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CHAPTER &

Wetlands and Aquatic
Treatment Systems

Wetlands and aquatic treatment systems are those that use aguatic plants and an-
imats for the treatment of municipal and industrial wastewater. Aquatic reatment
covers & broad range of system types including a variety of constructed wetlands
systems, floating aguatic plant systems, and combinations of both floating aquatic
and wetland systems. The material to be presented is organized into sections deal-
ing with: {1} types of and application of wetland and aguatic systems, (2) treat-
ment kinetics in constructed wetlands and aquatic systems, (3} free-water-surface
constructed wetlands, (4) subsurface-fow constiucted wetlands, (5) Aoating aquatic
plant systemns using water hyacinth, (6) floating aguatic plant sysiems using duck-
vieed, (7} combination systems, (8) design procedures for constructed wetlands and
aquatic systems, {9} management of constructed wetlands and aquatic systems, and
{1y emerging technologies.

9-1 TYPES OF AND APPLICATION OF WETLANDS
AND AQUATIC SYSTEMS

The principal types of wetlands and aquatic systems and their applications are intro-
duced in this section. Aguatic systems that have been researched and demonstrated,

but not applied in full-scale systems in the United States, are considered in Sec. 9-10,
which deals with emerging technologies.

Types of Systems

The poncipal types of wetlands and aquatic treatment systems considered in this
chapter include:

563
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* Free-water-surface (FWS8) constructed wetlands Free-water-surface constructed wetlands. In a free-water-surface con-
* Subsurface-flow (SF) constucted wetlands stracted wetland (marsh or swamp), the emergent vegetation is fiooded 1o a depth
* Floating aguatic plant systems that ranges from 4 to 18 in (100 w 430 mm}. Typical vegetation for FW'S systems
* Combination systems includes cattails, reeds, sedges, and rushes. A FWS system cousists typically of

channels or basins with a natural or constructed impermeable barrier to prevent
seepage. Some FWS systems are designed for complete retention of the applied
wastewater through seepage and evapotranspiration. Wastewater is treated as it flows
through the vegetation by attached bacteria and by physical and chemical processes.

These systems, introduced in the following paragraphs, are considered separaely jn
greater detatl in Secs. 9-3 through 9-6.

Disinfection Discharge A typical free-water-surface constructed wetland at Gustine, California is shown in
spstem Ertient Fig. 9-1.
Wetland effiuent \‘ ¥ coifection -
putnp station \\r‘,—-—-! pipe 7
FTY Y VPR VS ET & subsurface-flow constructed wetlands. In a subsurface-flow constructed
r[ﬂ BN a - Pond outiet welland (see Fig. 9-2) the wastewater is treated as it flows laterally through the
| ! i porous meditm. Emergent vegetation is planted in the medium, which ranges from

g S il Pon?no. E;
DA

coarse aravel to sand. The depth of the bed ranges from 1.3 t0 3.3 ft {045 10 1 m)
and the slope of the bed is typically 0 to 0.5 percent.
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FIGURE 9-2
Typical SF constructed wettand: {a) definition sketch and (b} view
of SF wetland at Mesquite, Nevada, before planting.

FIGURE 9-1
Free water surface (FWS) constructed wetland at Gustine, California: (&) definition
sketeh and (&) view of plug-flow channels.
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FIGURE 9-3

Floating plant aquatic treatrent system at San Diego, Catifornia: {a} definition sketch
for step-feed plug-flow channe! with effluent recirculation to call 1 (adapied from WCPH
19886}, and (b) view of water hyacinth system. .

Floating aquatic plant systems. The two principal ty pes of fieating aquatic
plant systems are the water hyacinth and duckweed systems (see Fig. 9-3). The water
hyacinth {or similar plant) system involves foating or suspended plants with rela-
tively long roots in ponds 2 to 4 £1{0.6 10 1.2 m) deep. The root structuee serves as 2
medium for the attached growth of bacteria. The duckweed, on the other hand, has

very short routs (usually less than 0.4 in {10 mm) long] and therefore functions as a
surface shading system.

_ (:':ombination systems. Aquatic and wetland systems can be used in cont-
bination, ustally in series, to achieve specific water quality objectives. For exani-
plf:, a c_iuckweed or hyacinth systern could be used prior to a constructed wetland o
minimize algae concettrations. A combined aerated aquatic treatment system with

a constructed wetland has been studied for the treatment of septage at Harwich,
Massachusetts {Nolte and Associates, 1989),
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TABLE 31

Representative applications of constructed wetlands and aquatic treatment systems

Objective

Conslituent removed/objective

Acid mine drainage
Advanced leaimerik
Advancad treatment

Combined secondary
and advanced
weatmant

Habitat development
[rrigation return water
Landfil leachate

Reclamation and
waler relise

Secondary treatment
Seplage treatment

Stormwaler treatment

Metais and acidity
Nitregen and phosphors
Heavy melals and refractory arganics

Crgaric matler (e.g., BODs). total suspended salids (TS8), pathogens,
nitrogen. and phospharus

Erhanced envircnmental resources
Mitrogen and phosghorus
Orgamnic matier

Organic matter, 1otal suspended solids (T$S), and pathegens to restriclive
standards {e.q., wibidity = 2 NTU, S5 = 5 mgi., and total coliform =
2.2 organisma/1 80 mi)

Organic matter {e.g.. BODs), total suspended sokids {TSS), and pathogens

QOrganic maiter {.g.. BOD;), total suspended solids {TSS), pathogens,
nitrogen, and phasphorus

COrgamc matter {e.g., BODs), total suspended solids (TSS), pathegens,
nitrogen, phosphorus, 2nd heavy metals and refractory organics

Application of Constructed Wetlands and Aquatic Systems

Constructed wetlands and aquatic systems have been used in a number of appli-
cations for the treatment of wastewaters with diverse characteristics. The principal
types of applications are reported in Table 9-1. Three different applicadons, as dis-
cussed below, include tertiary treatment, slormwater treatment, and habitat devel-
opment. However, as shown in Table 9-1, constructed wetlands have beenusedina
variery of other applications.

Sacramento County, California. The Sacramento Regional County Sanita-
tion District operates the FWS constructed wetland shown in Fig. 9-4. The objec-
tives of the project are to demonstrate advanced treatment for removal of metals,
ammonia, and toxicity from the secondary effluent. The project resalts in the treat-
ment of § Mgal/d (3783 m*/d) on 15 ac (6.0 ha}.

Stormwater wetlands. Wetlands for stormywater treatment and fow afrenu-
ation are becoming increasingly popular. An example of a stormwater wetlands is
presentad in Fig. 9-3.

Arcata, California. Wetlands at Arcata serve treaunent, habitat enhance-
ment, and educational benefits. The constructed wetland is used to treat 2.3 Mgal/d
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FIGURE 9-4
Sacramento Regional CSD Demonstration Wetland: {a) definition sketch and
{&) view of the wetland.

(8.7 m*/d) of effluent from a facultative lagoon. The effluent from the wetlands is
then discharged into 31 ac (12.5 ha) of enbancement wetlands {rarshes). The en-
hancement wetlands at Arcata feature a combination of 50 percent rooted vegelation
and 30 percent open water {Gearheart and Finney, 1996), Views of the FWS wet-
fands at Arcata are shown in Fig. 9-6.

!
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FIGURE ¢-5

Typical views of constructed
wetlands used for stormwater
treatment: (g} small Australian
system and {b) highway
runolf systemn near Dawvis,

& California.

FIGURE 9-6
View of Arcala, California, FWS constructed wetlands.
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9-2 TREATMENT KINETICS AND EFFLUENT VARIABILITY
IN CONSTRUCTED WETLANDS AND AQUATIC SYSTEMS

Constituent removal mechanisins, constituent transformations, the types of reaction
rates and their determination, the impact of plant decay, and the nature and vari-
ability of the effluent from constructed wetlands and aquatic systems are the topics
considered in this section. The purpose is to provide a perspective for the analysis
of the treatment performance of these systems, which are considered separately in
Secs. 9-3 through 9-6. I will be appareat, after reading this section, that much addi-
tional information must be gathered and analyzed before the design of these systems
can be considered scientific and routine.

Constituent Removal Mechanisms and Transformations
The principal removal andfor transformation mechanisms in various wetland sys-

terns are summarized in Table 9-2. Constituents considered are organic matter
(e.g., BOD), suspended solids, nitrogen, phosphorus, metals, trace organics, and

TABLE 32

Summary of principai removal and transformation mechanisms in constructed wetlands
for the constituents of concern in wastewater

Constituent

Free water system

Subsurface flow

Floating aguatics

Bivdegradable Bioconversion by aerobic, Bicconversion by fzcultative Bioconversion by asrobic,
aganics facultative, and anagrobic and araerchic basteria on facultative, and anaerobig
bacteria on plant and phant and debris surfaces bacteria on plant and
debins surfaces of soluble debiris surfaces
BO0, adsarption, fitration,
and sedimentation of
paricutate 800
Suspended Sedimentation, fltration Fillration, sedirrentation Sedimentation, filtration
solids
Mitrogen Hitrificatiordenitrification, Mitrificalion denitrfication, Witrification/denitrification,
plamt uptake, volatdization plant uptake, velatilization plant uptake, volatilization
Phosphorus Sedimentation, ptant Filtration, sedimentation, Sedimentation, plast
uptake plant uptake uptake
Meavy metals Adsarption ol plant Adsarption of plact roots Adsorption of plant roots,

Trace crganics

Pathogens

and debris surfaces,
sedimerntation

Valatilization, adsocption,
hicdegradation

Waturat decay, predation,
LV irradiation, sedimen-
tation, excretion of
antiblofics from roots of
ol

and debris surfaces,
sedimentation

Adsorption, biodegradation

Naiurat decay, predation,
sedimentation, excretion
of antitiotics fram roots of
prartts

sedimentation

Volatifization, adsarplion,
biodeqgradation

Natural decay, predation.
sedimertation
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pitthOgens. An understanding of the removal mechanisms is of grest importance in
the development of models that can be used w predict process performance. As
shown in Table 9-2, it is difficult o separate constituent removal znd wansforma-
tion processes, as both occur simulaneously in these systems. Definition of the re-
moval mechanisms for individual constituents is complicated further because the
constituent may be present in several forms, which will vary with the degree of
treatment {e.g., soluble, colloidal, and particulate BOD and organic and ammonia
nitrogen).

