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Consumer demand for fish has been inthese nutrients from wastewater is an imporan aquaculture effluent. Thin-film technology
creasing despite declining ocean fish catchetant operation because these compounds plasy a hydroponic crop production system in
Aquaculture, the cultivation of freshwater and critical role in eutrophication. Emphasis hasvhich plants grow in water that flows continu-
marine plants and animals, is one of the fastelseen placed on phosphorus removal for twously as a thin-film over their roots. Water
growing segments of U.S. agriculture. In theeasons: 1) phosphorus is often the most critiftow across the roots decreases the stagnant
period from 1987 to 1992, sales of farm-raisedal nutrient in eutrophication of freshwater;boundary layer surrounding each root, thus
trout increased by almost 20% to over $8@nd 2) nitrogen removal processes are legmhancing the mass transfer of nutrients to the
million in the United States (Terlizzi et al., efficientand more expensive (Ramalho, 1983)oot surface and permitting crops to maintain
1995). Other sectors of the industry are growingll states in the Northeastern United Statekigh productivity at steady-state P levels above
even faster, with an overall increase in sales dfave regulations regarding the discharge @.3 mg-L* (Chen et al., 1997).
almost 52% (to $504 million) during this timeaquacultural effluents (Ewart et al., 1995). In our initial study, lettuce plants were
period. Therefore, treatment of fishery effluents needgrown in long (21.9 m, 126 plants) troughs on

Three different methods have been usei be considered when planning aquaculturahinbow trout effluent flowing from one end of
foraquacultural production: pond culture, flow-production systems. Aquacultural effluentghe trough to the other. This system removed P
through systems, and recirculating systemsure difficult to treat because they contain largéom an inlet concentration 0.7 mg-L-* to
Pond systems, the most widely practiced formolume flows carrying relatively dilute nutri- an outlet concentration of a fewg-L™~. How-
of aquaculture in the United States, have beemts (e.g., <1 mg-L of P) (Heinen et al., ever, as solution P concentrations dropped
used for the production of catfiskctaluris  1996). However, treating the nutrientsin aquadselow =0.3 mg-L%, tissue P concentrations
sp.) and many other species. Flow-throughltural effluents may be important becausejecreased. Even so, growth was sustained
systems involve the continual flow of waterdepending upon the receiving water, the totaintil the P concentration within the plant
through a tank or raceway. Often, these syswtrient mass loading can contribute signifidropped below the critical deficiency level
tems have been used in conjunction with eantly to environmental degradation. (0.35% to 0.4% P on a dry weight basis for
high-yielding spring for trout@ncorhynchus The Freshwater Institute maintains a highlettuce). At that point, P deficiency symptoms
sp.) production. Recirculating systems arelensity recirculating system near Shepherdsppeared, growth rate decreased, and the plants
semi-closed systems, in which water flowingown, W. Va., which has the capacity to probecame unmarketable. Thus, conventional
through a series of tanks or raceways is capiuce=22.7 t of rainbow trout@ncorhynchus hydroponictechnology (where all plantsin the
tured, treated, and reused. RecirculatingiykissWalbaum) annually. Daily production trough are the same age) could only remove
systems use the least amount of water, whiaif trout effluentis=109 nf. Adler etal. (1996a, =50% of the P while producing a marketable
is an advantage in areas with either limite@000) have considered several nontraditiongroduct. Although lettuce can remove P to
water resources or stringent discharge statechniques for treatment of the effluent from<0.3 mg-L?%, a reduction in growth coincides
dards. A high degree of management expertigkis system, including hydroponic crop producwith a further reduction in solution P concen-
is needed to manage oxygen levels and watton in greenhouses. Hydroponic production ofrations. As a result, the conveyor production
quality in these systems. horticultural crops such as basiD¢imum strategy was developed to sustain plant pro-

With the increase in production of fish alsdbasilicumL.) and lettucel(actuca sativaL.)  ductivity and health while removing dissolved
comes an increase in discharge of nutriemhay be a way to treat the wastewater and al$dlevels to <0.01 mg-L
pollutants. Wastewater from aquaculture caproduce a profit for growers. Conveyor production systefaundamen-
pollute streams by adding excess nitrogen, Predominant thinking regarding the use ofal concepts of plant nutrition were utilized to
phosphorus, and organic matter. Removal dbod crops to clean aquaculture effluents hadevelop the conveyor production system,

been that plants cannot remove nutrients iwhich produced healthy lettuce and basil with-

water to low levels without a reduction inout an apparent reduction in growth, while
Received for publication 15 Mar. 1999. Acceptecproductivity and quality. Because greenhoussimultaneously removing P to very low levels
for publication 12 Sept. 1999. Use of trade namegpace is expensive, maintaining maximun(ug-L™). [For a mechanistic understanding of
does not imply endorsement of the products nar‘“f’gfoductivity is critical to sustaining a profit- plant nutrient uptake, see Adler et al. (1996d,
nor criticism of similar ones not named. The cost by e gperation. 1996e)]. Plants have the capacity to absorb
publishing this paper was defrayed in part by the Thin-film technology production system.and store nutrients in excess of their immedi-

ayment of page charges. Under postal regulation . ? .
fhig paper tr?er%fore mgust be here%y mamgdar- onventional hydroponic production of lettuceate needs, a process called luxury consump-

