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Abstract

Excessive phosphorus loads in urban and agricultural
runoft are identified as one of the greatest threats to the
natural environment of Central and South Florida. This
study compares the cost effectiveness of two different water
treatment systems that have demonstrated an enhanced
phosphorus removal ability utilizing aquatic plants and
biomass: Wetland Stormwater Treatment Areas (STA) and
Managed Aquatic Plant Systems (MAPS). Cost effective-
ness, expressed as dollars per kilogram (kg) of phosphorus
removed, is calculated from the net present value cost for
capital, operation and management, including residue
management, and benefits from water storage/supply and
recreational use, divided by the projected total phosphorus
removal over fifty years. MAPS demonstrated the lowest
cost at $24 per kg for systems designed to treat waters

with 300 ppb (parts per billion) phosphorus to a level of
155ppb. Reservoir-Assisted STA, which treated 540 ppb to
40 ppb phosphorus concentration in Central Florida, had
an estimated cost of $77. STAs starting with concentrations
ranging from 40 to 180 ppb and facing a target of 10 ppb
phosphorus concentration in South Florida had much
higher cost estimates, ranging between $268 and $1,346 per
kg.

Introduction

Restoration of the Everglades ecosystem is of great interest
to Florida, the nation, and the international community.
Over 9,000 square kilometers, or 3,474 square miles, of the
remaining wetlands are included in the Everglades Protec-
tion Area (EPA). Phosphorus has been identified as the
nutrient most responsible for changing the environment in
the Everglades by causing excessive growth of undesirable
vegetation. Historically, the major source of nutrient load-
ing of phosphorus to the Everglades had been atmospheric
precipitation. More recently, canal discharges originating
primarily as agricultural runoff reportedly have altered
water quality in several areas within the marsh and, in
particular, increased phosphorus loading has been associ-
ated with numerous changes in ecological characteristics.
Thus, reducing phosphorus loading to the EPA is central
to restoring and preserving the Everglades. To achieve the
long-term water quality goals, the State of Florida enacted
the Everglades Forever Act in 1994. The phosphorus limit
for water entering the EPA was proposed at 10 ppb (parts
per billion) by the Florida Department of Environmental
Protection and approved by the Environmental Regulation
Commission in July 2003. To secure the water quality in
Lake Okeechobee, the central part of a large interconnected
aquatic ecosystem in South Florida that provides a number
of values to society and nature, including water supply for
agriculture and urban areas, the State of Florida enacted
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the Lake Okeechobee Protection Act in 2002, mandating
a total maximum daily load, which results in 140 metric
tons per year of phosphorus to achieve the targeted 40
ppb in-lake phosphorus concentration. In the same year,
to give a framework and guide to various efforts of restor-
ing, protecting, and preserving the water resources of
central and south Florida, the Comprehensive Everglades
Restoration Plan was authorized under the Water Resources
Development Act of 2000 to embrace a wider range of
environmental management such as flood protection and
agricultural/urban water supplies.

Best Management Practices (BMP) is one of a variety of
phosphorus reduction efforts for agricultural producers.
STAs, large constructed wetlands that reduce the down-
stream phosphorus load by retaining phosphorus in the
soils and biomass, have been constructed or planned as a
means for reducing non-point phosphorus loads.

Four of the six STAs in the Everglades Construction Project
(ECP) Basins, which are designed to treat waters flowing
from the Everglades Agricultural Area, are fully operational
(Figure 1). Three of these four STAs partially employ
Submerged Aquatic Vegetation (SAV) technology, which
enhances phosphorus uptake by managing submerged
aquatic vegetation, as opposed to ordinary STAs, which rely
primarily on emergent macrophytes to remove phosphorus
from waters. The South Florida Water Management District
(SFWMD) identified SAV as an effective way to enhance
phosphorus reduction.

