die National 
Oceanic and Atmospheric Adminimation (National Climate Data 
Cem~r, 200S). The water-year avcrJge precipitation in the climate 
division during 1971 to 2000 was 97 em, with a mngc of65 em in 
19BB 10 141 em in 1993, 

Nitrogen Inputs 
Values of atmospheric N deposition in the Big Ditch wa­

tershed were from the National Atmospheric Deposition Pro­
gram/National Trends Network site at Bondville, IL (NADP, 

2008), which was located JUSt outside the watershed boundary. 
Fertiliu:r N rate for maize was estimated at lS4 kg ha-T based 

on a FJrmer survey conducted in the Big Ditch watershed in 
2000 (von Holle. 2()05). lhis survey found that about 50% of 

maize fields received fall application of anhydrous ammonia. 
Soybean N! fixation ratcs were determined by the difference 
lllethod, subtracting the amount of above-ground N accumu­

18" 

latinn of non-nodulated soybean from the N accumulation 
of nodulated soybean and dividing by the N accumulation of 
the nodulated soybean (Vasilas and Ham, 1984; Gentry et a!., 
2001). Values for soybean N fixation in the watershed were de­
termined by multiplying N fixation rate by soybean plant N. 

Following the experimental design, plot siu:, and cuh:uT'JI 
pmctices by Gentry et al . (200 I) and lkrg~rou et al. (2004), two 
adjacent tile-draincd fields separated by a small tributary of the 
Big Ditch t112t wcre alternately cropped to maize or soybe:m in a 
maize/soybean [,()l'Jtion were selecu:d for microplot study. During 

the soybean phase of the rotation in these fields, microplots of 
1I0duiating and non-nodulating is()!ints of Williams 82 were es­
tablished in a randomized block design with four replicates on the 
predominant silty day loam soil ~ (Drummer/Flanagan silty 
day loam, fine-silty, mixed, superactive, mesic Typic Endoaquolls) 
in the watershoo. Soybean plants in a I-m section of row (0.76-m 

row sP'lcingl were harve:;ttd at the late R6 growth Stage before leaf 
drop, divided into two plant fl'Jctions (leaves and sralks. and pods 
and seeds), and dried to a constant weight at SO°C for biomass 
determination. Dritd samples were ground through a 2-mm mesh 
and analyzed for total N usinga combustion technique (Fisons NA 
2000 N Analy-t.er; FisollS Instruments, Strada Rivolrana, Italy). 

Nitrogen Outputs 
Grain yields of maize and soybean for Champaign County 

were used for yield valucs in the Big Ditch watershed (Illinois Ag­
rimlmralStatistics, 2000-2(01). Grain N conteni was calculated 
by multiplying grain yield by grain N concentrations of 1,44% for 
maize and 6.4% hlr soybean. Grain N concentrations were calcu­
lated using an average grain protein concentration of9% for mai1,c 
and 40% for soybean (University of Illinois, 2008) and dividing 
by the average mass ratio of N to grain protein (1:6.25). Tor:J 
plant N was calculated by dividing grain N by the N harvest index 
of 0]0 for maize and O.SO for soybean (David et aI., 1<)<)7). 

Daily river N loads were determined by multiplying d<lily: 
discharge by inorganic N (including nitrate-N [NOj-N) and 
ammonium-N [NH.-N)) and by total N concentTJtions. A 
total of241 river samples were anal)"l.cd during the 2001 and 
2002 water years. Linear interpolation was used co estimate N 
concentrations betwt-en sampling dates using SAS S.2. Water 
samples were collected on a weekly basis and supplemented 
with an automated water sampler for periods of rapid change 
in discharge (lSCO 2900; ISCO, Lincoln, NE) . Filtered wa­
ter samples (0.45 flm) weTe analYled for NOr N on an ion 
chromatograph (Dionex, Sunnyvale, CA) and for NH.-N on 
a Lachat Quikchem8000 (bcha!. Loveland, CO) flow injec­
tion analYler (American Public Health Association, 1995) . 
For total N, unfiltered aliquots underwent persulfate digestion 
and were analY7.cd for NOj-N by Cd reduction on a bchat 
Qu.ikchemSOOO (American Public Health Association, 1995). 

Shallow ground water and riverine (in-stream) denitrification 
were determined 011 the Big Ditch watershed as pan of this projt'Ct 
and have been previously published (Mehnert et aI., 2007; Royer 
et aI., 2004; Schaller et aI., 2004). A brief summary is given here; 
details are available in the publications cited. Mehnert et al . (2007) 
measured shallow ground water denitrification by monitoring 11 

Journal of Environmental Quality. Volume 38 · September- October 2009 

http:analY7.cd
http:anal)"l.cd
http:Analy-t.er


wells installed throughout the wJtershc:J. Isotopic ratios ofN and 
o in the nitrate ion were usa! to suggCSt the extent of denitrifio­
tion. Push-pull tl"Sts were conductc:d to dctermine in siID NO}- N 

reduCTion rates. 'nl(; software GFLOW was used to crcate a two­
dimensional gronnd water model (Mehnen et al., 2007). 

In-sHearn deninifieation was determined on ditch sedi­
rnems and associated aqnatic plants using the chloramphenicol­
amended acetylcne inhibition procedure (Royer et aI., 2004: 
Schaller et aI., 2004). Measurements wae made throughout 
the year within the stream system of the watershed. 

A reliable tt:ehniqnc for determining fidd denitrification was 
nor available (Groffman et al., 2006); therefore, we usc:d weather 
p'merns and our knowledge of N budgets to make some general 
assumprions. Due to dry conditions in 2001, we assumed fidd 
denirrificarion was not an important watershed OUtpUt. However, 
with several large pn:cipitation events in April, May, and June of 
2002, where l"'JinfaU exceeded infiltration rates and soils were satu­
rated for several days, we bdil"Ve conditions were condncive for 
field denitrifi('"ation. We cstimated field denitrification in 2002 by 
difference u:;ing the completc Watcrshed N mass balance, a5.Sum­

ing total inputs plus grain N derivc:d from soil (explicit change in 
soil Storagt:) equaled total outputs and solving filr missing N. 

Grain Nitrogen Derived from Soil 
Estimates of maize fertilizer N recovery and soybean N2 fixa­

tion were usa! to calculate a value for grain N derived from soil. 
renilil..cr N recovery in maize was determined by measuring the 
difference betwccn fcrtilized and unfertilized above-ground plant 
N accumulation and dividing by the fertiE'ler N rate. Unfertil­
i~.cd maiU' N a(."(;umu!ario\l l"3.n also be uS(.'<i as a proxy for net 
soil N minerali~.ation during the growing season (Gentry et aJ., 
200 I). Four plots of unfertilized maize were established in the ;\1­
ternate field adjacent to the soyhcan microplols during the maize 
phas<: of the rotation. Four plarn samples from a 6.I-m row 
length (O.76-m row spacing) of unfertilized maiu were harvest­

ed at physiologid maturity, divided into three plant fractions 
(!cavcs and staIb; tassel, husk, and cob; and grain), and dric:d [0 

a constarn weight at RO·C for biomass determination (Gentry et 

aI., 1998). Dried samples were ground through a 2-mm mL"Sh 
and anal}7.ed for [Otal N using a combustion K'Chnique (Fisons 
NA 2000 N Anal)7.er). Above-ground plant N accumuladon of 
fertili~.ed maize was basc:d on county estimates of grain N di­
vid~-J by N harvest index. Using the percent fenili"lef recovery, 
we uicu!ated maize grain N derived from fertili~.cr and assum~-d 
the remainder was from soil. For soybean, we ca!culatl-J grain N 
derived from fixation and assumed the remainder was from soil. 