Constituent transformations that occue in wetlands and aquatic systems are re-
lated 1o the carbon and nutrient cycles, considered previousty in Chap. 2. In all wet-
lands and aquatic systems, both aerobic and znacrobic conditions occur to varving
degrees at the same tme. For example, the acrobic zone in FWS systems will usuatly
be imited to the open water zones and a very limited upper portion of the water col-
umit. If the organic loading that is applied with the wastewater is large, the aerobic
zone may extend for only a short distance into the waier column. The development
of an oxygen sag is quite common in FWS systems. Because both the aerobic and
anaerobic conditions exist in FWS systems, both the aerebic and anaerobic carben
cycles are operative. Further, because the relative dominance of aerobic to anaer-
obic conditions will vary throughout the vear, especially in northern climates, it is
difficult to predict which cycle is dominant with respect to the treatment of organic
material.

Volume- versus Area-Based Reaction Rates for the Removal
of Constituents in Constructed Wetlands

In reviewing the constructed wetlands literature dealing with the removal of BOD, as
well as other constitents, care nust be taken o determine whether the rate constant
is based on volume or on the sueface area of the control volume. For example, with
reference o Fig. 9-7, a volume-based removal-rate coefficient as proposed by Reed
et ab. {1993) will be given as follows. It should also be noted that in the following
analysis it is assumed that the BOD is conuibuted from a single soluble constituent.

raop = —kBOD (9-1)

where rgop = rate of BOD loss per unit time per unit volume, ML 73T
k = rate coefficient for BOD removai, T~}
BOD = carbonaceous BOD concenication, ML ™

An area-based removal model kas been proposed by Kadlee and Knight (1996):
rpop = —ky(A/VHBOD) = —{k,/H ) BOD) {9-23

where rgop = rate of BOD loss per unit time per unit volume, ML™3 T
ky = rate coefficient for BOD removal, LT
A = surface area, L?
V = volume, L7
BOD = carbonaceous BOD concentration, Mf. 7
H = deptih, L
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'r\x\",-,/f . / Surface area, A,
£ .

Dazpth

Volume, ¥

Emergent plants
.. typicat)
FIGURE 9-7

Definition sketch far modating the removal of BOD and TSS
in an FWS constructed wettand.

If the depih of the water in the wetlands does not change, then the two kinetic
rte coefficients can be related directly. The difficulty in using either of the rate
coefficients occurs when values developed for one water depth ave applied o an-
other depth. Further, neither coefficient is very refiective of all of the transformations
occurring within the wetland. Clearly, the removal-rate constant for BOD must be
telated to the plant surface area below the waler surface, and 0 the plant detrital ma-
terial present in the wetland. More focused research needs to be done w determine
how 1o model what is actually vccurring with aggregate or lumped parameters in
these systems. Because of the limited understanding of the actual removal mecha-
nisms, the removal-rate coefficients now used for the design of constructed wetlands
are gpparent coeflicients, and do not necessarily have any theoretical basis.

Actual (Nonideal) versus ldeal Flow in Constructed Wetlands

Keal plug flow is eypically assumed in the analysis and design of constructed wet-
lands. Unfortunately, it has been observed that plug-fow conditions seldom exist in
the field. What normalty occurs is that preferential-flow channels develop within the
wetland as illustrated in Fig. 9-8. The nonideal flow conditions that oceur in prac-
tice can be modeled (1) by using Eq. (3-13), developed for first-order kinetics and
a plug-flow reactor with axial dispersion, and {2} by simulating the actual flow by
using a umber of complete-mix reaciors in series. From dye measurements, it has
been found that a cascade of four (o six complete-mix reactors in series can be used
to model the actual performance of constructed wetlands designed as plug-flow re-
actors. The impact of nonideal flow on the performance of an assumed plug-flow
reactor is considered in Example 9-1.

[
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¥
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FIGURE 9-8
Typicat example of preferential-fiow channels that develop
in FWS constructed wetiands, leading to axial dispersion.

EXAMPLE §-1. ESTIMATE THE APPARENT REMOVAL-RATE CONSTANT FOR A FWS WETLAND.
Estimate the apparent removal-rate constant for a FWS consteucted wetland which takes
into account axial dispersion. A plug-flow reactor has been designed with the follow-
ing dimensions: width 200 ft, fengih 400 ft, and depth 1.25 fi. The flowrate is equal
20,000 f1°/d. Assume the first-order removal-rate constant for soluble BOD in the wet-
land, based on experiments conducted at a depth of 1.25 fi, is equal to L2 d™L H the
influent soluble BOD vajue is egual to 300 mg/l., estimate the theoretical and actual
BOD w be expected in the <ffluent, amd the apparent removal-rate constants, Neglect
the BOD} contributed by the system constituents. The vold ratio # {porosity) is 0.75.
Solution
1. Betermine the theoretical detention time:

- VoondA (0733125 86200 {00 f1)

g a 20, 000 £5/d

2. Deternine the theoretical effluent BOD from the plug-flow reactor assuming ideal
plug How:

373d

BODcﬁ e BOD'me_K{
= 3002”437 = 33 mgL

3. Estimate the acteal efffoent BOD concentration. Assume the actual hydravlic perfor-
mance of the constructed wetiand can be medeled as a cascade of four equal-volume
complele-mix reactors. Using Eq. (3-32), estumate the efiluent BOD corcentration
from the plug-flow reactor.

C; 1

T, i+ avAQY
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where Cy = efffuent BOD concentration from the 4th reactor in series, mg/L
C, = influent BOD concentration = 300 mgiL

i, = overall BOIY remaoval rate constant = 1.2 47F

Vo= total volume of wetland = 75,000 £ (200 ft X 400 ft X 1.25 ft X 0.75)
4 = number of complete-mix reactors in series

Q = flow rate = 20,000 ft¥/d

Substituting and solving for €y, which comesponds 1o the expected effluent BOD

from the plug-Aow reactor, yields
Co 300
T+ L2 X 75,0000/(4 5 20,0005
4. Determine the appacent BOD removal-rate constant, assoming a plug-flow moded is
used to estimate the effvent BOD from the wetland:
BOD.y
BODJH{

The detention time ¢ Is equal 10 3.75 d {75,000 420,000 {°/d}]. Substituting the ap-
propriate influeat and effluent BOD values, the value of the apparent BOD removal
rate constant is

= 4.7 mg/L

= ¢~ Eappacen: ML

147
In—— = —3.0i6 = "'k:\p;eu:n! * 375

Rapparene = 3.016/3.75 = 0804 7!

Comment. The above computations illustrate the importance of taking into account
axial dispersion in constructed wetlands. Further, because of the limired data that are
availabie in the literature, and the varying conditions that exist in constructed wetlands,
the removal-rate conseants for BOD and TSS currently used for the design of FWS con-
structed wetlands are appacent remeoval-rate constants.

Analysis of Constituent Removal-Rate Constants

The removal of wastewater constituents can be modeled mathematically as described
in Chap. 2. Some of the problems encountered in developing models for constructed
wetlands and aquatic systems are highlighted in the following discussion, especially
with respect to the removal of BOD and TSS. Modeling BOD and TSS removal
is complicated further because both are lumped constituents comprising multiple-
size particles (see discussion in Chap. 2). For example, the kKinetics involved in the
removal of soluble and particulate BOD are quite different. Similarly, the mecha-
nisms inveived in the removal of settleable and colividal suspended solids are quite
different,

Modeling the removal of BOD. One of the difficulties encountered in
modeling the removal of BOD in construcied wetlands and aguatic systems is that

RS
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the influent BOD may be soluble, colloidal, and/or particulate. In addition, the
removal can gccur via aerobic/apoxic/anacrobic biclogical mechanisms and by
fecculation/sedimentation. As a consequence, the value of the BOD removal-rate
constant wilt depend on the distribuiion of the BOD between the three fractions. As
repeited in Table 210 in Chap. 2, the value of the BOD removal-rate constant can
vary by a factor of 4 between particle sizes varying from 0.01 to 100 p.m. In addidon,
aerobic and anoxicfanaerobic zones exist simultancously in the wastewater column.
Thus, the BOD removal-rate constants used in the design wetlands, as reported in
the literature, are overall removal-rate constants, and should be modified to reffect
the nature of the BOD in specific applications.

Another issue that gccurs in modeling the removal of BOD in constructed wet-
lands, resulting from the presence of collvidal and/for particulate BOD composed
of particies of varying size, is that the BOD removal-rate constant will vary as
the wastewater passes through the wetland as dlustrated in Fig. 3-12 in Chap. 3.
As shown in Fig. 3-12, as the lacge pacticles are removed, by mechanisms such as
flocculation/sedimentation, entrapuent, and straining by chance contact, the
removal-rate coefficient for the remaining smaller particles is reduced, even though
the particles themselves may be easier to degrade. To account for the fact that the
reatment response decreases as the most responsive constituents are removed, a
retarded-rate expression should be used (see discussion in Chap. 3). The typical
form of a retarded rate expression Is

ko= kovc!ail

T Geny ©3)

k = removal-tate constant at time ¢, 1/d
boveray = initial overall removal-rate constant at time 1 = 0, 1/d
r o= coefficient of retardation, 1/d
time, £ = Ly
exponent related to the constituent being removed, unitless
= length, ft
velocity, fiid

where

i

If

1

- E

When the r or n values are equal to zero, the value of Mk, is equal to 1, and the
overall removal-rate coefficient is constant. For example, the overall BOD removal-
rate coefficient would be constant i all of the BOD were soluble or colloidal or
particulate of a specified size. For this case, the value of the exponent z is equal
to 0. For typical wastewater that contains soluble, colloidal, and particulate BOD,
the value of the exponent » is approximately 1.0. For typical wastewater, the co-
efficient of retardation, which varies with plant density, is approximately equal to
£.2¢7", Here again, sufficient data are not available in (he literature that can be used
to apply the retarded-removal-rate coefficient with confidence. The importance of
the coefficient of retardation will depend on the disiribution of the BOD components
between the soluble, colloidal, and suspended fractions.