The Managed Aquatic Plant System (MAPS), an aquatic
plant-based water treatment system developed by Hydro-
Mentia, Inc., has been selected as one of the thirty-two
projects conducted in the Lake Okeechobee Watershed
(LOW). The facility involves the cultivation of a mixed
community of periphytic algae, cultured on an engineered
geomembrane, overlain with an attachment grid upon
which treatment waters are discharged (the system is called
Algal Turf Scrubber, or ATS™). Algae is scraped from

the membrane and collected with an automatic rake at a
harvesting station. The harvested biomass is then conveyed
to a bunker for storage and further processing. One feature
that distinguishes MAPS from STAs is that plant biomass is
periodically harvested and recycled into potentially market-
able products. Another notable feature of the MAPS water
treatment is that it requires relatively little land, enabling a
MAPS treatment facility to be geographically compact.
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Figure 1. Locations of stormwater treatment areas in Everglades
construction project and Everglades stormwater program basins.
Credits: Brown & Caldwell, 2002

Analytical Approach and Methods

The basic characteristics of water treatment system
compared in this study are summarized in Table 1: six

STAs located in the Everglades Construction Project (ECP)
Basins, three STAs planned in the Everglades Stormwater
Program (ESP) Basins, one Reservoir-Assisted Stormwater
Treatment Area (RASTA) planned in the Lake Okeechobee
Watershed (LOW), and MAPS designed to treat waters
with 300 ppb phosphorus. In order to compare the STAs
with MAPS, only the STAs employing biological technolo-
gies adopted or recommended in the Long-Term Plan for
Achieving Water Quality Goals (“Long-Term Plan”), which
was approved by the South Florida Water Management
District (SFWMD), were chosen. RASTA not enhanced
with biological technology is included in this study because
RASTA faces the same phosphorus removal target and
similar phosphorus loading conditions as MAPS. All data
used in this study were previously prepared by environmen-
tal firms and submitted to SFWMD (as noted as sources in
Table 1) and, unless mentioned, they were preserved as they
were found in the cited documents throughout the study.

In order to compare cost effectiveness among facilities,
costs were estimated as cost per kg of phosphorus removed,
calculated from total net costs divided by the projected
total fifty-year phosphorus removal. Net present value

costs (discounted terms) were the sum of costs, including
capital costs, operation and management (O&M) costs,
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replacement costs, and benefits (water benefits and
recreation benefits) that have opposite signs to costs, over
fifty years. The associated contingency costs and project
management costs were included in either capital costs or
O&M costs. All monetary values were expressed in 2003
dollars, with a composite discount rate (inflation-adjusted
discount rate) of 3.375 percent.

In addition to costs in cited reports, costs associated with
residue management were also taken into consideration.
The recent studies found that the sediments in STAs/
RASTA, the essential medium that absorbs and retains
phosphorus, could no longer retain phosphorus at some
indeterminate point or may release phosphorus under
unfavorable conditions; thus proper management of the
sediments becomes necessary. In this study, it is assumed
that the residue is removed in the twenty-fifth year of the
STA and RASTA operations. The cost was calculated by us-
ing a unit acreage cost of residue removal ($3,213 per acre)
reported by DB Environmental in 2003, multiplied by the
acreages of water treatment facilities. In the case of MAPS,
residue is excavated every year. The cost was calculated by
using a unit volume cost of residue removal ($60 per ton of
sediment) multiplied by the projected volume of the annual
residue removed from the treatment facility. In both cases,
it is assumed that the unit volume cost remains constant
over the fifty-year forecasting period.

To account for the socio-economic benefits from water
treatment facilities, two benefits were considered: water
storage/supply benefits and recreation benefits. Given the
rapid population growth in South Florida, water treatment
facilities will play an important role by increasing water
supplies to lessen possible water shortages. The projects’
enhanced water supplies and the price of water based upon
a survey of people’s willingness-to-pay during water short-
age events were utilized to calculate each facility’s share

of contributing such water storage/supply benefits. The
imputed unit price of water was $13.21 per 1,000 gallons
calculated from data in the Integrated Feasibility Report and
Programmatic Environmental Impact Statement reported by
United States Army Corps of Engineers in 1999.