tisementolely to indicate this fact. and basil using thin-film technology, alsotion (Marschner, 1995). The conveyor crop
To whom reprint requests should be addressefnown as Nutrient Film Technique (NFT),production strategy enables plants to store P
E-mail address: PAdler@afrs.ars.usda.gov was investigated as a method to remove P froearly in their growth cycle. This stored reser-
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voir of P can be remobilized to meet currenis to compare the cost of hydroponic produc- Six connected troughs, each 3.66 m long,
plant needs and supplement the lower P inflution alternatives with those of traditionalformed the foundation for the conveyor pro-
rate, which occurs as P drops bele®.3 wastewater treatment options (chemicadluctionscheme. The troughs, roughly 10.2cm
mg-L? in the effluent. Phosphorus re-precipitation, physical removal, and landx 3.66 m (Genova Products, Davison, Mich.),

mobilization will maintain growth as long asapplication). were covered with 1.6-mm PVC, having 3.18-
the tissue P concentration remains above the cm holes evenly spaced 17.5 cm apart, and
critical deficiency level. At the front end of the MATERIALS AND METHODS planted with 21 seedlings. With this produc-
thin-film troughs, where nutrient concentra- tion strategy, the rate of biomass production

tions were highest, young plants absorbed and Rainbow trout effluent characteristicBhe  per unitarea, hydraulic loading rate, and efflu-
stored nutrients in excess of their immediateffluent was from the recirculating system forent P concentrations were relatively constant.
needs. Luxury consumption of nutrients durfainbow trout production at The ConservatiorEach of the six sections represented 4 d in the
ing this early growth phase sustained the planfaund’s Freshwater Institute, Shepherdstowrsystem, so both lettuce and basil were in the
when they were moved towards the troughV. Va. The bulk effluent typically has a pH ofsystem for 24 d, for total production cycles of
outlet, where nutrient concentrations in solu7.2 and contains about 6 mg-ltotal sus- 44 d. Every 4 d, plants were harvested at the
tion were too low for absorption kinetics topended solids and the following macronutrioutlet end of the system, the plants in the
meet their growth needs. Cellular nutrienents (mg-£Y): NO;-N (25), P (0.7), K (5), Ca remaining five sections were moved down one
concentrations were sufficient to sustain(55), Mg (20), and S (9). In contrast, the springosition and 20-d lettuce or basil seedlings
growth even after the concentrations of nutriwater that supplied the fish culture systemvere set into the system at the inlet end (Fig.
ents in the water became limiting. This contypically contained (mg1): NO, (3), P 1). This cycle was repeated five times to move
veyor crop production scheme permitted th€<0.001), and K (3). In the effluent, nutrientsa given set of plants completely through the
removal of P to very low levelgig-L-%) with-  most limiting to the plants were Fe, Mn, Mo,system to harvest. The number of sections can
out an apparent reduction in plant productivityand K, in decreasing order. A plant’s producbe greater or less than six. An increase in the
(Adler et al., 1996b). This contrasts with aivity is determined by the nutrient present imumber of sections will reduce the percentage
conventional production scheme in which dowest supply relative to its requirementsof biomass removed with any one harvest and
gradient in growth and a reduction in plan¥When other nutrients limit growth, P removalresult in a more stable outlet concentration.
quality would accompany the reduction incan be increased by adding those nutrients that After steady-state planting and harvesting
nutrient levels. are most limiting. To make P the most limitingwas achieved, the conveyor production sys-
Standard water treatment optiof®moval nutrient and thereby maximize P removal, théeem maintained plant productivity and health
of P from wastewater can be accomplishetbllowing nutrients were added to the effluentwhile removing 99% of the dissolved P and
using chemical, physical, or biological meth-0.1 mg-* Fe-EDDHA (LibFer SP, Allied 60% of the nitrate from the flow (Adler et al.,
ods. Chemical precipitation using either limeColloids, Suffolk, Va.), 0.1 mg£Mn-EDTA  1996b). Basil and lettuce removed P to 0.003
alum, or ferric chloride is the method mosiLibrel Mn, Allied Colloids), 0.004 mg# mg-L*and <0.001 mg-t, respectively, from
commonly used by municipalities. PhysicaMo [as (NH){M0,0,,], and 15 mg-t* K (as an influent concentration >0.5 mg*.Rate of
removal processes intercept P using pressun€;SQO,). P removal was >60 mg-frd*and N removal
driven membranes (ultrafiltration and reverse Seedling growth condition®©stinata’ let- was 980 mg-ni-d™. Plants absorb nutrients
osmosis) and ion exchange (Water Pollutiotuce (a butterhead type) and sweet basil weo®ntinuously; N absorption varies with the
Control Federation, 1983). seeded into Oasiubes (LC-1 Horticubes, day/night cycle while absorption of P varies
Biological removal is based on the uptaké&mithers-Oasis, Kent, Ohio). The seedlingéttle (Adler et al., 1996a). Because plants
of P, beyond its normal microbial growthwere placed into thin-film troughs and wa-remove nutrients continuously, storage facili-
requirements, using activated sludge antkred for the first 20 d, with a recirculatedties are not required to treat effluents.
anaerobic and aerobic processes. Exampleamplete nutrient solution (inw): 3 Ca(NQ),,
of these types of systems are the anaerobi¢/KNQO,, 1 KH,PO,, and 2 MgSQ The solu- ECONOMIC EVALUATION
oxic (A/O) process, the Phostrip process, antibn also contained the following micronutri-
the modified Bardenpho process (Drosteents (mg-L'): Fe as FeS{)2.5) and DTPA Hydroponic crop production as a
1997). Although biological processes havé2.5), B as HBO, (0.5), Mn as MnSQ(1.0), treatment alternative
certain advantages over the use of coagulaBh as ZnSQ(0.05), Cu as CuS{0.02), and
chemicals (for example, less sludge produdvo as (NH);Mo,0,, (0.01). The pH of the Greenhouse costhe cost of setting up a
tion and lower salinity effluent), removal of solution was adjusted to 6.0 with KOH. Agreenhouse would include the fixed costs of
P is not one of them. Activated sludgeseedling could grow on effluent from the besite preparation (crushed stone base and treated
processes resultin the incorporatior®®%  ginning if a hole in the OasiTube was ex- wooden baseboards), the structure (frames,
to 40% of the incoming P into the sludgeended down through the bottom to permisidewalls, gable ends, and the covering used),
(Ramalho, 1983). Phosphorus removal is alsmmediate entry of roots into effluent uponheating and ventilation (including a backup
affected by temperature, aeration, and lighgermination. Without the hole, plants becamgenerator), and construction (Table 1). Because
As a result, biological treatment alternativesutrient-starved because mass transfer of nyear-round production would be required, the
are not considered as an option in this papdrients was poor when the roots were notosts of equipping the greenhouse for supple-
For the purposes of this study, sevewlirectly in the solution. Because of relativelymental lighting, heating, and evaporative
treatment-based and one land-based effluelairge diffusion distances, the only nutrientsooling are also included.
management options were evaluated andkelivered to the roots before they emerged For developing cost estimates, a 924
compared with the hydroponic resource refrom the cube were by evapotranspiration 040.2-m arch-style greenhouse (1.83 m sidewall,
covery approach. Options were selected basetass flow. At 20 d, seedlings were moved t@.44 m to tie bars, and 4.57 m height to peak)
on an expectation of at least 80% removal of R. nonrecirculating thin-film system config-was chosen because of its standard size and
The treatment-based options include variousred with the conveyor production sequencédlexibility. Design parameters required spac-
levels of technical sophistication and fixedSeedlings introduced at regular time intervaling the arches on 1.83-m centers to handle a
and variable costs. The land-option wouldhear the inlet of a thin-film system were pro-110 km-h* wind load. A double polyethylene
dispose of the effluent on various field cropgressively moved in sequence as they maturé@l mm) film would cover the greenhouse.
through a sprinkler irrigation system. toward the outlet where they were harvesteddditional costs included the cost of supple-
The objective of our research progran(Fig. 1). Rainbow trout effluent was pumpedmental lighting (22 fixtures with 24,000-h,
was to develop a production system that wouldiith peristaltic pumps (model no. 7520-35;1000-W, high-pressure sodium lamps) and an
allow plants to remove >95% of the P in theCole Parmer Instrument Co., Chicago) at avaporative cooler (110%mirr?). A backup
rainbow trout effluent while producing aconstantflow rate of 250 and 300 mL-mfior  generator (5 kw, liquified petroleum gas pow-
marketable product. The purpose of this studyasil and lettuce, respectively. ered with auto transfer switch) was included in
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Step 1 Harvest Step 2 Slide remaining sections Step 3 Set newest
oldest section down to make room for next planting group of 21 seedlings
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Fig. 1. Conveyor crop production schematic for hydroponic lettuce and basil.