Madeling the removal of TSS. From the above discussion, it 1s clear that a
retarded removal-rate coefficient should be used for modeling the removal of TSS.
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The TSS medeling problem is further complicaed because of the flocculation of
particles that can occur anywhere within the wetland, which increases locally the
overall removal-rate constant. [n most wetlands, the removal-rate coetflicient for TSS
is continually changing as the wastewater tlows theough the wetland. The estimation
of TSS removal is itlustrated in Example 9-2.

EXAMPLE g-2. ESTIMATE THE TSS REMOVAL IN A FWS WETLAND. Estimate the removal
of TSS in the plug-fluw reactor considered in Example 9-1 {width 200 1, length
400 fr, and depth 125 fi). The flowrate is equal to 20,000 fi*/d. Assume the overalt
first-order removal-rate constant for TSS in the wetland is equal to 1.25/d. [f the in-
fluent TSS value is equal o 160 mg/L, estimate the actual TSS to be expected in the
effluent, assuming the coefficient of retardation is equal to 0.2 47, Compare the TSS
effluent value with retardation 10 the corresponding value without retardation. Assume
ne floceubation ocours in the wetland, and that the void ratio is 0,75,

Solution

1. Estimate the actual effluent TSS concentration. Assume the actual hydraulic perfor-
mance of the constructed wetland can be modeled as a cascade of four equal-volume
complete-mix reactors. Combining Egs. (3-52) and (9-3), estimate the effluent TSS
concemtrativn frorm the plug-flow reactor.

TSS; 1 !

s T ) R PO
o (i i ky w i . (‘Ll)kuﬁ
L ke 443 1+t

where TSS; = effluent TSS concentration from the fourth reactor in series, mg/L
TSS, = influent TSS concentration = 160 mg/l.
&, = viretarded overall TSS removai-rate constant = .23 d71
= gpefficient of retardation, 0.2 d-!
= gdetentwn tine, d = V0 = adA/Q
total volume of wetland = 75,000 £
= number of complete-mix reactors in series
& = fowrate = 20,000 fi/d

ey
Il

Substituting and solving for TSS, which corresponds 10 the expected effluent TSS
from the plug-fow reactor, yields:
3 i
IS5 . 7 = 206 mgiL
TS8S, [ 23R 123 N3TE
P T 022375

2. Estimate the effiuent TSS concentration without retardation:

160
TSS: = ; = 1imgll
{1+ {025 % L25 < 3.73)F im

Comment. The importance of taking into account both axial dispersion and retardation
o constructed wetlands is clearly Hllustrated in this example. The first-order removal-rate
constant was assumed for purposes of illustrating the concept.
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Removal of BOD and TSS with distance, in water hyacinth
treatment system at Aqua il in San Diego, CA (detention time
= 8.4 d).

impact of detention time on observed removal-rate constants for BOD
and TSS. Another cbservation that has been made in a number of wetlands and
aquatic systems is that both BOD and 1SS are removed extremnely rapidly near the
infiuent end of the constructed wetland or aguatic systemn. Data for the removal of
BOD with distance in one of the plig-flow water hyacinth ponds at the San Diego
aquaculiure project are shown in Fig. 9-9 (WCPH, 1996}, The key finding at San
Diego was that, under zerobic conditions, secondary treatment was attained within
the first 50 fi, and that the remaining 350 {1 of the pond provided minimal treat-
ment, if any, This finding led to the development of a pord operating system which
incorporated step feed with effluent recycle, as discussed in Sec. 9-5.

If, for practical purposes, the BOD removal during the first 50 fi is modeled as
a first-order function (Eg. 3-4), then the apparent removal-rate constant for the first
segment of the plug-flow reactor (detention time = 0.8 d) would be

C

In [E:"} = kzp_:rmm i
2

1:1[5-«-] = fugparem X 0.8 @

kappuer:l = 197 d_!

If, on the other hand, the effluent value from the entire plug-flow pond had been
used in the analysis, the corresponding value of the apparent removal-rate constant
would be
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12
In [@] = kappmm * 6,44

kappa:cz:l = (3847

The difference between these values is significant. This type of problem pervades
most of the information reported in the Heerature on constructed wetlands, where only
input and output values are used in determining the apparent removal-rate constant,

especially where varying factors of safety have been incorporated into the design of

the system.

Effect of temperature. It is alse instructive to consider the effect of tem-
perature in the above situations. Bacterial activity responsible for BOD removal is
temperature-depandent, with & values for constructed wetlands ranging from 1.02
to 106, It has been observed that bacterial populations in natural systems can acch-
mate 1o coulder temperatures and maintain their mass in spite of slower activity rates
{Vela, 1974). With lower temperatures, the removal of influent BOD occurs farther
down the wetland than when water temperatures are higher. In constructed wetlands
with excessive detention times, the effect of temperature on BOD and TSS removal
will not be observed, as iilustrated below.

Ifit is assumed that the wastewater teniperature is 10°C and the temperature co-
efficient is 1.06, then, from Eq. (3-22} the value of the two removal-rate coefficients,
determined above, would be

k
Mo plT-To
g = f
ka
T (16-20) S -1
o7 = 106 ky = 1104
R 0600 gy = 021 g
038/ 2T

In the first case, a value of 29 mg/L will be reached after 1.43 d. A value of
12 mg/L., corresponding to the efffuent value observed during the summer, would
have been reached during the cold period in 2.23 4.

In{%} = ~1Li0 =t
t = 1.434d
iz
ln[ﬁ{i} m o~ 10X
= 2.23d

The implications of this simple analysis are also significant. For example, if the
effluent from the plug-flow pond (detention time = 6.4 d) were sampled during the
period when the wastewater temperatare was 10° C, it would be concluded that em-

i
|
.t
‘s
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peeature has o effect on the process. As with the BOD analysis, temperature effects
are often misinterpreted when only Input and cutput values are used in the analy-
<is. This situation is especially problematic when efffuent values from overdesigned
systems are used. In addition, the input and cutput values used for the determination
of the temperature effects are confounded statistically, because they alse include the
effects of natural variation. This siuation is considered subsequenily in the discus-
sion dealing with the selection of design values for BOD that take varability into
account,

Modeling the removal of other wastewater constituents. For practical
purposes, the modeling of the remtoval of nitrogen in constructed wetlands is ac-
complished by assuming that the organic nitrogen in the influent will convert into
the form of ammonia aitrogen. Use of the temperature correction factor to adjust
the removal-rate coefficient for nitrogen is also appropriate, because both nitrifica-
tion and denitrification are highly temperature-sensitive. A similar approach is often
used for other constituents that may be lumped (or have distributed parameters).

impact of Vegetation Decay in Wetlands and Aquatic Systems

An important characteristic of both natural and constructed wetlands, especially the
free-water-surface type, 1 related to the growth and the short- and long-term impact
of the decay of plant vegetation in these systems. When plant raass dies back and
is submerged in water, water-soluble organic substances are transferred to the lig-
uid by leaching. The leached material consists primarily of amine acids, sugars, and
nonvolatite and volatile aliphatic acids. In general, these marerials are readily me-
abotized within the wetland (Westermann, 1993}, Further (long-term) degradation
of the plant material in the system will depend on the ratios of the major polywers
{lignin, cellulose, and hemicellulose) in the thaich kayer, the structure of the lignocel-
lulose, and the physicochemical character of the wetland (see Westermann, 1993).

The importance of this discussion 15 that, in constructed wetlands, as well as
in aquatic treatiment systems, it hus been observed that the effluent from such sys-
tems will contain varving concentrations of otganic matter, without the apphication
of wastewater. Typical concentration values for the organic material in the efffuent,
expressed in terins of BOD, are in the range from 2 to 10 mg/L, with typical values
from 3 to 3 mg/l.- This effiuent value has often led to the formulation of BOD re-
moval models on the false premise that the effluent BOD is residual influent BOD
{see discussion of BOD in Sec. 2-1, Chap. 2).

Composition of Efiluent BOD

The BOD in the effiuent from constructed wetlands and aquatic systerns 1s composed
of the BOD resulting from plant decay, as discussed above, and the residual BOD
remaining from the original influent BOD. As noted in Sec. 2-1 in Chap. 2, the
tesidual BOD derived from the influent BOD will typicatly comprise cell tissue and
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cell fragmenis, especially in systems with long detention times. The total BOD in
the efftuent is given by

BODgew = BODpp + BODgw (9-4)

where BODgcw = effiuent BOD from constructed wedand, mg/L
BODpp = BOD resulting from plant decay, mg/L
BODgpw = residual BOD from inflaent wastewater, mg/L.

Because both BODpp and BODgw have been abserved to vary throughout the yvear,
this variability must be considered in the design of constructed wetlands and aguatic
systems. AL present, limited data are available on the variability of the plant de-
cay contribution (BODpp} with season. What data are available are contradictory. In
some systems, the BOD contribution from plant decay increases during the summer,
whereas in other systems it increases during the winter. For this reason, it is recom-
mended that a typical value be used for estimating BODpp until more infornation
becormes available.

Design of Constructed Wetlands Taking inte Account Variability

Asnoted in Chap. 3 {Sec. 3-7}, because of the variations observed in eftiuent quality,
a teeatment process should be destgned 1o produce an average effluent concentration
below the permit requirements. In Eq. {9-4), the effiuent BOD (BODgrpw) value re-
flects the effects of temperature, axial dispersion, and nateral provess variability. Be-
cause most of the effluent BOD data that have been collected to date are confounded
statistically, the variability due to axial dispersion versus temperature versus natural
causes is unknown. The variability of BODguy including the combined effects of
axial dispersion, temperature, and natural variability can be assessed by analyzing
the long-term average monthly performance data from operating systems using the
coefticient of reliability as outlined in Chap. 3. Typicat values for the coefficient of
variation for the different types of wetlands subject to different temperature ranges

TABLE 93
Typical coefficients of variation for constructed wetlands subject
to different wastewater temperature variations®

Coefficient of variation ¥,
for removal of

Type of wettand Temperature range, *C j=uls] TSS
Free water surface 520 0.40-0.65 0.30-0.50
1025 0.25-0.4¢ 0.20-0.40
Subscrdace flow S5-20 0.25-0.30 0.25-0.50
10-25 0.25-0.40 0.20-0.40
Water hyacinths 10-20 0.206-0.25 0.20~0.25
15-25 D520 0.15-0.25

*The ata presented in dhis table should be used with caulion, as there is gieat vasdability
inthe parformanee of iese systams,
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are given in Table 9-3. The determination of the BOD design value for a constructed
wettand is ilinstrated in Exaniple 9-3.