Tile Drainage 
'lIut~e agricultural drainage tiles along the Big Ditch were 

moniwreJ during 20U 1- 2002. 'Ihe~e tiles cumulatively drained 
25.5 ha, with tbe majority of the effective drainage area planted 
\0 soybean in 2001 and main" in 2002. "!he:- effective drain­
age area of each tile was determined by assuming the ratio of 
river discharge to precipitation for the watershed is the same for 

tiles, dividing annllal tile volume by annual precipitation, solv­
ing for are:-:l, and averaging effective rile drainage area over the 

Gentryet al.; NMass S<o lance in aTile·drained AgriculturalWatershed 

2 yr. Tilc discharge was b':luged using a Sigma 900 MAX (Hach 
Co., Loveland, CO) area velocity sampler, and water samples 
were coll<xted on a Row proportional basis using an automated 
water sampler (ISCO 2900). Water samples were analY-led for 
NOJ-N, NH - N, and IOt'al N as d(.'SCribed previously. Tile 

4 

water flow-weighted mean N concentrations and loads were 
determined'to compare and contrast to riverine N. 

Nitrogen Balance Calculations 
We calculated simple field N halances for mair.c: (fertilizer N 

minus grain N) and for soybean (N, fixation minus grain N). We 
ca!culat(-J simple water.;hed N bala~ces as inputs (deposition, fer­
tilizer N, soybean N, fixation) minus outputs (maize and soybean 
grain N), comparing riverine N loads with thcse watershed bal­
ances. Finally, we calculated the overall watershed N ma.o;.s balances 

as the inpuLS (deposition, fenilizer N, soybean N! fixation) minus 
the outpUtS (maize and soybean grain N, stwam N load, in-stre3m 
and ground water deniuifil"3.tiun, fidd denitrification). 

Results and Discussion 
Precipitation and Crop Yield 

Wc:3ther patterns and annual precipitation in Champaign 
County varied greatly during 200 I and 2002: however, crop yields 
wefC similar in both years. ' lhe 2001 Water yc:ar was particularly 

dry (78 cm mc<~~ured in Iota! rain b':lges and an average: of91 COl 

measured in the climate division), and crop yields (0% moisture) 
were R.27 and 2.68 Mg ha- ' ror mai"le and soybean, re;pectively. 

Although annual precipitation was low in 2001, rainfall occurred 
at timely intervll\ during the growing season that resulted in 
crop yidds that were within 5% of tho: 1997-2000 averJges. lhe 

2002 water-year precipitation was I 10 cm in locaJ rJin gages and 
112 cm I()r the climate division, which was the. third wenest wa­
ter year since 1971. 'lhe county average mai~..c yield declinc:d by 
7% to 7.7 Mg ha-I, wherc<lS soybean yield increased by 17% to 

3.2 Mg ha- I • lhe 2002 growing sc:a-;on begJII with a wet, cool 

April and May but became hot and dry during late June and early 
July, which negativdy affl'Crc:J mai7.c: production; however, the 
soybc:an crop bc:nditc:d from rainfall in mid-August. OverJIl, Ctop 

yields in Champaign County in 200 I and 2002 were similar to 
adjacent coulllies and werc abovc the stare average. 

Maize Ferti lizerNitrogen Recovery 
and Soybean N2 Fixation 

Fertilizer N recovery values were 51 and 38% in 2001 and 2002, 
rcspc:.'Ctivdy (lable I). Net soil N miner.t.!izatioll as indicated by \In­
feniliz(:d mair.e N accumulation was Tl and 90 kg ha- I in 200 I and 
2002, respectively. These olimares suggest mat the drier conditions 

of2001 limited soil N mineralization. lhscd on the difli:rencc in N 
accumularion ofnodulated and non-noJulatc:d soybean isolines, we 

d~'tennincd Nl fixation raws \0 be 77 and 60% of the total N ac­
ctunu!adon in the abovc-b'fOund biomass in 2001 and 2002, respec­
tively Omlc 1). By multiplying fixation ratC and total abovc-b'l"Ound 
N accumulation (grain N divided hy N harvest index), we estimatoo 

soybean N. fixation in the watershoo to be 163 and 150 kg N ha- I 

1843 
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in 2001 and 2002. rcspa::tivdy. Nitrogen accumulation of the 110n­
nodulating soybean isoline can also be used as a.n indica.£ion of net 
soU N mincraliz<:uion and W.1S kss fUr 2001 than 2002 (32 and 
63 kg ha- ' , rcspa::tivdy). Compared with unfertilized ma.U.e, N ac­
cumulation by the: non-llOdulating soybean was less in both yean 
(fable I). ·Ih is may ill pan be due (Q dilfcrences in growing period, 
root architecture, and N ahsorption patterns ofmai.'te and soybean; 
hc""~r. mai7-C has tx..·n shown m stimulate soil N minerali:talion 
by as mum as 50% (Sanche£ t't al., 2002). 0v<:-rall, thc drier grow­
ing season of200 I created conditions that incnmed mai7-C N ferril­
j-,.cr recovery and soyl~ N! fixation. 

Field Nitrogen Balance 
For simple fidd N oo.b.ncC$, we used only fenilizer N or N l 

fixation for inputS and gmin N for omput; we did not consider 
atmospheric N deposition here. Subtracting mai.'te grain N from 
the fertili7.cr N rate of 181 kg N ha- ' , we found field N b:Jances to 
be positive, indicating a nt't gain of65 and 73 kg N ha- I for maize 
fields in 2001 and 2002. respectively. Maize yields ....,ould need 
to be >13 Mg ha~' (assuming 1.44% grain N) co remove more 
N than w:IS supplictl at this feniliz:nion rate. For soybean, field 
N balances were neg:ltive for born years OC'CIUSC N from fixation 
was less th:m grain N Output. Subtracting soybean grain N from 
plant N l fixation (grain N dividctl hy N harvest index multiplictl 
by Nl fixation rate), we found net removal ofN in soybean field... 
to ~ 7 and 5 1 kg ha 1in 2001 and 2002, respectively. Although 
a soybean crop is often given a N credit when preceding maize 
«('.entry et a1 .• 2001 ), studies report a negative balance in soybean 
fidds (Heichel :lJId Barnes, 1984; Zapata et al., 1987). 

Net Nitrogen Input 
Simple watershed N balances have bet'n used to compare 

riverine N loads with net nitrogen input (NNI); however, basin 
siu, intensity ofagricultural production, and extent ofartificial 
dminage influence the relationship. ror example, Howarth Ct 
a!. (1996) found rivcrine N load to be about 22% ofNNI for 
the entire Mississippi River basin . David and Gt'lltry (2000) 
estimated the CQmbin<.-cl riverine N load for the major rivers of 
Illinois to be 51 % of the NNJ. In watersheds within lllinois, 
Mcisaac and Ilu (2004) found blrgc differences in riverine N 
load to NNJ. hased on the presence or absence of rile drain­
age. RiVltrine N 10aJ rep r~med 25 to 37% of NNT in non­
tile drained w:ltershcds. whereas riverine N load w:lS 100% of 
NN I for watt'rsheds containing extensive tilt' drainage. lhese 
results suggest that the value for NNI cannot account for both 
N leaching and denitrification in tile-drainctl regions. 