fixed costs to prevent power disruptions.  Table 1. Fixed cost of three gutter-connected %X 4D.2-m arch-style greenhouses with ventilation,
Based on the water treatment capacity of lighting, heating, cooling, back-up generator, and hydroponic systems.

lettuce and basil, three of th_ese 9<40.2-m Components Estimated fixed cost ($ U.S.) Projected life (years)
greenhouses would be required to treat 109 m

offishery effluent daily (effluent generated for _ Greenhouse
a facility that produces 22.7 m t of rainbov@"j““es and sidewalls 13,430 20
. . able ends 2,400 20
trc_Jut/year). For lettuce or t_JaS|I productl_onWood baseboard 560 10
this would represent an estimated total fixe@ouple poly (6 mm) 2,350 3
cost of $82,970 (Table 1) For conveyor proexhaust fans and vents 9,000 10
duction of lettuce or basi#95% ofthe area of Heating system 25,400 10
the greenhouses would be used and 5% wouldushed stone base 600 20
be used for starting plants. Backup generator 4,200 10
Basil and lettuce hydroponics fixed coststight fixtures 18,480 10
Basil and lettuce would be grown using NFTE;ergglscal installation :f7700 280
configured in the conveyor prqductlon sys_-Evaporative cooler 3,000 10
tem. Each crop would be grown in hydroponi .
. onstruction costs 14,110 20
trays (3.66-m troughs_ each containing 2 otal greenhouse fixed cost 82,970
plants) supported by pipe benches. A total of Hvd ) .
1332 trays of either lettuce or basil would berra ydroponic system
h y supports 3,780 20
grown at one time. T_he setup cost for trayq_,lydroponic trays and covers 7.990 10
tray supports, irrigation supply line, feedetgypply line 260 5
tubes and fittings, injector pumps, solenoigteeder tubes and fittings 1,410 5
valves, nutrient tanks, and submersible pumpsjector pumps 1,650 5
for this system would be$17,150 (Table 1). Solenoid valves 280 5
Basil and lettuce variable production costsNutrient tanks 90 5
Each crop takes44 d to produce, 24 d of which Submersible pumps _ 1.690 5
are spent in the greenhouse conveyor prodytfta! hydroponic system fixed cost 17,150