EXAMPLE 9.3, DETERMINE THE EFFLUENT BOD DESKEN CONCENTRATION VALUE TAKING INTQ
ACCOUNT THE VARIABILITY IN THE PERFORIMANCE OF A CONSTRUCTED WETLAND. Using
the following average monthly effluent BOD data from the Oueay, Colorade, FW'S con-
steucted wetland wastewater treatment facility, deteemine the coefficient of reliability
and the appropriate BOD design value, if the effluent from a simuilar treatment facility is
to be equal to or less than 30 me/L 90 percent of the time.

BOD, mg/.
Month 1894 1895
January 10 12
February 10 g
March 11 7
Agrit 14 g
May 19 3
Jung 19 i35
July 24 14
August 24 10
September 15 13
Octaber 1z 16
MNaovermber H [+
Dacember 11 3

Soiution

1. Use the coefficient of reliability approach introduced in Sec. 3-7 in Chap. 3 to deter-
mine the appropriate design value,

2. Determine the statistics {or the given data using 2 standard statistical package.

Parameter Value
Minimurn 1
Maximum 24
Sum 285
Paoints 24
Mean 123
headian 115
RMS 136
Standard deviation 5.5
Variance 33.9
Standasd error 1.2
Skewness 0.3
Kurtosis -0.2

3. Determine the coefficient of retiability using Eq. (4-23)

. I
COR = (V.2 + I xexpl -7, {i,l{vj + 1

Pt ]
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. Determine the value of ¥, using the results of the stazistical anabysis:

b, The value of Z,_, for a cumulative probability of 90 percent fromm Table $-24 5
1.282.
¢ Determing the coefficient of reliability:

E- 2ha2

COR = {0.472° + 1) xexp! ~1.282 In[:b.4?23 + “j } = 0.622

4. Determine the appropriate design valwe for BOD. Using Eq. {4-22) and the COR
value determined in step 3, the design value is
m, = (CORMIX; = 0.622 X 30 mg/L = 18.7 mg/L

Comment. As the variability in the effluent quatity increases, the COR value becomes
smaltler, and a more conservative desizn value must be used (o achieve the proposed level
of treatiment.

9-3 FREE-WATER-SURFACE CONSTRUCTED WETLANDS

The use of constructed wetlands with water levels above the ground surface has
ranged from achieving secondary treatment, to polishing of secondary effluent, to
providing wildlife habitat and reuse of the water. The material presented in this
section deals with a description of the process, constituent removal and transfor-
malion mechanisms, process performance, and peocess design considerations. Gen-
eral design considerations and the management for these systems are discussed on
Secs. 9-8 and 9-9, respectively.

Process Description

A free-water-surface (FWS) system consists typically of channels or basins with a
natural of constructed impermeable barrier to prevent seepage. Plants in free-water-
surface constructed wetlands serve a number of purposes. Stems, submerged leaves,
and litter serve as support media for the growth of attached bacteria. Leaves above the
water sirface shade the water and reduce the potential for algal growth. Oxygen is
trapsported from the leaves down inte the roof zone, which supports the plant grow(h.
A imited amount of oxygen may leak out of the submerged stems to support attached
bacterial growth. Pretreatraent for FW3S wetlands usually consists of settling (septic
tanks or Imhoff tanks), screening with a rotary disk filter, or stabilization lagoons.
Because the major sources of oxygen are surface reacration in open water from the
atmosphere and attached-growth slgae, the BOD loading generally needs to be kept
befow 100 Ib/ac-d.
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TASLE 9-4

Typical characteristics of emergent plants used in constructed wetlands
Temperature, °C Maxim.um

pH range salinity

Common Beientific Seed far tolerance,

name name Desirable germination effectiveness opt

Bulrush Seirpus spp. 168-27 4y 20

Cattail Tipha latifolia 1030 12-24 4-1Q 30

Sarnman Sagittaria

anrowhead fatifoliz

Cammon Phragrmites 12-23 1030 28 45

reed australis

Hush Juncus spp. 16-26 5-7.5 26

Sedge Carex spp. 14-32 575

Yethow Iris

flag pseudacorus

Sowree: Stephenson et al {1380}
Nolelppt - pants per thousand

Site selection. Site features for potential FWS sites are similar to those for
wastewater treatment poirds. Slopes of 0 to 3 percent are most favorable. Soils should
be slowly permeable. Compacted clay or synthetlc liners may be required to limit
percolation. Groundwater levels can be relatively bigh without causing any concern
because percolation is restricted or eliminated.

Vegetation types. Emergent plants nmost frequently used in FWS include: cat-
tails, butrush, reeds, arrowhead, and sedges. Characteristics of these plants are sum-
marized in Table -4 (Stephenson et al., 1980). More details on emergent plants
are available in the reference works by Mitsch and Gosseliok {1993) and Hammer
{1992). In addition to the plants listed in Table 9-4, arrow arumn (Peltandra spp.)
and pickerelweed (Porvtederia spp.) have been used in constructed wetlands. Other
locally grown emergent vegetation can also be considered.

Constituent Removal and Transformation Mechanisms

High removals of BOD and TSS can be expected from FWS wetlands, along with
significant removals of nitrogen, metals, trace organics, and pathogens. The degree
of removal usually is dependent on detention time and temperature. The operative
removal mechanisms for FWS constructed wetlands are described below.

BOD removal. Soluble and particulate BOD are removed by different mecha-
nisms in FWS constructed wetlands. Soluble BOD is removed by biological activity
and adsorption on the plant and detritus surfaces and in the water column. The low
velocities and emergent plants facilitate flocculation/sedimentation and entrapment
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of the particulate BOD. Organic solids, removed by sedimentation and filtration, as
discussed below, will exert an oxygen demand, as does the decaying vegetation. Ag
a resul, the influent BOD is removed rapidly with length down the wetland cell.
Fhe observed BOD in the wettand will also reflect the detrital and benthic demandg,
which leads 1o a “hackground” concentration.

Total suspended solids removal. The principal removal mechanisms for
TSS are flocculation and sedimentation in the bulk liquid, and filtration {mechan-
ical straining, chance contact, impaction, and interception) in the interstices of the
detritas. Most of the settleable solids are removed within 50 to 100 ft of the inler.
Optimal removal of TSS requires a full stand of vegetation 1o facilitate sedimenta-
tion and fileration and 0 avoid regrowth of algae. Algal solids may take 6 to 10 d of
detention time for removal.

Nitrogen removal. Nitrogen removal in constructed wetlands is accomplished
by niteification and denitrification. Plant uptake accounts for only about 10 percent
of the nitrogen removal. Nitrification and denitrification are microbial reactions that
depend on teraperature and detention time. Nurifviag organisms require oxygen and
an adequate surface area to grow on and, therefore, are not present in significant
numbers in either heavily loaded systems (BOD loading > 100 lb/ac-d) or in newly
construcled systems with incomplete plant cover. On the basis of field experience
with FWS systems, one o two growing seasons may be needed w develop suffi-
cient vegetation to suppod microbial nitrification. Denitrification requires adequate
organic matter (plant litter or straw) 0 convert nifrate (o nitrogen gas. The reducing
conditions in mature FWS constructed wetlands resulting from flooding are con-
ducive to dentuification. If nitrified wastewater s applied 0 a FWS wetland, the
nitrate will be denitrified within a few days of detention.

Phosphorus removal. The principal removal mechanisms for phosphorus
in FWS systems are adserption, chemical precipitation, and plant uptake. Plant
uptake of inorganic phosphorus is rapid; however, as plants die, they release phos-
phorus, so that long-term removal is low. Phosphorus removal depends on soil in-
teraction and detention time. In systems with zero discharge or very long detention
times, phosphorus will be retained in the soil o root zone. In flow-through wetlands
with detention times between 5 and 10 &, phosphorus removal will seldom exceed
1 to 3 mgsl.. Depending on environmental conditions within the wetland, phospho-
rus, as well as sume other constituents, can be released during certain times of the
vear, usually in response to changed conditions within the system such as a change
in the oxidation-reduction potential (ORP).

Metals removal. Heavy metal removal 15 expected to be very similar to
that of phosphorus removal, although limited data are available on actual removal
mechanisms. The removal mechanisms include adsorption, sedimentation, chemical
precipitation, and plant uptake. As with phosphorus, metals can be released during
certain tumes of the vear, usually in response to change in the oxidation-reduction
potential within the systern.
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Trace arganics removal. Although HEmited data are availabie on removat of
trace organics, the WS process is similer to overland flow (see Chap. 10) where
removals of 88 o 99 percent have been reported (Reed et al, 1995). Removal mech-
anisms include volatilization, adsorption, and biodegradation.

Pathogen removal. Pathogenic bacteria and viruses are removed in con-
structed wettands by adsorption, sedimentation, predation, and die-off from exposure
w sunlight (UV) and unfavorable temperatures.

Process Performance
The performance expectations for FWS constructed wetlands are presented in
Tables 9-3 through 9-8. Performance depends, of course, on design criteria, waste-

water characteristics, and operations.

BO and TSS removal. Operating data from a number of FWS$ constructed
wetlands for removal of BOD and TSS are presented in Table 9-5. Removals are

TABLE 9-5
Typical BOD and 7SS removals cbserved in FWS constructed wetlands

BOD, mg/L TSS, mgit

Lacation influent Efftuent Influent Efflugnt Reterence

Arcata, 28 i2 30 14 Gearheart et al,, 1688
California

Benton, 258 a7 57.4 10.7 L1LS, EPA, 1093
Kentucky

Cannon Beach, B8 54 45,2 8.0 U.5. EPA, 1933
Oregon

Fi. Deposit, 3238 6.3 912 2.8 LS. EPA, 1993
AMabams

Gusline, 75 15 162 31 Crites, 1996
California

iselin, 140 17 380 53 Waitspn et al., 1979
Pennsylvania

Listowel, 563 9.6 1#1 3 Herskowitz et al,, 1987
Cntario

Curay, 83 11 86 14 Andrews, 19965
Cetarado

West Jackson 25.9 74 40.4 141 U.5. EPA, 1923

Co., Mississippi

Sacramenin 23.8 6.5 g8 12.2 Melta and Associates,
Co., Ca¥fornia 1497
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TABLE 95

Typical ammonia and nitrogen removats cbserved in FWS constructed wetlands

Ammoria, mg/ll

Tatal mtrogen, mg}l.