For the Big Ditch w:ltctW:d, N fertim providt-d 83 and 85 kg 
N ha~1 in 2001 and 2002, respectively [fable 2). Although we used 
the same fertilu.cr N rate !l,r both years of the study, there w.L'l a 
slight increase in maize acres in the watershed in 2002. Soybe:m Nl 
fllCltion contributed 71 and 61 kg N ha~ 1 to the entire watershed in 
2001 and 2002. respcctively (fable 2). By summing aunospheric N 
deposition, fenili~.er N, and N 1 filCltion and subtracting total grain 
N, we calculated NNI for the Big Dicm wJtershed 10 bc30 and 17 
kg N ha-l in 2001 and 2002. r-or this relatively small and cxtensively 
drained agriculnlral watcrshed, riverine N loads represent 70 and 

,,<4 

294% of NNI fUr the 2 yr. In accordance with Mcisaac and I-Iu 
(2(}()1i), our calculation ofNNI could nOl XCOWIt for bOlh rivt-rine 
N flux and denitrification during the ~ year of2002. 

Riverine and Tile Nitrogen load 
D ischarge and N loads exiting me Big Ditch watershed var­

ictl greatly berween the twO wa ter years. Total discharge was 
j19 and 34 million m (19 and 34 cm) for the 2001 and 2002 

warer years, respectively, which represented 24 and 31% ofthe 
annual precipitation. During the 1994-2003 water years, an­
nua.l discharge for this Slream ranged from 8 to 38 cm, with an 
average value of265 em (Royer et aI., 2006). 

Based on the entire watershed area, riVt'rine total N loads 
were 21 and 50 kg N ha~ ' for rhe 2001 and 2002 water years, 
respL"Ctivcly (>90% of the total N was NO J- N). flow-weighted 
mean NOj-N concentrations for the Big Ditch were 10.2 and 
14.8 mg N L~ I for the 20U1 and 2002 water ye-afs, respectively. 
Although precipitation was low in 2001, there were two large 
discharge events in rebruary (Fig. I). These precipitation events 
gencr~ted overlanlfrunotf as indicatt'<! by me dilution of riverine 
NOj-N concentrations during peak discharge, producing rela~ 
tively small tor-a.! N loods. During 2002, numeroU.'l flow events 
occurred, and riverine NOj-N concentrations tended to increase 
through May (Fig. 1). With 50% of the fenililrr N applied in 
the &II in this watershed, we speculate that mis .....as an important 
source of river and tile NOr N during the wet spring. 

In 2002. N load and annual flow-weight~d mean NOr N 
concentrations in the Big Ditch were the highest recorded dur­
ing the 10 yr from 1994 to 2003 (Royer et al., 2006). During 
this period, NOj-N flux was highly correlated with water yield 
(,z . 0.72), but twO years were outliers: in 1994 the obscrved 
NOJ- N flux was 12 kg N ha~ ' less than the trend line, and ill 
2002 the observed NOJ-N flux was 13 kg N ha- I greater. Pre­
cipitation throughout the region in 1993 was the greatest on 
record, as wae river flows, and tbis appeared to flush NOj-N 
out of the soil and ground water so that NOJ-N concentra­
tions tended to be lower in 1991. Prccipitltion and Hows duro 
ing 1999- 2001 were below average, allowing accumulation of 
NOr N in soil and shallow ground water, whieh appeared to 

have been mobilized during the high flows of 2002. 
Tor-J! N load per unit area for three tiles located in the Big Ditch 

watershed were similar to river loads for both years. &sed on the to­
tal dTecth'e drainage area fUr all three tiles, cumularive N Ioad~ wete 
22.7 and 59.9 kg ha~1, and flow-Wl:ightcd mean NOr N ooncelllra­
tiolU were 11.7 and 19.2 mg L~I fUr me 200 1 and 2002 water )":!In. 

rcspcaivcly. Similar to the Big Ditch, tile N01-N concrntration 
dem:tsed during the large discharge C'o"CntS in February of2001 and 
tended to incfCl.5C with disdurge for ('<l(h sua:~ve /low event in 
2002. After tile flow cessation, river NOj-N concentration quickly 
decreased below dL"tcaionlimits for both years. l his similar panem 
of river :l.lld tik NOr N SI.i!l!:,'Ot:s that tiles wen: the major sounx of 
riverine N. 

Denitrification (ln~Stream and Shallow Ground Water) 
In·stream denitrification was estimated to be no more than 

1 kg N ha· ' yr- I (Table 2). Although in-stream denitrification 
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Table 1. Maize and soybon crop pal1lmeten used to cakulate nitrogen 
balances in the Big Ditch waten.hed during 2001 and 2002. 

Maize crop 200' 2002 
kg N ha" 

Fertilizer N rale '" '" Grain yield. kg ha" 8270 7730 
Grain N '" '"Grain N derived from soil 59 " Fertilized plant N '70 '"Un fert ilized plant N 77 90 
FertiliZer N recovery " 38 

Soybean crop 
Fertilizer N rate 0 0 
Gra in yield. kg ha" 2680 ""Gra inN '" 202 
Grain N derived from soil 36 "Nodulated plarlt N n, '"Non·nodulated plant N 32 63 

N, fixation rate 77 " 
rates have been shown to Ix: suhstamial during the summer 
months in c:asl-cemr.U Illinois (Royer et aI., 2004; Opdyke: et 
aI., 2006), [ile drainage: has generally ceased at this rime (David' 
el aI., 1997). In contrast, the majority of river N01-N was 
exported when lile drainage w:u occurring, sueam water resi­
dence [ime w:u short, and temperatures wcre cool (Royer et aI., 
2004). l hesc factors combined to make in-stream denitrifica­
tion a negligible N output from the Big Ditch watershcd. 

Denitrification in shallow ground water was grcater than in­
stream denitrification; however, it was a minor Output from the 
watershed. Mehnert e{ a1. (2007) found that 1.8 and 5.7 kg h:l- I 

ofN were denitrificd from ground water in this W"J.len;hcd dur­
ing the 200 1 and 2002 watcr yea rs, respectively, representing 6 
and 34% of NNL These estimates were considered minimum 
values because the hydrologic model only accounted. for steady 
st:l.le ground water Rowand ignored lransiem flow event5, such 
as flow from precipitation events. It is likely Ih::I[ the existence 
of cxtcnsiv~ tile drainage decreases the potential for shalluw 
ground water denitrification in this watersh~d. 

Nitrogen MassBalance 
'lhe ov~rall annual mass bahnc~ of the Big Ditch water­

sh~d arc shown in Fig. 2 and 3. Assuming field deni trinc:l.­
tion was <i kg ha- ' in 2001, N input5 (158 kg N ha- I ) were 
g reater than OUtpUt5 (J 52 kg N ha-'), indicating a prn;itive N 
mass balance of 6 kg N ha-'. Although we cakuhted. a value of 
-i1 kg N h:c ' for grain N d~rivcd from soil, the positive N bal­
ance indicates that net soil N depletion did not occur in 2001. 
It is likely that dry years with modcrJ.te grain yields and small 
leaching and dcntrifiC:l.tion losses create surplus N, allowing 
carryover ofN to the subsequent year (David et aI., 1997). 