tion system (Fig. 1, Table 2). The production
schedule would call for starting 4662 plants in
Oasi€ cubes every 4 d. During the first 12 doperating greenhouse lighting, heating, anfbr heating would averagé&14,720 (based on
(days 1-12), the plants would be spaced 2.54ventilation. Basil and lettuce will require No. 2 fuel oil, which contaire27.0 mJ-ttand
2.54 cm and little management would be resupplemental lighting for16 h-d* for 6 costs $0.22/L).
quired other than fertilization and monitoring.months. Electricity requirements for the Lettuce and basil profitability Total
From day 13 to 20, the seedlings should bgreenhouse are dependent primarily on 2&nnual variable costs (annual cash expenses)
spaced 5.085.08 cm. On day 20, the seedlingshigh-pressure sodium lamps (1000 W) andf growing lettuce or basil would be
would be setin the hydroponic trays and movetivo 1.5-kw ventilation fans. Assuming a price=$168,350 for lettuce and $159,260 for basil
into the greenhouse. Seedlings would be intr@f $0.06 per kw-H, annual costs for electricity for the three gutter-connected greenhouses
duced at intervals near the inlet and progresvould average$11,790 (Table 2). (Table 2). Total annual fixed costs (manager
sively moved in sequence toward the outlet as Heating of the greenhouse will be requirecgalary, depreciation, interest on investment,
they mature and are harvested (Fig. 1). For tieom November through March in northeastmaintenance, insurance, taxes, and land)
next 24 d (days 21-44), the major managemeatn West Virginia. Based on standard heat losgould be=$35,690. To estimate potential
activities would be daily monitoring of irriga- estimates from the roof covering, walls angrofitability, the break-even price of the en-
tion system operation, general plant health, arghble ends, total heat loss would be abotérprise can be determined. This is the price
pest populations. Application of an insecticidabqual to 1450 mJ-hfor three 9.14 40.2-m needed to cover all the annual costs of pro-
soap may be necessary for control of white fliegutter-connected greenhouses (Harper et afluction (variable cost of growing the crop
thrips, and/or aphids. As harvesting occurs oh998). Based on construction and climati@and the fixed costs associated with the green-
every fourth day, the trays would be movedactors and on an average desired temperatureuse and hydroponic investments) ata given
closer to the harvesting end of the greenhousef 21.1°C, total adjusted heat loss estimategield. On an annual basis, the break-even
On day 45, 4662 plants would be harvested, afdicate that1.89 million mJ of supplemen- price for basil is $0.53/plant {{$194,950 (to-
which 95% (4429) would be suitable for martal heat would be required (based on 1950—34l cost) + $4500 (transportation cost) + $9970
ket. At the same time, a new group of seedlingsainimum temperatures at Kearneysville(marketing commission)] divided by 398,600
would be brought into the greenhouse to corW. Va.). Assuming that fuel oil heaters operplants}. For lettuce, the break-even price is
tinue the process. ate at around 80% efficiency and the suppleb13.18/box {[$204,040 (total annual cost) +
Energy costBecause hydroponic produc-mental lighting reduces heating costs by 25%4500 (transportation cost) + $10,430 (mar-
tion will be required year-round to treat the(manufacturer estimate; General Electric Coketing commission)] divided by 16,608
fishery effluent, energy will be required for Fairfield, Conn.), then the annual variable costoxes}. Potential profitability is good for
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Table 2. Lettuce and basil production schedule ariflable 3. Lettuce and basil break-even prices fasystem and ferric chloride requires a liquid
production from three greenhouses and profitthemical feed system capable of handling

annual costs for three greenhouses.

Growing costs Estimated
(per cohort) cost ($ U.S.)
Day 1
Seed flats and cover (start
4662 plants every 4 days)
Lettuce seed 28
Basil seed 22
Growing media 96
Labor ($7/h) 52
Day 2-20
Fertilizer 2
Monitoring 90
Spacing 60
Day 20
Setin trays 185
Day 21-44
Monitoring 120
Safer soapx1) 4
Spraying 15
Moving trays &6) 180
Day 45
Harvest 370
Boxes (lettuce) 184
Bags (basil) 89
Clean up 185
Interest on operating capital 5
Growing and packing costs
(for 90 harvests)
Lettuce 141,840
Basil 132,750
Energy costs
Electricity ($0.06-kwt) 11,790
Fuel Oil ($0.22/L) 14,720

Total annual variable costs

Lettuce 168,350
Basil 159,260
Annual fixed costs

Manager salary 17,500
Depreciation 9,540
Interest on investment 4,010
Maintenance, taxes, insurance,

and land 4,640
Total annual fixed costs: 35,690

ability under different price assumptions.