Type of
Location efflugnt Influent Effiuent Influent Eﬂiuem
Arcata, California’ Cridation pond 12.8 0 1 1.6—
iselin, Pennsylvania® Owidation pond 30 ]
Jackson Bottoms, Oregon Secondary 49 31
Listowel, Ontaric! Primary 8.6 8.1 184 8.9
FPembroke, Kentocky Secondary 13.8 3.35
Saeramento Co., California®>  Secondary 14.14 7.2 16.8 ER

TFuacals operation from August 1986 to May 1988 {Gearheart et al., 1983},
*Full-scale cperaton from March 1933 1o September 1985 (Watsen el al., 1987),
tSystem 4, pilal operation from 1980 ko 1984 {Merskowitz et al. 1887,
Demonsteation weldand, btay 1995 1o November 19945,

TABLE 9-T7
Removal of metals in constructed wetlands
at Sacramento Regional County Santtation

District”

Average total recoverable

concentration, pgfl

Metal Influent Effluent
Antimony {Sb) 0.43 0.19
Arsenic {As) 1.75" 238
Cadmium [(Cd) 014 .07
Chromium iGr) 105 1.32
Caopper {Cu} 880 4.14
Lead {Pb} 0.85 025
Mercury (Hi) 1139 ng/l? 4.57 ng'lt’
Nicket (Ni} 685 8.34
Sitver {Ag) .34 005
Zine (Zn} ITE 7.4

*Rezults for the pericd July 1956 to Detenber 1956 {Moite
and Assocates, 1997), The systen began receiving treated
wastewaler in May 1584,

PArsenic in the infleent Jropped kem 263 kgl in 1595 1o
1.75 pgl in 1596,

“Agl = aatograms per liter
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TAEBLE 3-8

Removai of fecal collform in FWS constructed welland systems

it

eIy

Petention

Location Linit infivent Effluent’ time, d
iselin, Pennsylvania: cattails
and grasses’

Winter season fMov —Aprdl) No 100 mL 1.7 % %08 43 %102 &

Summer s2ason (May—-0ct) o130 ml 1.0 ¥ 10 723 3
Arcata, California; bubrush wettard®

Winter season {Mov.—Apri) Mo 100 mk 4.3 % 1 200 19

Surmmer seasan {May-Oct.} M. 100 mL, 1.8 % 1P &0 18
Listowel, Ontario; cattails*

Winter season {Nov,—April} MO0 mL 5568 X108 1.4 % A6 7-14

Summer season (May—0ct) Be 100 mil 158 % 10% 400 T4

“Lindisinfected,
*3gnd bed, subsurface flow,
FEres waler surace,

typically 60 to 80 percent for BOD and 50 to 90 percent for TSS {depending on the
nature and concentration of the infiuent TSS).

Ammonia removal. As shown in Table 9-6, the degree of nitcification in FWS
systems is relatively incomnplete, ranging from 25 percent in Arcata to 56 percenr at
Iselin. The data should not be construed as indicating that nitrification cannot be
compiete in FWS constructed wetlands, because nikkilication has not been required
generally in effiuent permit limitations. Most of the systems that have been moni-
tored were designed for BOD and TSS removal with detention times between 5 and
10 d. At Sacramento County, seasonal nitrification has averaged 75 percent for a
detention time of 10 d (Crites et al., 1997).

Nitragen removat. Nitrogen removal is limited by the ability of the FWS$ sys-
tent to nitrify. When nitrogen is present in the nitrate form, nitrogen removal is gen-
erally rapid and complete. The removal of nitrate depends ou the concentration of
nitrate, the detention time, and the available organic matter. Because the water col-
umn is nearly anoxic in many wetlands treating municipal wastewater, the reduc-
tion of nitrate will occar within a few days. At Sacramento County, the nitrate does
not accumulate as the ammonia is mitrified. Nitrate-nitrogen concentrations av erage
044 mg/L and range from 0.08 mg/L in the summer to 0.94 mg/l, in the spring
(Nolte and Associates, 1997).

Phosphorus removal. Phosphorus removal in wetlands depends on the foad-
ing rate and the detention time. Because plants take up phosphorus over the growing
season and then release some of it during senescence, reported removal data must be
questioned as to when the system was sampled and how long the system had been in
aperation. At Sacramento County, the typical spring/summer uptake of phosphorus is

2bout 0.5 mg/L, resuliing in an annual removal of 14 percent (Nolte and Associales,
1997},
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TABLE 9-9
Typical design criteriz and expacted effiuent
quafity for FWS constructed wetlands

Item Unit Value

Design parameter
Detention time d 2-5 (BODY)

7-14 (N)

BOD inading rate Ibfas-d <100
Water depth i 0.2~1.5
Minimum size ac/Maal-d 510
Aspect ratio 2t to 401
Mosquito control Required
Harvesting interval ¥ 3-3

Expecied efffvent quatity”
BOD, mgt. <20
TES mg:L =20
TH mgit. <10
TP mygt <5

*Expected effluant quatity based on a BOD fsading equal to o
iess than 100 ikac-d and typicad settled municipal wastewater,

Metals remowval. Metals removal depends on detention time, influent metal
concentrations, and metal speciation. Removal data for heavy metals in the Sacra-
mento County Demonstration Wetlands are presented in Table 9-7.

Pathogen removal. Fecal coliform removals of 99.9 percent (3 log reduc-
tion) have been reported at Iselin, Pennsylbvania, and at Listowel, Ontagio (Waison
et al,, 1989}, Virus removal at Arcaia, California, ranged from 90 to 99 percent
{Gersberg et al., 1989). Removals of pathogen indicator organisms are presented in
Table 9-8.

Process Design Considerations

The principal process design criteria for FWS constructed wetlands are detention
time, organic loading rate, required sueface area, and water depth. Hydrauslic load-
ing rate is a common basis of comparisen, either in infd or ac/Mgal-d, but both rates
are calenfated from the area and the flow. Other design considerations include as-
pect {{ength-to-width) ratio, hydraulic considerations, thermal considerations, and
vegetation harvesting. Typical process design criteria are presented in Table 8-9.

Detention time for BOD. The required detention time, taking into account
axial dispersion and temperature effects, can be determined theoretically by

v { " <
= 3~ e 1| &
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where ¢ = detention time for BOD removal, o
V = total volume of wetland, 1% {gal)
0 = flowrate, {°/d (gal/d)
C, = efflvent BOD concentration from the nth reactor in series, mg/ff.
= influent BOD concentration, mg/L
= number of complete-mix reactors in series
k, = overall BOD removal-rate constant, corrected for temperature, 1/d

2 &)
g1

The value of Cy, is the residual BOD value from the influent BOD. The actusl wrtal
BOD concentration in the effiuent consists of the residual BOD value from the influ-
ent BODY plus the BOD {rom plant decay. Typically, four reactors in series are used
most commonly (o account for axial dispersion in plug-flow reactors. The value of
k, is usually based on controlled piloi-scale experiments in which axial dispersion
is not an issue.

Because insufficient data are available to determine the overall removal rate
constant k, or COR values, it is recommended that the appareat £ factor in Eq.
(9-6) be used for design. Derived from field observations, the empirical temperature-
corrected apparent BOD removal-rate constant Kuppacene 15 0.678 d71 1t should be
ooted that Eqs. (9-3) and (9-6) will yield approximately the same answer, if k =
.01 47} for Eq. (9-3), because apparent removal-rate constants are derived from
systerns with varying amounts of axial dispersion.

nCiC,
kap;::trcnt

= {8-6)
If adequate statistical data are available for similar systems in simiar climatic condi-
tions, the design detention thime can be computed by using the coefficient of relability
concept as outlined in Chap. 3. The BOD design value for the wetland is

BODges = BODgnw X {COR) (9—?)

where BODgyw = residual average monthly BOD from influent wastewater, mg/l.,
and COR = coefficient of reliability (see Sec. 3-7 in Chap. 3 and Example 9-2).

Ovganic loading rate. As a general rule, the organic loading rate (OLR)
should not exceed 100 ib BGD/ac-d (110 kg BOD/Ma-d), if uerobic conditions near
the water surface are (0 be maintained and odors are to be minimized. The organic
loading rate can be checked by the following expression:

L\Jrg (9-8)

where Ly, = organic loading rate, Ib BOD/ac-d (kg BOD/ha-d)
C = BOD concentration in influent, mg/L (g/m®)
d,, = depth of How, ft {m)

7 = plant based void ratie, 0.65 10 0.75 typically
£ = conversion factor, .34 lo/{Mgal-(mg/L)] (0.001 kg/fe)
r = detention time, d

Fy = conversion tactor, 3.07 ac-ft/Mgal (10~% ha/m?)
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Required surface area. Once the detention time is caleulated, the net area of
the wetland can be determined from

A = A N30T Yo (9-9)

where (Jy = average daily flow through the wetand, Mgal/d, and A = area, ac,
Other terms are as described previously.

The average flow through the wetland can be estimated by the following
equation:

Qe = M (9-10y

The average fow must be used to account for the influence of evapotranspiration,
seepage losses, and precipitation. Evapotranspiration values for wetland plants are
typically equal to the potential evapotranspiration from an open water surface (Reed
et al., 1995). The calculation of required area is iHustrated in Example 9-4. The two
design methods are compared it Example 9-3.

Water balance. In the arid west, where evapotranspiration exceeds precipita-
tion on an annual basis, it may be necessary to conduct a water balance 1o detenvine
the effect of evapotranspiration on detention time and efffuent water quality. For
reuse wetlands, the net loss of water is by evapotranspiration and percolation. The
water balance approach is detailed in Chap. 19, Sec. 10-3, and consists of monthly
tabulations of infiow, precipitation, evapotranspiration, seepage or percolation, and
outflow or storage. The fowrate values are converted to inches per month (infmo)
or millimeters per month (m/mo) to allow the outifiow values to be calculated. If
the evapotranspiration rate is a large portion of the inflow {greater than 25 percent),
the eftects on water guality, particularly trace metals such as selentum, should be
evaluated.