Recreation benefits are based on the assumption that water
treatment facilities provide residents in the region or visi-
tors to the region with benefits such as hunting and wildlife
watching. STA-5 and STA-1W have been offering the
general public waterfow] hunting opportunities since the
2002/2003 season as well as bird watching trips since the
2004/2005 season. The estimated unit recreational benefits
per acre of STA were $11.80, using the average expenditure
per hunter-day calculated from the 2001 National Survey
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of Fishing, Hunting, and Wildlife-Associated Recreation,
Florida and actual number of the visitors observed in STA-5
and STA-1W during the 2004/2005 season. This estimate
only includes expenditures related to equipment and trips
and thus captures the direct economic effects on the local
economy from hunting. The multiplier effects were ignored
in this study due to lack of estimates.

Results and Discussion

Costs and Benefits of Stormwater
Treatment Areas in the Everglades
Construction Project Basins (Treatments 1
through 6)

Total costs ranged from $56 million to $352 million (Table
2). Capital costs represented forty-seven to sixty percent of
total costs except for STA-1E (Treatment 1).

Total non-phosphorus-removal benefits ranged from $7
million to $50 million (Table 2). The ratio of these benefits
to total costs varied from ten to fourteen percent among
STAs, averaging twelve percent. This result illustrates that
benefits from water storage/supply as well as recreation
could significantly reduce net costs during the operation
period.

Fifty-year net present value costs ranged from $50 million
to $302 million (Table 2). Costs per kg of phosphorus
removed ranged from $369 to $1,346. Higher cost per kg of
phosphorus removed implied lower phosphorus removal
capacity per acre among STAs in ECP Basins (Treatments 1
through 6). The average cost per kg of phosphorus removed
becomes slightly larger when it is weighted with treatment
areas. This means that the larger the treatment area, the
higher the cost becomes among these STAs (Treatment 1
through 6). This result does not support the existence of
economies of scale.

Costs and Benefits of Stormwater
Treatment Areas in the Everglades
Stormwater Program Basins (Treatments 7
through 9)

Total costs ranged from $28 million to $112 million (Table
2). Capital costs represent seventy-eight percent of total
costs on average. Shares of O&M costs occupied in total
cost were smaller relative to those observed in STAs in
ECP Basins (Treatments 1 through 6), with an average of
eighteen percent.



Total non-phosphorus-removal benefits ranged from $1
million to $8 million. The ratio of these benefits to total cost
varied from four to eight percent, averaging seven percent
(Table 2).

Fifty-year net present value cost ranged from $27 million to
$104 million. Costs per kg of phosphorus removed resulted
in a range between $268 and $686 (Table 2). These results
are similar to those of STAs in ECP Basins (Treatments 1
through 6).

Costs and Benefits of Reservoir-Assisted
Stormwater Treatment Areas in the Lake
Okeechobee Watershed Project Basins
(Treatment 11)

Total costs were estimated at $244 million (Table 2). Capital
costs represented approximately fifty-eight percent of total
cost. This was similar to the average results for ECP Basins
(Treatments 1 through 6). O&M costs were thirty-nine
percent of total costs. This falls between those of STAs

in ECP Basins (Treatments 1 through 6) and ESP Basins
(Treatments 7 through 9).

Total non-phosphorus-removal benefits of RASTA were
$15 million (Table 2). Water storage/supply benefits were
5.5 percent of total costs and recreation benefits were 0.7
percent. This made the ratio of these benefits to total cost
six percent.

Fifty-year net present cost was $229 million (Table 2).

A significantly larger amount of projected phosphorus
removal resulted in a low cost per kg of phosphorus
removed estimated at $77, lower than any other STAs in the
ECP and ESP Basins (Treatments 1 through 9). Although
the fact that STAs (Treatments 1 through 9) and RSTA
(Treatment 11) treat waters with different levels of inflow
as well as target phosphorus concentrations makes them
incomparable (Table 1), this result supports our prior
expectation that the cost per kilogram of phosphorus
removed would decrease as the phosphorus concentrations
in treating waters increase. Consequently, phosphorus
removal capacity per acre was higher than any other STAs
in the ECP and ESP Basins (Treatments 1 through 9),
estimated at 372 kg.