G:ISCOUS N lo5-.)es from .~oils ~rc considtrcd the most difficult 
measurements to conduct on a large spa tial scale and wefe not 
directly me-.LmrOO in this study. AJthough the 2001 watershed N 
mass balance suggests that as nlUch as 6 kg N ha-' could be lost 
from soils via processes such as demrificarion and niuification, 
soils were not inundattxl when temperatures ....-ere favorable for 
dentrification. Nitrification ofammoniacal fertil izers (especially at 
fcrtil i1~l!ioll tJ.Il'S greater than sullicicnt) has been shown to pro-

Gentry I.'t al.: N Mass Salance in a TIle ·dralned Agricultural Wa tershed 

Table 2. Cropland area, inputs, outpllls. and explicit change in §oil 
storage fCKthe Big Ditch wltl!fshed in 2001 and 2002. 

200> 2002 
Cropland a rea 

Maize, ha 4547 
Soybean. ha 4381 ""4269 

Inputs .-----kg N ha-'-­,Deposit ion 5 
N fl.'rtilin!r 83 85 
Soybean N f,xation 
Tota! " '50" 

Outputs '" 
Main! grain N 
Soybean grain N "75 "86 
Big Ditch total N load 50 
In·stream denitrification <>" , 
Ground water denitrificatio n 2 , 
Field deni trification <> 27 
Total 

Explicit change in soil storage '" '" 
Maize grain N derived from soil - 26 - 32 
Soybean grain N derived from soli - 35-" 
Total -4' -<7 

25 ,------ - ----~ 

1011100 211/01 611101 1011101 211102 611102 1011102 

Fig. 1. Big Ditch dis<hatge OiInd NO,-N concentrations. 

ducc gaseous N lOS$; hQWCVff, fenili7.er N roues in the Big Ditch 
watershed were nO( considered acc:ssive, which would minimi-ze 
the imponance of this N outpUt in our mass balance calculations 
(Mc5winey and Robcruon, 2005). In general, the extensive tile 
drainage thai exists throughout c:ast-central Illinois is thought to 

decrease the occurrence of field denitrification (McIsaac and Hu, 
2001). '1 herefore, in the drier year of 200 I, we bclitve field Jeni­
trification was not likely an imporram watershed OUtput. 

In 2002, with large N Ic:aching losses and likely ~ubstantial field 
denitrification, mul inputs (1 S4 kg N ha- ') were less Lhan all mc:a­
surcd OutpUt5 (194 kg N ha- ') 0:ablc 2). ' Ihis negative balance 
suggests a reduction in stortd soil N in 2002. Here we treat explicit 
change in soil sror.lb~ (-{)7 kg ha-') :LS an input, oif.scning the hal· 
ance shonfall and solving for field dcntrincation. By assuming that 
N input plus the absolute value for explicit I.:hangc in soil storab~ is 

1845 
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Inputs OutputsOutputs 

154 221152 

Fig. 2. Nitrogen mass b<llance for the Big Ditch watershed in 2001. 
showing summed inputs and outputs as well all major ml!asured 
and estimated fluxes. All un its ate kg N ha-' y,-'. and arrows are 
proportional to fluxes. 

equal to tora! N OUtpUll; (due to the extensive flushing ofN from 
soil and shallow ground water), ....-c cstim:u:c-d that 27 kg N ha I 

was lost from the watermc-d via field denitrification in 2002 (rable 
2). Although few studies have quamific-d fidd denitrification, a 
study in east-<.-cmmllllinois ( rorber! et M., 1992, 1993) found 
thai whcn Drummer sui! was artificially flooded for more than 
five consecutive da)'5, nearly 50% of the ferrili 7..t:r N applic-d was 
lost via denitrification. As indicated by the numerous river and tile 
discharb'C CIlCnll; during May :mdJune of2002, frequent prccipit:l.­
lion at that time creared saturated soil condit ions in the Big Ditch 
walershc-d for extended periods at temperatures favorable for den­
trification. In extensively til~rained regions, only small amountS 
ofN enter shallow ground water because tile and srrcam ne[WOrks 
quickly transport N downst/"C".J.m and OUI of the watershed (Meh­
nert Ct al.. 2007; Royer ct al.. 2006). ·Iherefore, we believe that 
denilrificalion in the upper soils was likely the most important 

source of b':lSCOUS N loss during the wet year of2002. 
David et al. (2009) compared five models that simulate the 

N cycle in agrkultuml systems and predicted denitrification 
(SWAI ~ DAVCENT, DRAINMOD-N II, EPIC, and DNDC) 
for thc Embarl"".J.S River watershed in Champaign County, di­
rectly sollth of the Big Ditch watershed. The Embarras Rivcr 
watershed has similar soils, cropping panerns, fcnilizer N u~. 
and riverine N exports as in the Big Ditch watershed (Royer et 
aI. , 20(6). -1Ile models pf(.'dicted an average denitrification AU}[ 
for 2002 of 13.5 kg N ha- I • For the agronomic-based models 
SWAT, DRAINMOD-N II, and EPIC, field denitrification mes 
were es timated to bc 22, 21 . and 14 kgN ha- ' yr- I, respectively, 
which is similar to our estimate of 27 kg N ha-' yr- I ; the twO 

biogeochemistry models DAVC ENT and ONDC had estimatcs 
of 3.5 [0 4.2 kg N ha- ' yr- ', respectively. Using our estimate for 
field denitrification, we find a gross loss of N via leaching and 
denitrifica tion (field, shallow groulld water, and in-stf(.'am) of 
84 kg N ha-I for the Big Ditch watershed in 2002. 

Ovcrall, our watershl-d mass balance analysis indicates that 
N fertilizer is the largest input, that grain N is the largest out­

put, and that IOtal OutpUts arc greater than total inputs. During 

'''' 


Fig. 3. Nitrogen mass bal~n(e for the Big Ditch watershed in 2002, 
showing summed inputs and outputs as well aU major measured 
and enimated fluxes. All uniU are kg N ha-' yr'. and arrows lire 
proportional to fluxes. 

the past 20 yr; US fertilizer N sales have remained relatively 
constant, whereas crop yields and N harvested (espedally maize 
since the introduction ofGMO tl"".J.its) have increased (USEPA, 
2007). Given this perceived increase in maize N utilil.ation effi­
ciency, it would be expected that riverine N loads in the Missis­
sippi River watershed would be declining. Surprisingly, riverine 
loads in tile-drained regions have not declined much, if at all, 
during this period (USEPA. 2007). In olLr analysis of the Big 
Ditch watershed, thc N mass balance could not be closed with­
OuI considering the explicit change in soil storage. lherefore. 
our results suggest that a maize/soybean rotation depletC$ soil 
N in this cxlCnsh·ely tile-drained W3tcrshed, especially during 
an extremely wet year. In addition, tile drainage losses can be 
substantial (>50 kg N ha- I yr'), even with a favorable crop N 
babnce, as indicated by a NNI (If 17 kg ha- I in 2002. Final!y, 
there is little doubt that NOJ-N leaching, largely mediat<:d 
through tile drain age networks, i~ thl! major source ofN in sur­
face waters in cast-central Illi noi$, contributing to local w:.l.t(r 
quality problems and nutrient loading in the Gulf of Me)[ieo. 