corrosive materials. Clarifiers allow for the

Total annual fixed and sedimentation (_)f contamin_ants from the waste-
variable costs (§ U.S.) water by gravity. In a simple system, the
Lettuce 204,040 Precipitant would be added before passing the
Basil 194,950 Wwater through a single clarifer. In such a sys-
Gross returns per box (lettuce) Fem’ 70% tc.) 90%.rem°"‘?" of P can be expected
or plant (basil) if good mixing is achleved (Bowke_r and
Lettuce at $10 153,280 Stensel, 1990). This system, in which the
at $12 184,840 precipitation occurs in the primary clarifier,
at $14 216,390 would represent an estimated total fixed cost
at $16 247,950 of $110,800. Annual fixed and variable costs
Basil  at$0.40 146,970 would be=$15,300 (system #1, Table 5).
at $0.50 184,840 A system that allows for simultaneous pre-
at $0.60 222,700 cipitation would pass the wastewater through
at $0.70 ] 260,570 5 primary clarifier before adding the precipi-
Net pfoorf'slgﬁ: ?t?;‘si(l')ettuce) tants. This is commonly done because it allows
for flexibility in the application point. Re-
Lettuce §t$$i120 __1590'270600 moval of 80% to 95% of the P is possible
at $14 12:350 (Bowker and Stensel, 1990). The wastewater
at $16 44,350 Isthensentthrough an aerator, which provides
Basil  at $0.40 47,980 more thorough mixing, before the precipitants
at $0.50 -10,110 are removed in the secondary clarifier. This
at $0.60 27,750 system has an estimated total fixed cost of
at $0.70 66,090 $245,300. Estimated annual fixed and variable
Break-even price cost would be $32,800 (system #2, Table 5).
Lettuce 13.18 The addition of a tertiary clarifier will
Basil 0.53

further improve the removal of contaminants.
“Net profitis reduced by transportation costs ($450dh this system, the wastewater passes through
year) and marketing commission (5% of gross sales. primary clarifier, aerator, and secondary
clarifier before the precipitants are added.
Precipitation occurs in the tertiary clarifier.
Chemical precipitation.Coagulants are The inclusion of an additional clarifier would
chemicals used to remove turbidity and orraise the estimated total fixed cost of this
ganic particulates, as well as inorganic parsystem to $348,400. Annual fixed and vari-
ticulates such as clay, silt, and mineral oxidesble costs would be$44,700 (system #3,
from raw water by precipitation (Montgom- Table 5).
ery, 1985). They overcome the charges of Membrane treatment processeBwo
suspended particles, allowing larger particlenembrane technologies that could be used for
groupings to form, and are added during theemoving P are ultrafiltration and reverse
initial stage of water treatment through a mixingpsmosis. The process of making membranes
device that provides for rapid and thorouglirom cellulose acetate for use in desalination
dispersion (Montgomery, 1985). was developed in the late 1950s and early
The most common rates of precipitantd960s. These technologies involve the appli-
used for removal of P and their effectivenessation of pressure on the feedwater and a

both crops, given that expected prices shoulare discussed by Ramalho (1983); this inforporous membrane. The feedwater flows across
exceed $0.60/plant for basil and $14/box fomation is summarized as follows. 1) Ferriche membrane surface, preventing blockage.
bibb lettuce (Table 3). Assuming these pricehloride at doses of 10 mgilis the most Depending on the porosity of the membrane,
levels, profits of $12,350 for lettuce or $27,75@ommonly used precipitating agent. Phosphdsacteria, viruses, toxic organic solutes, or dis-
for basil could be generated from the threeus removal is<90%. It is a cost-effective solved salts can be excluded.
9.14x 40.2-m gutter-connected greenhousematerial, but very corrosive and requires spe- Ultrafiltration is an extremely compact
necessary to treat the 109 of fishery efflu- cial handling. 2) Lime at doses of 500-70&ystem and does not require coagulation. Itcan
ent daily. mg-Lt is the most inexpensive precipitatingremove suspended solids and particulates
agent. It removes, at most, 80% of the P an@hcluding bacteria, colloids, and viruses), and
generates large volumes of sludge, whicpigments. Phosphorus, which occurs as dis-
creates another disposal problem. 3) Alunerete suspended or colloidal material, as well
used at doses of 200—250 mgirovides the as microcolloids of calcium phosphate or iron
Cost estimates (Table 4) for each of theskighest level of P removal a&©5%. Use of and aluminum salts of phosphate, would be
systems are based on the treatment of 109 mlum also removes50% to 60% of organic removed by ultrafiltration (Water Pollution
of effluent per day, were obtained frommaterials (carbonaceous and nitrogenousfontrol Federation, 1983). Hollow fiber mem-
Gumerman et al. (1986), and were adjusted taut is less often used because of its higbranes are able to exclude particles down to
1995 dollars using engineering cost indexeelative cost. 4) Combinations of ferric chlo-0.2 um from the water stream. Ultrafiltration
[skilled labor and building cost indexes fromride (at 2-5 mg-1t%) and lime (at 100-150 is typically used for specialized applications
Engineering News Record (1983, 1995)] andhg-L™) have also been used, resulting imequiring high purification and often serve as
producer price indexes [general purpose95% removal of P. prefiltration for reverse osmosis and other
machinery, concrete ingredients, steel mill Precipitation involves the addition of thetreatment systems (Smith et al., 1991). An
products, miscellaneous general purposgrecipitantand the use of clarifiers. The fourthultrafiltration system would initially cost
machinery, and electrical machinery andption, which uses a combination of ferric=$93,000 and its annual operating cost (fixed
equipment indexes from the U.S. Bureau ofhloride and lime, is used for developing cosand variable) would be$16,200 (system #4,
Labor Statistics (1982, 1983, 1995)]. estimates. Lime requires a dry chemical fee@iable 5).