Costs and Benefits of Managed Aquatic
Plant Systems (MAPS, Treatment 10)

Total costs were estimated at $24.2 million (Table 2). The
most noticeable difference of MAPS (Treatment 10) from
RASTA (Treatment 11) is that the capital costs had a
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lower share of total costs at twenty-eight percent. Residue
management costs represent considerable portions of total
cost (thirty-three percent). Estimated total benefits were
relatively small at approximately $0.13 million (Table 2).

Fifty-year net present value costs were $24.1 million (Table
2). Cost per kg of phosphorus removed was lower than
RASTA (Treatment 11) or STAs (Treatments 1 through 9).
The MAPS system has a significantly higher phosphorus
removal capacity per acre than any other compared
systems due to its enhanced phosphorus removal ability of
harvesting and removing accumulated biomass. However,
it is noted that the simulation of MAPS systems used in this
study are not necessarily designed to meet the target phos-
phorus concentration, and hence result in different levels
of load reduction; that is, an efficiency indicator calculated
from the removed/improved phosphorus concentration
divided by the inflow phosphorus concentration (Table

1). The potential of additional costs for MAPS incurred
through improving efficiency to meet target concentrations
remains uncertain.

Conclusions and Implications

Two types of water treatment systems for phosphorus
removal in Florida were considered. One type is Stormwa-
ter Treatment Areas (STA), which are created wetlands (the
more practiced method), and the other type is Managed
Aquatic Plant Systems (MAPS), which has been developed
and tested at pilot scale in recent years. Both systems utilize
biomass for phosphorus removal, including emergent
aquatic macrophytes, submerged aquatic vegetation, and
periphytic algae. However, there are fundamental differ-
ences in the manner of biomass handling and the intensity
of phosphorus removal. Specifically, the STA system
harvests no biomass while the MAPS system periodically
harvests periphytic algae, which is essential for optimum
phosphorus removal in the MAPS system. While equipping
a facility with harvesting equipment and operations would
usually be associated with high capital costs, this is not the
case for MAPS. Because of the limited land requirements
of MAPS, the share of capital costs in total cost represents
only a fraction compared to a typical STA, which requires a
large water treatment area at a significant cost. On the other
hand, this indicates a relatively higher share of total O&M
costs for MAPS. Because harvesting is an essential part of
water treatment with MAPS, requiring management and
maintenance throughout the operation period, STAs gener-
ally have low maintenance needs. In particular, residue
management is a key to the level of maintenance costs for
proper operations of MAPS.



In this study, the MAPS system showed a significantly

higher phosphorus removal capacity per acre compared
to STAs or RASTA. However, this study focused on only

economic analysis, particularly cost effectiveness under
a set of general and specific assumptions; hence further
analyses from other perspectives is needed to provide

specific recommendations.

Table 1. Characteristics of water treatment systems compared.

Treatment ID #

Total water treatment area (acre)
Biomass treatment area (acre)®
Inflow TP concentration (ppb)

Projected TP discharge after
treatment (ppb)®

Average annual outflow (1000
acre-feet/ year)

Load reduciton (%)
2 Sum of 3 RASTA areas.

® Areas employed with SAV for ECP/ESP Bains and with Algal Turf Scruber for MAPS.
¢ Assuming BMP reduces TP concentration 91 to 71 ppb.

Everglades Construction Project (ECP) Basins

STA-1E  STA-1W

5132
2998
176
10

144

94

6236
2543
139
10

183

93

4 Area weighted average phosphorus concentration.

¢ Geometric mean.

fRange of values comes from different model calibrations.