Conclusions 
Our comparison ofN cycling in the Big Ditch watcrshed was 

conduCll-d (luring 2 yr of differing N leaching pmcrns driven 
by precipit3(ion. "{he watershed N balance calculations indicate 
that N inputs were greater than ompms (.6 kg ha- I ) in the drier 
year (2001) but wete much less than OUtpUll; (-67 kg ha- I ) in 
the wetter year (2002), indicating soil N depletion. In years whh 
modest leaching losse.s and minimal denitrification, N may accu­
mulate and carry over to the next ye,lf, thus pardy offsetting net 
depiction of soil N. Our :l.nalysis suggests that soil N depletion 
can occur in maize/soybean rorations in yl-atS with abovc-avcr.lgc 
precipitation (If extremely WCl spring periods. With current pro­
duclion trends (If higher grain yields with lb., or even dedining 
fcnil il1:r N rate, thoe dara suggCSt the likelihood clu.t ~jl N 

depiction may Ix- cxacerbatc-d. 
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TECHNOLOGIES TO MEET NUMERIC NUTRIENT 

CRITERIA AT FLORIDA'S DOMESTIC WATER 


RECLAMATION FACILITIES 


EXECUTIVE SUMMARY 

The consent decree between the US Environmental Protection Agency (EPA) and a coalition of 

environmental groups over the need to set numeric nutrient criteria (NNe) for surface waters in 

the State of Florida will have severe consequences for Florida's wastewater utilities and the 

customers they serve. If the expected NNe to be proposed by EPA are implemented in the state's 

water quality regulations, all Florida wastewater facilities that discharge reclaimed water to 

rivers, streams,lakes and estuaries will likely be required to meet new, very low limits on the 

discharge of total nitrogen (IN) and total phosphorus (TP). These new limits are anticipated to 

require a reduction in the current discharge afTN by 40 to 80% and TP by 90 to 95%. 

Should the proposed numeric nutrient criteria become incorporated in the discharge pennits for 

these treatment plants, Florida utilities will spend an estimated $24.4 to $50.7 billion in capital 

costs for additional treattnent facilities, and will incur an estimated $0.4 to $1.3 billion dollars 

per year more in increased operating costs. This corresponds to tens of billions of dollars in costs 

passed down to approximately three quarters of the individual citizens and businesses in the State 

of Florida. In addition, the treatment technologies needed to achieve these limits will potentially 

use almost 5 percent of the total electric power generating capacity in the State of Florida and 

contribute over 17.4 million tons of carbon dioxide (C02) emissions per year. 

According to the Florida Department of Environmental Protection (FOEP), there are 

approximately 2,100 permitted domestic wastewater facilities in the State with a total treatment 

capacity of about 2.4 billion gallons per day, approximately half of which discharge effluent to 

surface waters. FDEP reported in 2005 that approximately 64% of Florida's population is served 

by central sewer systems that feed these treatment facilities. Florida's total population is in 

excess of 18 million residents according to the US Census Bureau. Based on these figures, 

approximately 12 million citizens of Florida are served by permitted wastewater treatment 

facilities that will be impacted by the proposed NNe. 

Required facility upgrades to treat the 2.4 billion gallons of wastewater per day to the new 

standards would result in a cost of approximately $1.6 to $3.3 billion dollars per year over the 

next 30 years in addition to current treatment costs. Considering the interest paid on bonds 

required to fund these improvements, the State's wastewater utilities are facing a $47.6 to $98.7 

billion dollar price tag to meet the proposed nutrient criteria over the next 30 years. These figures 

do not account for the corresponding increase in operating costs. We estimate that annual user 

fees for customers served by the impacted facilities will increase by an average of $673 to $726 
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per year in totaL Table I summarizes the potential cost to Florida and the average individual 

household. 

This paper addresses the anticipated costs for Florida utilities to be in compliance with EPA­

promulgated numeric nutrient criteria; the treatment technologies available to achieve the 

proposed criteria; and lastly, the additional $673 to $726 in yearly costs to customers should 

these regulations be adopted. 

Table 1 Summary of Estimated Project Costs and the Estimated Average Increase in 
Annual Sewer Rates for the State of Florida to Implement Numeric Nutrient 
Criteria. 

Project Cost l Annual Debt 
Service2 

Increase in 
Annual 

Operating 
Costs} 

Yearly Sewer 
Rate Increase'. per Customer 

Florida Facilities 
with NPDES 
Permits5 

$24,400,000,000 $1,600,000,000 $433,000,000 $673 

All Florida 
FaciiitiesS $50,700,000,000 $3 ,300,000,000 $1,330,000,000 $726 

Notes: 
I. Project costs include estimated construction costs plus contingencies, administrative, legal, engineering and financing costS. Estimates also 

assume all private facilities must be: upgraded to provide advanced wastewater treatment, mierofiltration, and re\'crsc osmosis with concentrate 
drying with landfill dispoul. M\IIlleS public facililies with deep wells wiU construct new deep wells for concentrate disposal. All other public 
&.cilities lSsumed to construct facilities for concentrate drying. 

2. Annual debt service based on 30-year amortization schedule and 5% interest. 

3. AssIl1l'lCS C1.lll'ent flow is 50% of design flow, and thai this is representative of "actual" usage of the plant. Capital upgrades will be: required for 
the entire design flow. while operating com are based on lCtual usage. 

•• Average cost for public Ind private systems. Customer size estimated.t 1.1 persons per household based on US Census infonnation . ,. The range ofproject costs was based on two scenarios. The lower project cost assumes that only surface water dischargers (e.g. assumed to bc 
plants with NPDES pennits) would be: required to comply with the proposed nutrient criteria. The higher project cost lSsumes that all Florida 
plants will be required to comply with the proposed nutrient criteria. 
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EXISTING AND PROPOSED NUTRIENT STANDARDS 


Florida's water reclamation plants already operate within a complex system ofwatcr quality 

regulations that are among the most stringent in the world. Currently, the highest level of 

treatment provided by Florida wastewater treatment plants is Advanced Wastewater Treatment 

(AWT). In Florida, the tcrm "AWT" is often used to refer to wastewater treatment that produces 

a reclaimed water achieving standards set oufin section 403.086(4), Florida Statutes, i.e. 

reclaimed water containing no morc than 5 mg! L of carbonaceous five-day biochemical oxygen 
demand (cBODs), 5 mgIL total suspended solids (TSS), 3 mgIL TN, and I mgIL TP. 

, 
 According to the proposed consent decree between EPA and a coalition of environmental groups, 

EPA is to propose NNe for fresh waters in Florida in January 2010 and marine waters by 

January 2011. NNC proposed by FDEP in June 2008 would drop the TN limit from 3.0 mgIL to 

0.82 - I.73 mgIL and TP limits from 1.0 mg/L down to 0.069 - 0.415 mgIL. Based on review 

comments from EPA on the FDEP NNC, the actual values for EPA's NNC are expected to be 

lower than the NNe proposed by the FDEP. While these proposed changes might seem small, 

the new NNC are at (for TP) or below (for TN) the concentrations achievable with proven 

nutrient removal technologies now in full-scale use at municipal wastewater plants. Table 2 

allows a comparison of the current standards for secondary and A WT standards with the 

proposed NNC standards. 