Traditional water treatment options and
cost estimates
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Table 4. Total fixed costs and annual variable operating costs {®pft$lemical and physical methods for treatment of wastewater.

Floculator/ Ferric chloride Dry chemical Contact Ultra- Reverse lon Electro-
clarifier feed system feed system Aerator basin filtration  osmosis  exchange dialysis
Fixed costs
Excavation and site work 3,600 0 0 1,600 300 3,200 0 2,800 4,700
Manufactured equipment 42,700 500 4,700 10,900 2,200 34,500 68,000 11,700 112,500
Concrete 5,400 0 0 2,000 300 4,900 0 500 1,200
Steel 0 0 0 5,700 0 0 0 0 0
Labor, installation 8,800 200 300 3,600 800 7,000 1,800 1,500 2,300
Pipe and valves 1,400 300 300 1,100 500 1,700 0 1,300 0
Electrical and instrumentation 3,100 100 300 2,400 0 6,600 8,800 3,700 9,700
Housing 24,600 0 0 0 0 18,900 19,700 12,500 23,400
Design contingencies (+15%) 13,500 200 __ 800 4,100 600 11,500 14,700 5,100 23,100
Total fixed cost 103,100 1,300 6,400 31,400 4,700 88,300 113,000 39,100 176,900
Variable costs

Labor 1,300 1,500 500 1,800 100 3,700 4,200 2,400 5,100
Materials 300 0 100 300 100 2,400 5,000 7,600 3,300
Electricity 900 0 400 500 0 1,300 13,500 200 8,800
Interest on operating capital 100 100 0 100 0 300 900 400 700
Depreciation (20 year life) 5,200 100 300 1,600 200 4,400 5,700 2,000 8,800
Interest on investment 4,100 100 _300 1,300 200 3,500 4,500 1,600 7,100
Annual variable costs 11,900 1,800 1,600 5,600 600 15,600 33,800 14,200 33,800

2All costs rounded to the nearest $100. All annual variable costs less than $50/year are shown as zero.

Table 5. Total fixed and annual fixed and variable cost of wastewater treatment systems for phosphorus  |n reverse osmosis, only water molecules

removal.
Total fixed Annual fixed and variable
System cost ($ U.S.) cost ($ U.S.)
# 1: Precipitation in primary clarifier
Ferric chloride feed system 1,300 1,800
Dry chemical feed system 6,400 1,600
Primary clarifier 103,100 11,900
Total cost 110,800 15,300
# 2: Precipitation in secondary clarifier
Primary clarifier 103,100 11,900
Ferric chloride feed system 1,300 1,800
Dry chemical feed system 6,400 1,600
Aerator 31,400 5,600
Secondary clarifier 103,100 11,900
Total cost 245,300 32,800
# 3: Precipitation in tertiary clarifier
Primary clarifier 103,100 11,900
Aerator 31,400 5,600
Secondary clarifier 103,100 11,900
Ferric chloride feed system 1,300 1,800
Dry chemical feed system 6,400 1,600
Tertiary clarifier 103,100 11,900
Total cost 348,400 44,700
# 4: Ultrafiltration
Contact basin 4,700 600
Ultrafiltration system 88,300 15,600
Total cost 93,000 16,200
#5: Reverse osmosis
Contact basin 4,700 600
Ultrafiltration system 88,300 15,600
Reverse osmosis system 113,000 33,800
Total cost 206,000 50,000
# 6: lon exchange
Contact basin 4,700 600
Ultrafiltration system 88,300 15,600
lon exchange system 39,100 14,200
Total cost 132,100 30,400
# 7: Electrodialysis
Contact basin 4,700 600
Ultrafiltration system 88,300 15,600
Electrodialysis system 176,900 33,800
Total cost 269,900 50,000
# 8: Hydroponic
Greenhouse and hydroponic system 100,120 — 204,040
Gross return + 216,390
Net profit + 12,350

zSum of total greenhouse and hydroponic system fixed costs (see Table 1).
ySum of total annual fixed and variable costs for production of lettuce (see Table 2).
*Gross returns for production of lettuce at $14/box (see Table 3).
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can pass through the membrane, soitis usually
used only to produce purified water from saline
or contaminated water supplies (Smith et al.,
1991). Pretreatment of the feedwater is essen-
tial because performance is severely affected
by contaminants, which form deposits on the
membrane surface. Depending on pretreat-
ment and the type of membrane used, reverse
osmosis can remove 95% to 99% of the P in
wastewater (Water Pollution Control Federa-
tion, 1991). Periodic backflushing and occa-
sional chemical cleaning are necessary to
maintain membrane filters. Typically, 90% of
feed water is discharged as permeate (clean
water) and 10% is discharged with the con-
taminants. This concentrated waste discharge
requires careful disposal. Reverse osmosis is
the most expensive option for removal of P,
with an estimated annual operating cost of
$50,000 (system #5, Table 5). Its initial fixed
cost would be$206,000.

lon exchangeon exchange units are used
to remove ionic substances from water. Typi-
cal units require prefiltration with a system
like ultrafiltration. Contaminants are removed
by absorption on anion-exchange resin. In this
process, one ion is exchanged for another on
the charged surface of the resin, which is
usually plastic. The resin chamber is saturated
with the exchangeable ion before treatment.
lon exchangers typically use sodium chloride
to saturate the exchange medium. Regenera-
tion of the medium requires periodic recharg-
ing, causing downtime and producing a highly
concentrated waste stream, which requires
disposal.