9 Assumed to be geometric mean.

STA-2

6340
2670
103
10

202

90

"Volume used in 50-year phosphorus removal projections.
i Average (18,283 for 2006-2036 period and 885 for 2036-2056 period according to the simulation.
J Calculated with average geometric mean discharge concentration.
Sources: Burns & McDonnell, 2002; Brown & Caldwell, 2002; Hazen & Sawyer, 2003; HydroMentia, 2004b and 2004c.
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STA-
3/4

16,543
8809
78
10

621

87

STA-5

5
4110
2440

179
10

138

94

STA-6

2282
1222
78
10

54

87

Everglades Storwater Lake
Program (ESP) Basins Okeechobee
Watershed
(Low)
ACMEB  Feeder = L-28 MAPS RASTA
Canal
7 8 9 10 1
375 2640 1280 56.3  7940°
297 865 1088 228 N/A
71¢ 58 39 300 5404
12-15f 10-13f 10- 1559 409
11f
31 77 84 113 94
81 80 73 48 93



Table 2. Summary of cost effectiveness analysis.

Treatment ID #

Capital costs (million $)
(% total cost share)
O&M costs,? (million $)
(% total cost share)
Total costs (million $)

Water storage/supply benefits,
(million $)

Recreation benefits (million $)

Non-phosphorus-removal benefits
(million $)

(% ratio to total costs)
Treatment area (acre)

50-year net present value costs
(million $)

50-year phosphorus removal (1000
kg)
Phosphorus removal cost ($/kg)

Phosphorus-removal capacity per
acre (kg/acre)

2 Includes residual management costs.

Everglades Construction Project (ECP) Basins

STA-1E

1
22.2
(18.7)
96.8
(81.3)
119.0
-14.2

-1.3
-15.5

(-13.0)
5132
103.5

220.5

469
43

STA-TW  STA-2
2 3
88.8 122.0
(47.4) (60.9)
98.6 784
(52.6) (39.1)
187.3 200.4
-17.2 -17.5
-1.6 -1.6
-18.8 -19.1
(=10.0)  (-9.5)
6236 6340
168.5 181.3
125.2 202.5
1346 895
20 32

STA-3/4  STA-5

4
204.9
(58.2)
147.1
(41.8)
352.1
-45.6

-4.2
-49.9

(-14.2)
16,543
302.2

682.9

442
41

5
45.5
(47.8)
49.7
(52.2)
95.2
-11.3

=11
-124

(=13.1)
4110
82.7

2241

369
55

STA-6

6
264
(46.8)
30.0
(53.2)
56.5
-6.3

-0.6
-6.9

(-12.2)
2282
49.6

44.7

1109
20

Everglades Stormwater
Program (ESP) Basins

ACMEB

20.9
(75.6)
5.9°
(21.3)
27.7¢
1.0

0.09
1.1

268
264

Feeder

Canal
8
88.9
(79.6)
18.3°
(16.4)
111.7¢
7.3

0.7
7.9

(=7.1)
2640
103.8

151.2

686
57

L-28

9
345
(75.4)
10.2°
(22.3)
45.8¢
3.5

0.3
3.8

(-8.4)
1280
419

131.9

318
103

b Includes water quality improvement strategy costs listed in basin specific feasibility studies stormwater program basins.

¢Includes replacement costs.

4Includes replacement and demolition.

¢ Ignored.

Lake
Okeechobee
Watershed
(LOW)
MAPS RASTA
10 11

6.7 140.4
(27.8) (57.6)
16.3 103.3
(67.2) (42.4)
24.24 243.7
-0.08 13.5
— 1.6
-0.13f 15.1
(-0.5) (-6.2)
56.0 7940
24.1 228.6
10024 29553
24 77
17,805 372

fIincludes land salvage value. Demolition cost and land salvage value were not included for STAs and RASTAs in cited reports, so ignored in
this study. It is implied that STAs or RASTAs are not likely to be restored and sold to private sector, considering findings and recommendations
made by National Research Council, in which immediate land purchase is recommended to prevent additional loss of land to development
and to provide a buffer between built and natural environments (National Research Council, 2005).
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