The very low concentration criteria on TN and TP being proposed can be met, although at 

significant cost, by adding additional treatment processes at the end of a Florida advanced 

wastewater treatment (A WT) plant. A WT as currently practiced will not provide consistent 

compliance with the proposed NNC, and additional technologies must be employed. 

Table 2 Comparison of Maximum Pollutant Concentrations Allowed by Water 
Reclamation Standards 

Pollutant Secondary Limits AWT Limits Proposed Numeric 
Nutrieot Limits3 

cBODs, mg/L 20-30 5 -
TSS, mg/L 20-30 5 -
TN,mg/L No limit 3 0.82 - 1.73 
TP,mg/L No limit I 0.069 0.415 
NoleS: 
l. Nationwide technology basc:d standards required by the: Clean Water Act for ,II wastewater uealment planlll. 

2. Florida standards required by state law for discharge 10 spec.iftc nutrient sensitive water bodies. 

3. Proposc:d in-stream waler quality standards \hat would become end-of-pipc limil5 unless I faeil ity obtains I mixiD.g zone or site-
specific alternative criteria. 
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CURRENT NUTRIENT REMOVAL TECHNOLOGY 


Today more than 65 Florida plants with a total treatment capacity of over 500 million gallons per 

day (mgd) use various A WT technologies to produce high quality reclaimed water. However, 

these plants represent only a relatively small fraction of the plants in Florida. In order to achieve 

current AWT water quality limits, a plant generally must remove about 96% to 98% of TN and 

8S to 88% ofTP from raw sewage. At nearly all A wr plants in Florida, reclaimed water meeting 

AWT limits is achieved using a combination of a biological nutrient removal (BNR) treatment 

technology plus some form of filtration. BNR processes grow naturally occurring bacteria to 

remove the oxygen demanding organic pollutants, nitrogen, and phosphorus from raw sewage. 

Most of the nitrogen is released to the atmosphere as nitrogen gas while the phosphorus is 

removed with biosolids wasted from the plant. 

The TN in reclaimed water consists of inorganic nitrogen (ammonia and nitrates) and organic 

nitrogen. The ammonia and nitrates can be removed down to low levels by conventional BNR 

processes - nitrification and denitrification with supplemental carbon (e.g. methanol) if 

necessary. The presence in reclaimed water of soluble nitrogen. and phosphorus compounds that 

are not biodegradable (also known as refractory compounds) ultimately sets the lowest 

concentrations possible at treatment plants that rely on biological treatment methods. 

Researchers call the refractory dissolved organic nitrogen (RDON). RDON is present in many 

raw water supplies and thus is present in the influent to water reclamation facilities. RDON is 

also a byproduct of biological treatment and will be found in reclaimed water even if not found 

in raw sewage. 

The effluent TN and TP concentrations reported by Florida AWT plants are generally consistent 

with the lowest effluent concentrations of TN and TP typically reported by researchers as 

achievable with current BNR technologies. In other words, Florida A WT plants are already 

removing nutrients as well or better than most BNR plants. 

ADDITIONAL TECHNOLOGIES TO MEET PROPOSED NUMERIC 

NUTRIENT CRITERIA 


Water treatment technologies do exist to produce reclaimed water with any desired water quality 

such as the ultra pure water required for electronics manufacturing and high-pressure boiler feed 

water. Since most technologies that can achieve these limits are typically used for applications 

other than removing nutrients from reclaimed water, little data exists on their performance in 

removing nitrogen and phosphorus to meet NNe. 

The additional treatment technologies that might be used to meet numeric nutrient criteria 

include high-pressure membranes (reverse osmosis and nanofiltration),. adsorption (activated 
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carbon and' reactive filtration), oxidation (ozone, UV, peroxide), chemical coagulation and 

precipitation, and ion exchange, 

Ofthe aforementioned additional treatment technologies, reverse osmosis (RO) is a leading 

candidate technology when considering very low nutrient limits because of its ability remove 

nearly all constituents in the water to very low concentrations, In simple terms, RO is a 

selectively penneable barrier that rejects nearly all contaminants larger than a specific size, while 

letting water molecules through, A number of large water reclamation plants currently use RO to 

produce very high quality reclaimed water, These include the West Basin plant in El Segundo, 

California (22.5 mgd), the Scottsdale, Arizona Water Campus (14 mgd), the GWRS (70 mgd) 

plant in Orange County California, and four NEWater plants in Singapore (Bedok, 8.4 mgd; 

Kranji, 10.6 mgd; Seletar, 5.0 mgd; and Ulu Pandan, 39.1 mgd) among others. All of these 

facilities have successfully used membrane technologies to produce exceptionally high quality 

water for other purposes than to remove nutrients, Specifically. the West Basin plant in El 

Segundo and the GWRS plant use MFIRO treated reclaimed water to create saltwater intrusion 

barriers and for indirect pO,table reuse, The Scottsdale plant treats to drinking water standards and 

then injects MFIRO treated water into an aquifer to supplement drinking water supplies, and the 

four NEWater plants in Singapore use MFIRO or UFIRO to create high quality industrial water 

supplies for electronics manufacturing and to provide supplemental water to a reservoir used as a 

drinking water supply, 

Figure 1 provides a schematic representation of the sequence of treatment zones in the typical 

Florida water reclamation plant designed to meet AWT limits using BNR along with the selected 

additional technology of reverse osmosis membranes and associated concentrate disposaL 
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Figure 1. Schematic illustration oftbe type of processes likely required for Florida wastewater plants to 
comply with the proposed numeric nutrient criteria. 

CHALLENGES ASSOCIATED WITH REVERSE OSMOSIS SYSTEMS 

RO systems create several significant challenges. First, since membranes simply separate various 

constituents from water, RO creates a "concentrate" stream, typically 15 to 20% of the feed 

water, that contains concentrated levels ofthe·rejected constituents. For example, jfthe mineral 

calcium was in the untreated water at 100 mgIL, it would be treated to nearly 0 mgIL in the 

treated stream with a concentration of about 500 mgIL in the concentrate stream that then needs 

to be disposed of. Finding economical methods that will comply with regulatory and public 

perception requirements for reuse or dispose of concentrate can be a challenge. In areas with 

suitable geology, deep well disposal is an option. Concentrate cannot be recycled upstream of an 

RO system as the salt concentration very quickly builds to intolerable levels. Concentrate can 

also be evaporated, dried, and landfilled; however, both the capital and operating costs of drying 

concentrate are on the order of $3 .00 per 1000 gallons treated more expensive than other disposal 

methods. 

Another significant drawback to RO treatment is the high power cost required to operate an RO 

system. Adding RO to the typical water reclamation plant will increase power consumption for 

an already energy~intensive system by at least 90%. Power requirements for RO systems treating 

reclaimed water range from about 1,400 to 2,400 kWh per mgal treated, compared with the 
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average power consumption for existing water reclamation facilities of about 1,500 kWh/mgal. 