A system using ion exchange would con-
sist of a minimum of three processes. First, the
water would be run into a contact basin to
provide some initial settling. Then, the water
would be passed through an ultrafiltration unit
toremove particulates. Finally, the water would
pass through the ion exchanger. Annual fixed
and variable costs of ion exchange would be
=$30,400, of which >$6000 would be for salt
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FEATURE

to regenerate the medium (system #6, Tabkry pipe, pump, and power unit. Assuming aghange, reverse osmosis, or electrodialysis.
5). Initial fixed costs would be$132,100. application rate of 1.9 cm=4.05 ha of The most elaborate chemical removal sys-

Electrodialysis.Electrodialysis is a pro- cropland would be needed to dispose of theems are expensive and can only remove P to
cess that uses membranes and direct electrieghstewater. Total fixed costs for the collec=0.1 mg-L*. In addition, chemical removal
current to attract ions to one side of the treation and distribution of the wastewater wouldsystems generate large amounts of sludge
ment chamber. The membranes allow thbe $56,800, with an additional cost of $20,00@vaste. lon exchange generates a waste with
passage of either positively or negativelyfor the land (4.05 ha at $4940/ha). Annuategeneration of the resins, and reverse osmo-
charged ions. Electrodialysis systems consisperation costs (labor, fuel, maintenance, desis and electrodialysis clean a portion of the
of three components: 1) a source of pressupreciation, and interest) would b&11,360 wastewater with membranes and concentrate
ized water; 2) a direct current power supply(Table 6). An appropriate crop would be onéons removed into the waste stream. In
and 3) a pair of selective membranes. Depenthat provides both ground cover (to preventontrast, the conveyor production system
ing on the contaminants present, average i@rosion and runoff) and income potentialgeneratesincome while nutrients are removed
removal varies from 25% to 60% per stage. ASlfalfa (Medicago satival.) or grass hay toaverylowlevel (Adleretal., 1996c, 1996f,
a result, multistage units are often used twould be good choices, since both are pere2000; Harper et al., 1998).
increase the efficiency of removal. Pretreatnial crops capable of making use of the N and Conventional treatment alternatives for P
ment with a system like ultrafiltration is re- P inthe effluent. Income potential based on thiea wastewater, whether they employ chemical
quired to prevent fouling of the membranescrop value, cost of production, and reducegrecipitation, physical removal, or land
The annual fixed and variable costs of eledertilizer requirements would be$3900 for application technologies, represent a signifi-
trodialysis is quite high (only slightly less thanalfalfa and $2350 for grass hay (Table 7). IEant additional cost to the owner of an aquac-
for reverse osmosis) at $50,000 per yealfalfa hay was the crop used, the net effectiture operation. Treatment costs vary from a
(system #7, Table 5). The initial fixed costsvould be to reduce treatment costs to $74680w of $0.18/m for land application using
would be=$269,900. peryear or $0.18/fnCompared with the chemi- alfalfa as the recipient crop to a high of $1.26/

In all cases, the cost of removing P from theal and physical treatment options, land appli® for reverse osmosis and electrodialysis.
fishery effluent using chemical or physicalcation is considerably less expensive. They also involve moderate to large invest-
methods is quite high. The investment costs of ments in capital items that have few alterna-
such systems would be beyond the resources of tive uses.
most aquaculture production facilities. Allthese Treatment of fishery effluent using hydro-
systems represent major fixed costs, additional If all nutrients in the water being treatedponic crop production represents a potentially
management requirements, and in some casase equally limiting or balanced, nutrientsprofitable secondary enterprise for the aqua-
additional disposal problems. Treatment cosisan be removed to very low levelgytL™) by  culture producer. Regardless of the crop chosen
range from a low of $0.38ffor the primary plants. Water with this same nutrient quality(lettuce or basil), expected crop prices appear
clarifier to a high of $1.26/ffor reverse osmo- can be achieved only by the most advanced be more than sufficient to cover the costs of
sis and electrodialysis. water treatment technology, such as ion eyproduction at expected yields.

Land applicationLand application of waste-
water is another possible means of disposal.
One advantage of such a system would be that

CONCLUSIONS

Table 6. Cost of irrigation system for land application of wastewater on agronomit crops

the crop being irrigated with the nutrient- Spray i_rrigation system _ Cost ($ U.S.) Projected life (years)
containing effluent could then be sold to help ~ Collection lagoon (340 freapacity) 21,800
offset the cost of management. Land applica- g'gl.gun traveling S(';’””k'er 2??'888 ig
tion removes P through biological, chemical, Psg:gngl%%éy;eu%it 12 doo 12
and physical immobilization and plant up- Total irrigation system cost gsaoo
take (WaterPollution Control Federation, Land cost (4.05 ha at $4940/ha) 261000
1983). The loading rate, and hence land area  Totq fixed cost 76,800
required, would depend on the crop grown and Annual fixed and variable costs
its ability to use the available N and P. Land Labor 1,220
treatment can be characterized as slow rate, g 2,120
overland flow, or rapid infiltration. For this oil 180
evaluation, slow rate was chosen because ithas  Repairs (power unit) 130
the widest range of acceptable soil types and Repairs (irrigation unit) 100
permeabilities. Wastewater can be applied with Interest on operating capital 150
sprinklers or by surface methods, with an an- ~ Depreciation 4,390
nual loading rate of 0.5-6 m (Reed etal., 1995). ~ 'Ntereston investment -3.070
Total annual fixed and variable costs 11,360