Aspect ratio. The surface dimensions can be determined by the following ex-

pression:
’ 172
o o (R%) ©-11)

where w = width of FWS weldand, ft {m)
A = area of FWS wetland, fi* (m%)
£, = aspect ratio, length/width

To minimize short circuiting of wastewater {from the infet o the outlet, relatively
large aspect ratios (length-to-width) of rectangular basins have been proposed. If
large aspect ratios (greater than F:1) are used, a relatively large hydravlic gradient
is needed to prevent backup and overflow problems in the wetland cells. Aspect
ratios of 2:1 to 4:1 have been used {Reed et al., 1993).

EXAMPLE 9-4. DETERNINE AREA REQUIRED FOR BOD REMOVAL N A FWS CONSTRUCTED
WETLAND. Deternune the area required for a FWS constructed wetland used to treat
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primary treated wastewater with an influent BOD of 100 mg/L. To be assured of vdor-
less operation, the maximom organic loading rate is 0 be equal to or less than 100 1b
BOD/ac-d. Assume the overall first-order BOD removal rate constant is 1047 ac 20°C.
The average wastewater temperature during the coldest month is about 10°C. The aver-
age water depth is 1o be 1.23 ft. Because of evaporation, the effluent flowrate is equal
0.8 % the influent Mlow rate. Assume thai the plant porosity is 0.70 and that the average
BOD in the efffuent due to plant decay is 5 mg/l. The combined effiuent BOD (from
plant decay and residual from influent} must be 23 mg/L or tess. The observed tempee-
ature coefficient and COR values for a similar FWS system in the same temperature
regime are 1.02 and (.30 (at 99 percent), respectively. Compare the detention Hme to
that calcufated by using Eg. i9-6).

Solution

1. Determine the maximum atlowable residuatl BOD from the influent wastewater that
can be prasent in the effivent from the wetland using Eq. (%-4x

BODppy = BODgow — BODyp
23 my/ll - S3mg/ll = 20 mg/L

B

[

. Determine the required detention time using Bq. {9-3), for 2 cascade of four reactors
in series, to account for axial dispersion in an ideal plug-How reactor

toon

§ = LA ! - 11 x
o UGJCHy j Ky
a. Determine the temperature-corrected overalt BOD removal-rate constant using
Eq. (3-15k
ko(!(]} = I{,d(zu} b LOE{IO—EO}
= Ld ¢ .02 = gg2 g
b. Determine the required detention time:
i t [ 4
=l -l |® — = 24d
"=\ zonoops M om:
3. Check the required deteniion time using the COR appreach.
a. Determine the required effiuent concentration based on the COR value:
BOBDpes = BODppy X ({COR}Y = 20 % 0.30 + 10 mg/L
b Determine the detention time based on first-order BOD removal Kinetics
{Eq. {9-6}):
_ (TG,
ko

_ Moo _
= igg - -¢

4. Determine the detention time wsing the apparent & value of 0,678 at 20°C:
a. Calculate & using Eq. (3-15):

ko 0678 % LO2O-XD
= 0.55647"
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b, Deternmine the detentiva time based on Kappucen {Eq. (9-61:
= In(CIC W E
= 2354
Use 2.5 d detention tme as the most conservative of the three approaches.
3. Check the organic loading rate using £q. (-8

Lo = {CNd Y )
o X Fy

2
o UOOUEINO.TESH . 95 1b BODIc-d
25307

6. Determine the area required using Eq. (9-9)
A= (.Qa\cju)(30?)"’(da){nj
& Duwtermine the value of Ghe:

Guve = 19“19_5_“2 = (.9 Mgal/d

b Determine the area:
A = {0.9K2.33.0N0L230.7) = 79 ac

Commemt. The value of &, in Eq. (9-3) is assurned, whereas the Kuypgaen value of L6738
has been derived from a number of operating systems. The use of Eq. (9-6) is recom-
mended for design.

if the coefficient of reliability (COR) ts extremely low, a larger area will be required.
However, as wilt be shown subsequently, the acea required for the removal of nitrogen
will far exceed the area required for BOD and TSS removal.

EXAMPLE 8-5. COMPARISCON OF DESIGN METHODS. Compare the design approach used for
a FWS constructed wetland at Quray, Colorado, to the design approach using the coefhi-
cient of retardation COR as cuttined in Sec. 9-2 and in Chap. 3. The summaer temperature
of the water in the constructed wetland is 13.9°C. The average influent BOD is 73 mp/L.
The required efluent BOD is equal to or kess than 30 mg/L. The overall apparent BOD
removal-rate constant used in the design was 0.678 d71 at 20°C.

Solution—Existing design from Quray, Colorado (Andrews, 1996)

[. Determineg the maximuom allowable restdual BOD from the influent wastewater that
can be present in the effluent from the wetland using Eqg. (9-4)

BODpw = BODgow ~ BODpp
=30 mgl - 4mgl = 26mgl

2. The required detention time was determined from Eq. (9-6%
_InC4C,
[y
where € = gfffuent BOD concentration = 26 mg/L

C, = influent BOD concentration = 73 mg/l.
Fappurers = Overall BOD removal-rate constant, corrected for temperature, gr!
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a. Theapparent overall BOD removal rate constant ks temperalire-cotrected By using
Eg. {3-15)

k?.o e 1_06(55.9-:0}
(0.678/d) » 1067 = 0.3347]

i

kise

It

b. The required detention Hime was then computed as follows:

3{1&26” 3

5 = 1.95d

Solution—Design based on COR approach using actual performance data
{Andrews, 1906)

3. Estimate the overall BOD removal-rate constant using Eq. (9-3) for a cascade of four
reactors in series to account for axjal dispersion:

i A
= [ -4
« Determine the temperature -corrected overall BOD removal-tate constant:
ku=[——v—-l-m—li v-_-“06d'
{26/73)013 POL9s
b. Estimate the 20°C ovenall BOD removal-1ate constant.

ke (.60 -
k“:\m} = T(){‘I‘SLQ)—E_U: = W = 076 d t
4. Determine the required detention time psiag the COR approach.

«. Determing the required effluent BOD design concentration. Using the actual per-
formance data from the Ouny system, the COR value, based on meeting a spec-
ifted effluent limit 90 percent of the time, was found to be equal to 0.622 (see
Exampie 9-3).

BODggs = BODgw X (COR) = 26 % 0,622 = 6.2 mefL.
b Deternnine the detention time based on first-order BOD removal kinetics:
_WnGiC,
ko

(6.3}
oo~ Mo

Comiment, A fzctor of safety of 15 to 23 percent is typlcally applied to the calculated
detention time when Eq. {9-3) ts used. In ihis case, the 1.95-d detention time deter-
mined in step 2 would be increased from 2.2 to 2.4 d. With the COR approach, the factor
of safety is built in af the 90 percent level of refiability. For example, if the efffuent
refiability limit was 99 percent. the corresponding detention time would be equat to
244d.

Loading rates for TSS removal. The removal of T3S is the result of physical
interactions within the wetland. The removal of TSS has been related to the hydrautic
loading rate, as given by the following empirical equation.
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C: = Col1139 + 8.4 % 10°% L)) (9-12)
where €, = effluent TSS, mg/L
C, = influent TSS, mg/L
Ly = wastewater hydraulic loading rate, in/d

Detention time for nitrogen removal. Longer detention times are necessary,
typicaily, for nitrification and nitrogen removal than for BOD removal. In addition,
the BOD loading rate must be relatively low so that the bacteria responsible for
nitrification can obtain adequate oxygen 1o function.

The following first-order plug-flow equation can be used w predict ammonia
nitrogen removal (Reed et al., 1993):

il g {919

where ¥, = effluent ammonia-nitrogen concentration, mg/L
¥, == influent ammonia-nitrogen concentration, ma/L
k= 021874 (at 20°C)
r = detention time, d

i

As noted previously in Sec. 9-2, in applying Eq. (9-13) all of the organic and antmo-
nia nitrogen present is assumed to be in the form of ammonia. As more information
15 developed, it may be possible to model the varfous fractions of nitrogen {e.g., sol-
uble, colloidal, and particulate).

If it is necessary to approximate the ammonia removal for conditions of tem-
perature below 13°C, the recommended procedure would be to reduce the k value
0 0.0389. For temperatures of 1°C and higher, use s & value of 1.048 in Eq. (3-22)
{Reed et al., 1993).

Nitrate removal can alse be predicted from Eq. (9-13) by using a & factorof 1.0
and a @ value of 1.13. Nitrate removal is relatively tapid, provided that ample carbon
is available in the systenl.

Totwl nitrogen removal can be estimated by combining the steps of ammonia
transformation {nitrification) and nitrate removal {denitrification). To check the cal-
culated total nitrogen removal, use Eq. (9-14). To obizin 30 percent removal of niiro-
gen, Eq. {9-14) would predict a hydraulic loading rate of 2 in/d or less {assuming the
totd pitrogen concentration in the influent is less than 20 mg/L) (WPCFE, 1989). The
empirical relationship represented by Eq. {9-14} is the result of a vegression analysis
with an 2 value of 0.79.

Ny = 01930, + 3941wy — LT3 {9-14)
where N, = effluent total nitrogen concentration, mg/L
N, = influent total nitrogen concentration, mg/L
Ly = wastewater hydravlic Joading rate, in/d

The hydravlic loading rate can be used to calculate the net wetland area from

4O

=7 ©-15)
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where A = net wetland acea, ac {ha)
{) = average fow, Mgal/d {m’/d)
F = conversion factor, 36.8 ac-in/Mgal {0.1 ha-mm/m?)
Ly = wastewater hydraulic loading rate. infd (mm/d}

Hydraulic loading rates have ranged from 0.3 w 2.3 In/d (7.5 to 62.5 mmvd) for op-
erating FWS constmucted wetlands. Detention times for significant nitrogen removal
{10 mg/L removal or more) should be in the range of € to 14 days or more. Nitrogen
removal and nitrification witl be reduced when water temperatures fall below 10°C
and cannot be expecied when water temperatures [all below 4°C.