RO membranes al so tend to foul quickly in reclaimed water applications, requiring pretreatment 

of feed water and regular chemical cleaning of the membranes, both of which increase the cost 

and complexity of building and operating an RO system. At present most reclaimed water RO 

systems use microfiltration (MF) for pretreatment. 

Finally, RO treatment still needs to be preceded by a BNR process. RO alone will not remove 

ammonia and nitrate to the degree required due to their similar size and molecular characteristics 

to water. A typical RO membrane will reject about 90% of the nitrate and 95% of the ammonia 

in the feedwater. While phosphates are better removed by RO membranes (rejection ~ 99.8%), 

too much phosphorus going to an RO system will also foul membranes as a result of the 

precipitation of insoluble phosphate compounds. 

COSTS TO MEET THE NUMERIC NUTRIENT CRITERIA 

A Specific Case Study 

To illustrate the costs to implement additional treatment to meet the proposed numerical nutrient 

criteria. consider an existing 10 mgd Florida water reclamation plant that meets advanced 

secondary water quality standards for public access reuse. To meet the numeric nutrient criteria, 

the biological portion of this plant must be upgraded to meet A WT limits, and then additional 

tertiary physical-chemical treatment processes must be added. For this example, assume that 

conventional BNR and MFIRO processes will be used. 

Based on a study of 50 BNR upgrade projects, the expected cost to upgrade a 10 mgd plant from 
secondary to A WT standards is on average about $82 million. Based on bid-data available from 

eleven wastewater treatment plants using MF-RO, adding MF-RO treatment to an existing water 

reclamation plant is estimated to cost bet\.Veen $54 million to $81 million depending on the 

concentrate disposal method. These costs could be significantly higher at existing sites because 

of site constraints. The total capital cost to upgrade a 10-mgd water reclamation facility not 

already meeting A WT limits could be in the range. of$140 - $160 million, and operating costs 

would increase by at least $1.00 per thousand gallons treated (about $3.6 million per year), not 

including concentrate disposal costs which can range from an additional $1.10 per thousand 

gallons for a deep well up to $3.00 per thousand gallons for a brine concentrator system (these 

numbers have been normalized to reflect design flow and not concentrate flow). These additional 

operating costs are in addition to the estimated $1.00 to $1.50 per thousand gallons being treated 

already being spent for typical Florida treatment facilities producing water for reuse. Table 3 

summarizes the incremental capital costs required to meet the proposed NNe. 
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Further, meeting low yearly average nutrient limits requires highly consistent performance by the 

treatment process, which will likely result in significant conservatism in the sizing of treatment 

facilities, provision of redundant systems, and other provisions to increase reliability that 

ultimately add additional costs. These additional costs are not accounted for in the estimates 

provided here. 

Table 3 Summary of Incremental Capital Costs ($M) for BNR and MFIRO 
Treatment to Upgrade a IO-mgd Water Reclamation Facility for Three 
Different Concentrate Disposal Options. 

Deep Well 
(10,000 ft)' 

Deep Well 
(2,500 ft)' 

Zero Liquid 
Discharge4 

BNR Upgrade 80 80 80 

MF-RO Systems l 50 50 50 

Concentrate Disposatl II 4 31 

Total 141 134 161 

Notes: 
1. Assumed recoveries: MF " 95%; RO - 85%. 
2. Concentrate disposal costs are estimated from a combination of bid-data, vendor quotes, and a report published by the 
AWWA Membrane Residuals Management Subcommittee. 
3. Excluding any pretreatment and standby disposal system. 
4. With a brine concentrator and brine crystallizer; excluding cost for solids disposal; brine concentrator recovery assumed = 
95%. 

. 

The Big Picture 

In order to further quantify the effect of the proposed NNC on the State, the case study variables 

described above were applied to all publicly owned wastewater treatment plants documented by 

FDEP. The plants were broken down into plants that already have AWT and ones that do not. 

AWT technology upgrades were assumed and projected to cost $8.20 per design gallon to 

upgrade. Subsequently, all plants would be required to be upgraded by the addition of an 

advanced tertiary technology following A WT. Reverse osmosis was assumed at an average cost 

of$5 .00 per gallon per day of design treatment capacity. An additional cost of $1.10 per gallon 

of design treatment capacity was applied for concentrate disposal for facilities that have an 

existing deep injection well, as they were assumed to be able to construct an additional deep 

injection well for RO concentrate disposal. All other facilities included a $3.10 per gallon capital 

cost for a brine concentrator, as these facilities were assumed to not have access to a deep 

injection well. Lastly, the estimated increase in annual operating costs was calculated as follows: 

$\.00 per I,OOO-gallons treated for AWT and MFIRO treatment, and $3.00 per 1,000 gallons for 

facilities that must treat RO concentrate with a brine concentrator. Applying the "dollar" per 

gallon unit capital costs to the FDEP database provided a lump sum capital expenditure for the 

state of $24.4 to $50.7 billion dollars. This cost was converted to an annual debt payment over an 
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assumed 30 years with 5% interest, which amounts $1.6 to $3.3 billion dollars plus an additional 

$0.4 to $1.3 billion dollars per year in increased operating costs. 

Much of the increase in operating costs can be attributed to power consumption. We anticipate 

that the addition of these facilities will increase overall power demand by almost 26 miHion 

megawatt-hours/year. The estimated increase in connected electrical load requires about 5 

percent of the total power generation capacity in Florida. Moreover, based on data published by 

the Department of Energy on CO2 emissions by power plants, the additional power consumption 

will increase CO2 emissions in Florida by over 17.4 million tons per year. 

These costs would be passed along to customers through increased wastewater rates . To estimate 

the increase in rates, facility upgrade costs and population information were used to calculate the 

average monthly cost per household. On average, rates would increase by an average of $673 to 

$726 per year per household. 

Sample of Utilities 

A sampling of utilities was conducted to support the general effort of analyzing the cost impacts 

to all of the Florida utilities described in the "Big Picture" approach. These utilities have based 

their estimated capital costs on various technical alternatives to meet the NNC rule that range 

from the addition ofRO, to implementing 100% reuse via infrastructure improvements, to deep 

well injection of effluent for aquifer recharge. The utilities sampled have wastewater treatment 

facilities that range in size from 6 to 42 mgd, and are located in various areas of the state. Each 

utility reported their present average monthly residential customer wastewater charge and a 

preliminary estimate of the anticipated increase in rates to meet the proposed NNe. These 

percentages were translated to approximate rate increases. Table 4 surrunarizes the results of this 

analysis. The average rate increase reported. across these 8 utilities ($61S/yr) compares well with 

the independent conceptual statewide estimate prepared by the independent engineer 

($673/month (0 $726/month). 
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Table 4 Summary of Es timated Capital Costs and Increases in Sewer Rates for 
Eight Florida Utilities to Construct Facilities to Meet Proposed Numeric 
Nutrient Criteria. 