For slow-rate systems, the concept of the limit-
ing design factor is used to determine the
minimum amount of land required. The critical

design factor is the one that limits the loading
rate (for example, N or P content, hydrauli
capacity of the soil profile, etc.). Crop selection
is very important with slow rate because it: 1}

“Cost estimates are based on 2080 L-hiinse pull traveler, 75 kw diesel w/centrifugal
pump, and fuel consumption of 0.34 L-kivh

Cl'able 7. Annual production and cost of wastewater treatment using land application of aquacultural effluents
on 4.05 ha of agronomic crops.

removes N and P; 2) increases water infiltra- Value of fertilizer ~ Cost of Cost of land
tion; and 3) produces revenue (Reed et al., Irrig]atﬁd Vaclluet_ogZn 305:_0& removed by irrtigation applitcatiotn of
1995). Most slow-rate systems require som rop pro (l:)c on pg LlJJCS l) prCE$US g)) (Z;OSS) sxg %ms) was( ng\jaSe)r
storage for periods when cold/wet conditions ok grain 5 4646 2506 6'3 0' 1 '36'0 88.96
crop planting/harvesting stops or slows wastes | | Ginne 2726 6910 3140 850 11,360 6750
water applications (Reed et al., 1995)._In slowa faifa hay 63.6 7010 2280 1170 11,360 7460
rate systems, control of surface runoff is necegsrass hay 54.7 4800 3300 850 11,360 9010
sary; slopes of 2% to 6% are optimal (Reed &Wheat grain 24.7 3600 2000 580 11,360 9180

al., 1995).

zCorn grain is valued at $104/t, corn silage at $25/t, alfalfa hay at $110/t, grass hay at $88/t, and wheat grain

Application of the wastewater would 4 $146/t.

require a collection lagoon (34C°mapacity;
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! C / ', YCost of production figures are adapted from Harper (1998).
>3 d flow), big-gun traveling sprinkler, deliv- *value of fertilizer is calculated based on standard crop removal rates and $0.57/kg for N and $0.55/kg for P.
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The primary drawbacks of hydroponic pro-  Phytoremediation of wastewater using lettuce vania State Univ., University Park.
duction as a treatment alternative would be the and basil. Proc. Amer. Soc. for PlasticultureHarper, J.K., P.R. Adler, F. Takeda, E.M. Wade, and
added technical sophistication, labor, and dI26:253—258. ved S.T. Summerfelt. 1998. Economic evaluation of
; ; ; ; er, P.R., F. Takeda, D.M. Glenn, E.M. Wade, treatment options for phosphorus in fishery ef-
marketing expertise required. Compared wit\/gf Summerfelt, and J.K. Harper. 1996e. Con- fluent. Staff paper #318. May 1998. Dept. of
conventional treatment alternatives that re- X . .
- . f o veyor production strategy enhances nutrient Agr. Econ. and Rural Soc., The Pennsylvania
quire relatively l'ttl_e addltlonal management byproduct recovery from aquaculture wastewa-  State Univ., University Park.
or labor, hydroponic productionis muchmore  ter . 431-440. In: G.S. Libey and M.B.Heinen, J.M., J.A. Hankins, and P.R. Adler. 1996.
risky. Development of a marketing plan is  Timmons (eds.). Successes and failures in com- Water quality and waste production in a recircu-
crucial. Sufficient attention must be paidtothe mercial recirculating aquaculture. NRAES-98.  lating trout-culture system with feeding of a
day-to-day operation of the greenhouses and Northeast Reg. Agr. Eng. Serv., Ithaca, N.Y. higher-energy or a lower-energy diet. Aquacul-
the servicing of markets for the produce or the July 1996. ture Res. 27:699-710.
better profitability of hydroponic production Adler, P.R., F. Takeda, D.M. Glenn, E.M. WadeMarschner, H. 1995. Mineral nutrition of higher
for the treatment of fishery effluent rapidly S.T. Summerfelt, and_J.K. Harper. 1996f. Nutri-  plants. 2¢ed., Academic, Harcourt Brace, Lon-
disappears ent_removal: Ecologlca_ll process sows a cost- don.
' saving idea for enhancing water quality. WateMontgomery, J.M. 1985. Water treatment principles
Environ. and Technol. 8:23-24. and design. Wiley, New York.
Bowker, R.P.G. and H.D. Stensel. 1990. Phosphdramalho, R.S. 1983. Introduction to wastewater
rus removal from wastewater. Pollution Technol.  treatment processes™2d., Academic, New
Adler, P.R. 1998. Phytoremediation of aquaculture Rev. 189. Noyes Data Corp., Park Ridge, N.J.  York.
effluents. Aquaponics J. 4:10-15. Chen, X.G., C. Gastaldi, M.Y. Siddiqi, and A.D.M. Reed, S.C., R.W. Crites, and E.J. Middlebrooks.
Adler, P.R.,J.K. Harper, E.M. Wade, F. Takeda,and Glass. 1997. Growth of a lettuce crop at low 1995. Natural systems for waste management
S.T. Summerfelt. 2000. Economic analysisofan ambient nutrition concentrations: A strategy  and treatment."2ed. McGraw-Hill, New York.
aquaponic system for the integrated production designed to limit the potential for eutrophica-Smith, J.E. Jr., R.C. Renner, B.A. Hegg, and J.H.
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