Loading rates for phosphorus removal. A first-order (area-based) rate con-
stant of 10 m/fyr (27.4 min/d) has been proposed for estimating phosphorus removal
in constructed wetlands (Kadlec and Knight, 1996).

CAC, = exp (—kalLy) (9-16)

where €, = effluent phosphorus, mg/l.

s = infinent phosphorus, me/L.

kg o= 107 w/d (274 mmid)

Ly = average annual wastewater hydraulic loading rate, in/d (mm/d)
To calculate the land requirement, use

A= Qe I(CIC 3 F 4 9-17)

where A = surface area of wetland, ft* (m?%)

(hve = average wastewater flowrate through the wetland, fi3/d (m3/d)

F = conversion factor, 12 infft (1000 mm/m)

Water depth. Water depth can range from 4 to 18 in (100 to 430 num). For
wann water conditions the 4 10 3 in (100 to 200 mm) range is typical. Storage of
wet-weather flows can be accommodated for short periods (30 & or so} at depths of

2010 40 in (300 v 1000 mm).

Hydraulic considerations. In FW3S wetlands, the headloss from vegetation
must also be considered. The bydraulic gradient can be estimated by using the fol-
lowing modified form of Manning’s equation:

- ?itd?)(s”z) 0-13)
where v = liquid flow velocity, ftfs (m/s)
n = Manning’s coeflicient, s/ft'’? (s/m'?)

d,, = depth of water in wetland, ft (m)
s = hydraulic gradient or slope of the water surface, f/ft (m/nr)

]

The resistance factor ¢ depends on the density of the vegetation and litter. The factor
is refated to Manning's n as follows:

n= — (5-19)
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FIGURE 9-18

Hydraulic profile along centerfine of FWS constructed wetland at Sacramento, California.

where a = resistance factor, s-ftt® {s-m"%)
= (487 for sparse vegetation and o, > 1.3 ft
1.949 for moderately dense vegetation in a wastewater wetland for
d, = 1.0f1
= 7.795 for very dense vegetation and litter layer, d,. << 1.0ft

The application of Egs. (9-18) and (9-19) Is illustrated in Example 9-6. A typical pro-
file along the centerline of one of the plug-flow channels in the Sacramento Regional
constructed wetland is shown in Fig. 9-10.

EXAMPLE 9-6. HYDRAULICS OF FWS CONSTRUCTED WETLANOS. A FWS wetand has
an aspect ratie of 311 and 2 wastewater hydraulic toading rate of 3 in/d. For a flow of
0.5 Mgaifd and a depth of 1 fi, calculate the area, dimensions, and flow velocizy. Calou-
late Manning's n and the hydraulic gradient. Assume the value of the resistance factor
ais 1.949,

Solution

b, Determine the field area using Bg. (9-135):

g 2 o ZEMRU IR LTERY .
T T Tinid 6lac
2. Caleulate the width of the cel using Bqg. (9-11):
P P [
w o (AR )R = {@ﬁ}:&gﬁo 1t f’fm)]
el
W o= 20811

Lo=3W = 8946
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. Caleulate the velocity:
; _Q_ _ {05 MgalidH3.07 ac-fuMgal}(43. 360 frifac)

T odew (1 (293 i)

= 224 fifd

= D.0026 fi's

Led

4, Caleulate Manning’s m

949 g-fel¢ i
"= T .1.,2,,?_,5:,{.‘,,_ = 1,949 .f5?

5. Calculate the hydraslic gradient:

b omseim
Fw @2
va ¥
ST AT
- Q0026
(171949133
5 = 0.0000257 vt

6. Determine the headioss for a length of 894 fi-
hy = 5L = (0000257894 f) = 0.023 ft
Comment. Nolosses of flow through seepage or evaporation were assumed in the cal-

culation of the velocity and the gradient. Flow losses will reduce the velocity and the
resulting gradient. The headloss of 0.023 fiis aceeptably smail.

Thermal considerations. In very cold climates wetlands will be imnpacted by
temperatures below 1°C (33.8°F). Constructed wetlands can operate successfully i
cold climates as evidenced by the numerous systems in Canada {Pries. 1996). Where
water temperatures between ' and 4°C (34 and 40°F) are expected for more than a
month, data from existing plants should be aralyzed using the methods outlined in
Chap. 3. For cold-climate design, the thermal models in Reed et al. (1993) should
be consulted.

Vegetation harvesting. Periodic harvesting of the emergent vegetation may
be required (o matntain hydraulic capacity, promote active growth, or avoid mosquite
production. Harvesting for nutrient rernoval is not practical, and 1s not recommended.
Harvesting activity will affect perforznance, so the harvested cell should be taken out
of service before and for several weeks after harvesting. Harvested vegetation can
be burned, chopped and composted, or chopped and used as mulch.

Vegetation planting and establishment. An important aspect of design
15 the preparation of a strong specification for vegetation planting and establish-
ment. Planting can be done by seeding or transplanting most species. Contractors
are generally not expert in planting wetland vegetation and initial plantings may fail.
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Experience has shown that 0.5 © 2 years may be required before vegetation in a
constructed wetland becomes established fully.

Physical Features of FWS Wetlands

The principal physical features of FWS constructed wetlands include inler and outlet
structures, recirculation, and liners.

Inlet and outlet structures. Uniforin distribution of wastewater across (he
head end of the FWS wetland 13 critical to a successful system (see Fig. 9-11). Gated
pipe, weirs, or drilled holes in distribution pipelines can be used to spread the waste-
water across the inlet end of the wetland. Features of outlet structures include ad-
justable weirs with stop logs and submerged outlet header pipes with control valves,
The ability to vary the water depth and o drain the basin shoutd be provided. Basins
should be sloped at 0.4 10 (.3 percent grade to facilitate draining.

Recircutation. The ability to recirculate partially or fully treated effluent back
to the head end of the basin is an important consideration. Recirculation can reduce
organic and solids concentrations, provide more dissolved oxygen to the inlet point,

FIGURE 9-11

Typical (3) infet and (H) outlet devices
at the Sacramento Regional CSD
free-water-surface {FWS) constructed
(5 wetland.
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and improve overall performance. Recieculation is most effective when combined
with step feed (see Sec. 9-3).

Liners. A constructed wetand may need a liner to seal the bottom and sides
and thereby prevent or minimize seepage. Depending on the site selected, soil type,
groundwater depth and quality, level of pretreatment, and regulatory considerations,
a natural or synthetic liner may be required. Bentonite clay is a typical earthen Hner
while ceomembrane liners are also available (Kays, 19361

9-4 SUBSURFACE-FLOW CONSTRUCTED WETLANDS

A constructed wetland with the flow beneath the surface of 4 gravel or sand medium
is known as a subsurface-flow (SF} system. The process description, constituent
rermoval and transformation mechanisms, performance expectations, and process
design considerations are presented and discussed in this section. General design
considerations and the management for these systems are discussed in Secs. 9-8
and 9-9, respectively.

Process Description

Subsurface-flow systems have also been termed rock-reed filters, microbial rock
plan filters, vegetated submerged beds, marsh beds, tule beds, and hydrobotani-
cal systems. In Germany a similar type of system that uses native soil and reeds
is known as the roor zone method. Subsurface-fiow systems have the advantages
of smaller land area requirements and avoidance of odor and mosquito problems,
as compared to free-water-surface (FWS) systems. Disadvantages of SE systems
are the increased cost due to the gravel mediz and the potential for clogging of the
wedia. Pretreatment for SF wetlands typically consists of primary treatment.

Site selection. The SF wetland takes less space than & comparable FWS svs-
tem and generally has a sloped bottom of 0 1o 0.5 to percent. I soils are permeable
tgreater than 0.2 n/h) it may be necessary w0 install a liner below the bed medium.

Vegetation types. The vegetation in SF systems {s similar to FWS wetlands
and teids (o be bulrush, reeds, and in some cases cattails. The purpose of the vegeta-
tion is to provide oxygen into the root zone and add w the surface area for biological
growth in the root zone. The actual transport of oxygen 10 the rool zone and then
int0 the water column is limbted (Brix, 1993). The roots also release organics as they
decay, which supports depitrification. The aboveground pertion of the vegeration
provides little benefit except for nutrient uptake and plant growth. Plant hacvesting
is not necessary (Gersberg et al., 1983).

Bed medium. The subsurface flow wetland medium is usually gravel, al-
though in early systems sand was also used. The gravel size has varied from 0.12 in
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TABLE 9-10
Typical medium characteristics for SF wetlands

Effective Effiuent Hydraulic
Meadium type size diy, mm porosity conductivity, ft/d
Medium sand t .30 1540
Coarse sand 2 032 3230
Gravelly sand 8 0.35 16,400
WMedium gravel 32 0.40 32,800
Coarse gravel 128 0.45 328,000

Note: dyg is the diameter of 3 panticle in a weight distrbution of particles that is
smaller than il byt 104 of the particles,

t 1.25 in (3 to 32 mmy), with infet zone gravel size as large a5 2 in (30 mm). The
iniet zone should have the largest-diameter medium t minimize the clogging po-
tential. At Sydney, Australia, the muedium in the inlet zone is 1.2 a0 1.6 (30 o
40 mm} ig diameter while in the remainder of the bed the medium 1s 0.2 in 1
0.4 in {5 to 10 mm). Characteristics of SF media are presented in Table 9-10.

Constituent Removal and Transformation Mechanisms

As with FWS wetlands, SF wetlands can be expecied w produce a high-quality ef-
fluent in terms of BOD, TSS, and pathogens. The principal removal mechanisms are
biological conversion, physical filtration and sedimentation, and chemical precipi-
tation and adsorption as described in the FWS wetlands section. Lesser removal of
nitrogen, phosphorus, metals, and trace organics than for BOD and TSS should be
expected, with removals dependent on detention time, media characteristics, Joading
rates, and management practices.

BOD removal. Removal of BOD is accomplished biologically and physicaily.
Removal of BOD occurs primarily under anaerobic conditions; however, a portion
of the BOD is convernted by facultative organisms. The rate of removal is related to
detention time and temperature as described under “Process Design Considerations.”