Capital Cost Yearly Sewer Rate Increase 
per Household 

STATE OF FLORIDA i $24,400,000,000­
$50,700,000,000' 

$673-$726 

Bay County $42,000,000 $684.44 

Broward County $425,000,000 $793.32 

Destin Water $34,000,000 $581.16 

Escambia COWlty $275,000,000 $590.88 

Hollywood $370,000,000 $995.88 

Jacksonville $2,000,000,000 $8 15.04 

Cross City' $5,800,000 $336.48 

South Walton3 $16,000,000 $147.00 

twa: 
J. Estimated average costs for the State of Florida including annual O&M expenses and are shown for comparative 

purposes. 
2. The low end of the range provides the probable opinion of cost assuming only plants with surface water discharges will 

be required to meet numeric nutrient criteria while the high end of the range assume that all plants will need to meet 
numeric nutrient criteria. 

3. Assumes 2.S persons per coonection and ISOgpcd 

CONCLUSIONS 

Implementation of the proposed numeric nutrient criteria will initiate widespread and dramatic 

changes in the way Florida wastewater utilities treat and reuse reclaimed water. The necessary 

changes will likely require decades to fully implement. The major impacts expected for Florida 

consumers include the following: 

1. 	 Wastewater utility rates can be expected to at least double for those utilities required to meet 

the proposed NNC criteria. 

2. 	 The total municipal wastewater treatment cost to the people of the State of Florida will range 

from $47.6 to $98.7 billion dollars over the next 30 years. The actual cost within this 

anticipated range will depend upon how many utilities would be required -- besides those 

discharging directly to surface water streams -- to meet these criteria. 

3. 	 Energy requirements for treatment could increase by almost 26 million megawatt-hours/year. 

4. 	 Emission of CO2 and other greenhouse gases could increase by over 17.4 million tons per 

year of CO2 . 
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given year in the freshwater zone. In addition, reductions were based on meeting the target 
within all five WBIDs in the freshwater zone. As such, the "worst-case~ WBID controlled the 
amount of reduction needed. Finally, point source flows and loads used in the WLA for the 
freshwater zone were based on existing flows and loads with an allowance for growth rather 
than assuming permitted limits. This approach provides an implicit MOS because it is extremely 
unlikely that all of the point sources would simultaneously discharge at their full WlA 

Conservative assumptions were also part of the development of the TMDL for the oligohalinel 
mesohaline portion of the river. As in the freshwater zone, four different years were simulated. 
However, in this case, the worst·case year (1999) was used to establish necessary nitrogen 
load reductions in the oligohaline/mesohaline zone because the controlling factor, DO, can 
result in impairment in shorter time frames than increased algal biomass. In 1999, there were 
reduced rainfall and increased residence times, which resulted in reduced DO levels and a large 
fish kill. As in the freshwater zone, the percent reduction needed for the oligohalinefmesohaline 
zone was based on ensuring that the target was met in all of the WBIDs in these zones. 

Another conservative assumption involved the methodology used to establish the DO SSAC in 
the marine portion of the river. For example, a minimum DO of 4.0 mg/L was specified and 
certain conservative assumptions were made regarding larval recruitment and growth in the 
development of the SSAC. 

Finally, point source flows and loads used in the WLA for the oligohaline/mesohaline zones 
were based on existing flows and loads with an allowance for growth rather than assuming 
permitted limits. As noted previously, this approach provides an implicit MOS because it is 
extremely unlikely that all of the point sources would simultaneously discharge at their full WLA. 

6.6 Seasonal Variability 

Seasonal variability was assessed during the development of this TMDL as part of the 
development of the site·specific water quality targets and the determination of assimilative 
capacity. The site·specific targets developed for the freshwater and oligohaline/mesohaline 
zones account for the seasonal cycles in algal growth. In the freshwater zone, the critical period 
occurred from April through August, when excessive algal growth led to imbalances in the algal 
community structure (dominance by only a few species) and impacts to the food web 
(undesirable prey for zooplankton and fish species). The chloro II a tar et for the fre 
~oUQJle-exceeGed-m than 10 percent of the time s s si 

to prevent algal blooms of sufficient duration to cause these imbalances in flora and fauna in the 
future. -­

The TMDL for the oligohaline/mesohaline zone also accounted for seasonal variability. As 
discussed earlier in the MOS section, the summer of 1999 was a critical period, during which 
DO was below 4.0 mg/L at levels and for durations that could adversely impact the aquatic 
fauna in the oligohaline/mesohaline zones. The method used to develop the DO target 
accounts for these critical, seasonal (and diurnal) periods and ensures that excursions of DO 
levels below the chronic threshold will not occur at a magnitude or duration that would result in 
impacts to aquatic fauna. 
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complex for municipalities that wanted to aggregate their wastewater and MS4 allocations, 
because the allocations to MS4s were expressed as percent reductions. The approach was to 
simply convert the percent reduction back into a load using the loading in the allocation 
spreadsheet. 

This approach clearly works for the TMDL for the freshwater portion of the river, which is based 
on a long-term average condition (based on the chlorophyll a target of not exceeding 40 ug/L 
more than 10 percent of the time). This approach also works in the marine portion of the river, 
even though the TMDL is based on a dry year (1999 was the worst-case year for DO, when 
tributary flows were low, nutrients were concentrated in the river due to less dilution, and 
residence times were longer). Model runs4 indicate that the percent reductions needed in other 
model years are about half of the reductions in 1999 (a 15 percent reduction required in 1996 
and 1997, compared with a 28.5 percent reduction required in 1999), while the urban 
stormwater loads for these years are less than twice the 1999 load. As such, it is adequately 
protective to use the 1999 load for aggregation purposes. 

For the aggregate allocations, the Department plans to issue watershed permits that will require 
compliance with the aggregate WLA These permits will be in addition to the facilities' current 
permits. and will focus on compliance with the WlA 

This approach of converting the percent reduction back into the allowable load for 1999 is also 
applicable if MS4s decide to meet their required reductions through water quality credit trading. 
The WLAs given to point sources can be modified via trading as long as the overall load does 
not exceed the TMDl. The combined WLA (both total and facility-specific) is provided to allow 
flexibility so that reductions from one discharger can be shifted to another as long as the net 
allocation achieves the TMDl. The Department plans to address the permitting process and 
requirements for water quality credit trading, including trading factors, in the Basin Management 
Action Plan (BMAP) for the TMDL. 

6.5 Margin of Safety 

Consistent with the recommendations of the Allocation Technical Advisory Committee 
(Department, 2001), an implicit MOS was assumed in the development of this TMOl. An 
implicit MOS was provided by the conservative decisions associated with a number of modeling 
assumptions, the development of site-specific alternative water quality targets, and the 
development of assimilative capacity. 

In the freshwater zone, multiple years of phytoplankton and zooplankton field measurements 
were evaluated to establish the site-specific chlorophyll a level beyond which zooplankton 
abundance and diversity started to decline. Hydrodynamic/water quality simulations over four 
different years were then evaluated to determine the appropriate long-term average TN and TP 
load reductions necessary to meet the chlorophyll a target. These four years represent flows 
that were slightly drier than average conditions and, given that the effects of nutrient impairment 
are more prominent in dry conditions, this long-term, yet dry period is considered conservative. 

The expression of the TMDL also provided an implicit MOS because equal percent reductions of 
both TN and TP were required, even though both nutrients may not be the limiting factor for a 

• These model runs were evaluated because the Department was concerned that the amount of load aggregated. if based 011 the 
dry year lOading, could conceivably be inadequately protllCtive during wetter years when MS4 loads would be higher. dopendlng on 
the percent reduction required for the wetter yeatS. 
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