Suspended solids removal. The mechanisms for TSS removal are similar
o those for TSS removal from FWS systems. The fack of a free walter surface in
SE wetlands avoids the wind currents and resuspension of solids, resulting in the
potential for a lower efffuent TSS concentration. The majority of the solids settle out
or are trapped within the first 10 10 20 percent of the bed fow distance. Observations
at a number of operating SF systems indicated clogging of the inlet zone resnlting in
surface flow down a portion of the flow path. The clogging appears to be the result of
the high solids and organic loading vccurring at the entry zone of the bed. The most
severe clogging has occurred with long narrow beds receiving algas-laden effluent
from facultative ponds. The algae are trapped in the medium near the inlet and the
decomposing algae add to the organic load.
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Nitrogen removal, Nirogen removal is accomplished by nitrification/
denitrification. Although SF wetlands have the ability to denitrify the available
aitrate-titrogen, the limitation on nitrogen ceroval is the nitrification step. The sub-
surface flow regime is nearly anacrobic, except for the top few inches and acrobic
microsites near the plant roots. Nitrification requires a supply of oxvgen, either from
the plant roots, surface reacration, effluent recirculation, or batch loading o induce
oxygen fiow down into the media between applications, Supplemental aeration using
subsurface tubing can be used to provide oxygen at a point in the flow path where
the BOIY has been reduced below 30 mg/L., so that the oxygen provided is of use to
the nitrifying bacteria.

Phosphorus removal. The mechanisms for phosphorus removal are essen-
tially the same as for FWS wetlands. Spectal media are required w effect substandal
removal of phosphorus by adsorption. As in the FWS svstems, phosphorus can be
released during certain times of the year, usually in response to changes in the envi-
ronmental conditions within the system.

Metals removal. The removal mechantsms for metals include adsorption, sed-
imentation, chemical precipitation, and plant uptake. As in the FWS sysiems, metals
can be released during certain times of the vear, usually in response to change in the
oxidation-reduction potential (ORP) within the sysiem.

Trace organics removal. Removal mechanisms for trace organics are similar
to those for FWS wetlands except that volatitization and photodecompositien are
limited.

Pathoger removal. Removal of bacteria and viruses occurs by adsorption,
filtration, sedimentation, and predation.

Process Performance

The performance expectations for SF constructed wetlands are considered in the
foltowing discussion. As with the FWS system, process performance depends on
design criteria, wastewater characteristics, and operations,

BCD removal. Performance dara for BOD removal are presented in Table
9-11. Removal of BOD appears to be faster and somewhat more reliable with SF
wetlands than for FW3S wetlands, partly because the decaying plants are not in the
water column, thereby producing slightly less organic matter in the final effluent.

TSS removal. SF wetlands are efficient in removal of suspended solids, with
elfluent T8S levels below 10 mg/L, typically.

Nitrogen removal. Although the SF system at Santee was able to remove
36 percent of the nitrogen from primary effluent, other SF systems have reported
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TABLE 811
Total BOD removal observed in SF wetlands

. Nominal
ESW Removal, detention
Location Fretreatment influent Efffuent % time, d
Benion, Kentucky* Oxidation 23 8 &5 5
pond
Wesquite, Mevada® Cridation 78 25 513 3.3
pond
Santee, Califarnia® Primary 118 1.7 88 53
Sydney, Australiat Secondary 33 4.6 86 7

“Full-scale operation kem March 1988 10 Movember 1888 at 80 mmid (Walson et ab, 1589},

TFult-sczle operation, January 1984 1 January 1995,

“Pilal-seale operation, 19684, cperated 21 50 mmid (Gersberg ot 4, 1985}

*Pilot-scale cperation at Hichmond, New South Wales, near Sydoey, operated at 40 mmvd from Decernbar 1985
to February 1986 {Bavor el at., 1987,

removals of from 20 to 70 percent. When detention times exceed 6 to 7 d, an effluent
total nitrogen concentration of about 10 mg/l. can be expected, assuming 2 20 1o 25
mg/L influent nitrogen concentration. If the applied wastewater has been nitrified
(using extended acration, overland flow, or recirculating sand fiters), the removal of
nitrate through denitrification can be accomphished with detention times of 2 o 4 d.

Phosphorus removal. Phosphorus rernoval in SF wetlands is largely ineffec-
tive because of limited contact between adsorption sites and the applied wastewater.
Depending on the loading vate, detention time, and media characteristics, reraovals
tay range from 10 10 40 percent for input phosphorus in the range from 7 w0 10 mg/L.
Crop uptake is generally Jess than 10 percent {about (.3 Ib/ac-d)(0.55 kg/ha-d).

Metals removal, There are Hmited dat available on metals removal using
municipal wastewater in SF systems. In acid mine drainage systems, removal of iron
and manganes¢ 15 significant. Total iron has been shown to be reduced from 14.3 to
0.8 mg/L. and total manganese from 4.8 10 1.1 mz/L. (Brodie ¢t al., 1939). At Santee,
California, removal of copper, zine, and cadmium was 99 percent, 97 percent, and
99 percent, respectively, during a 5.3-d detention time (Gersberg et al., 1984).

Pathogen removal. A removal of 99 percent (2 log) of total coliform was
found when primary effluent was applied a 2 in/d {detention time 6 d) at Santee,
California {Gemsberg et al., 1989),

Praocess Design Considerations
important process design criteria include detention time, required surface area, BOD

and solids loading rates, and medium depth. Representative process design criteria
are presenied in Table 9-12. The design procedure is illustrated in Example 9-7.
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TABLE 9-12
Fypical design criteria and expected effiuent
quality {or SF constructed wetlznds

ftem Unit Vajue
Design parameter
Detention ime 5] 3% (BOD)
&-10 (M)
BOD loading rate Ibfacd <HIG
TS5 entry loading rate Ibitt® -6 0.008
Water depth ft 1-2
Medium degth fi 1.5-2.5
Mosquito control Mot needed
Harvest scheduie Mot needed
Expected efffuent quality”
BOD; gk <20
TES gl <20
T gl =10
TP mgk <5

*Expected effivent quality based on a BOD lsadting equal to or less
than 100 hiae-d and typical musicipal wasiewater,

Betention time for BOD removal. The detention time is determined by using
Eq. (9-6). The value of the apparent removal rate constant a1 20°C is abour 1.1 d7F
The overall BOD loading on SF wetlands should not exceed about 100 Ihfac-d
{112 kg/ha-d). These rates will not be exceeded in practice with primary effluent
applied at up to 2 in/d {30 mm/d).

Like FWS wetlands, SF wetlands experience some regeneration of BOD due 10
decay, primarily fron: the roots becanse the decaying vegetation stays on the surface
on the bed and remains out of the water columi. Depending on the time of year, there
will be some accretion from the surface vegetation. The root decay will generate
210 3 mgfl of BODpp.

Required surface area. Once the detention time is calcvlated the net area of
the wetland can be determined from

| (QuedH3.07)

) (i)
where {0, = average daily flow through the wetland, Mgal/d, and A; = surface
area, ac. Other terms are as described previousty. The average flow through the wet-
tand can be estimated froma Eq. (9-10).

(9-20)

Aspect ratto, The surface dimensions of the SF wetland can be determined
by using Eq. (9-11) as given previously in the discussion of FWS systems. Aspect
ratios should be determined in conjunction with Darcy’s law (Eq. 9-23).

Suspended solids entry zone loadings. If an aspect ratio greater than
about 4:] is used, the influent solids loading may be of concem. To avoid clogging
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TABLE 913
Caomparison of the behavior of sand, gravel, and rock filters operated at
various suspended solids loading rates”

eSO e b

Typicat Nominal 7SS
particte size, loading rate,
Materiz mi gim®.d Performance
Sand 0.7 g Ciogging in > & years
10 Clogging in 50 days
30 Clogging in < 10 days
0.40 10 Clogging in = 0.5 years
feid] Clegging in 35 days
70 Clogging in 10 days
058 2] Clogging in = 0.5 years
a0 Clogging in 50 days
80 Ciogging in 20 days
Gravet 5~10 {intet 40 tntitration for 3+ years
510 {w'g) 200 Clogging in 3 manths
A (indet) 18 Infiftration for 3+ years
43 (inlet-primary) 80160 Infiltration for 1+ year
Rock 9-25 13-454° Clogging in 11 months
10-50 113629 infiltration for 17+ months,
but poar TSS rernoval
B63-127 102} Infiitration far 14+ months,

but paor TSS removal

*From Bavor and Schilz {13931,

TRepresents logpdings with 50 mg/l aigal solics.

*Represents lnadings with 89 mgl algal solids.

Notes: The loading rates were those estimated to apply per square meter of surface availabte for infiltea-
tion. Tha deta far sand and rock fiters are adapled from Middlebrooks et al. {1882). Grave! filters were

2t Eudora, Kansas, and Califeoniz, Missourl. Surface areas ware estimated from the volumetric loading
rates and estimates of e open surface in the llestaated designs, Gravel size at the water/'gravel intedace
15 ooted a3 enly,

of the inlet zone with suspended solids, the entry-zone solids loading values must
be checked. Altheugh suspended solids loading limits have not been developed in
this country, experience in Australia has led 1o the recommendation that entry-zone
TSS limits not exceed 0.008 b/t -d (Bavor et al., 1939, where the area used in the
loading rate is the cross-sectional area of the entry zone. Soil clogging experience as
a function of medium size is compared in Table 9-13.
The entry zone organic loading rate can be computed as follows:
Lrss = constituent mas‘s loading, Ib/d . ©-21)
entry zone cross-sectional area, w o, ft°

where w = width of SF wetland, ft, and 4, = depth of medium, ft.

Depth of medium. The depth of the medium may range from 18 to 30 in (450
to 730 mm). Typical rooting depths range from 6 to 12 in. To obtain rooting depths
of 12 in or more, the waier depth must be systematically lowered over 2 number of
growing seasons to force the roots to penetrate deeper, The depth of the medium does
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not have to be much deeper than the rooting depth. The water level is kept 3 to 6 in
{75 w 150 mm) below the top of the medium.

Detention time for nitrogen removal. Some SF systems have been designed
for ammonia removal, with the previously mentioned problem of inadequate oxygen
availability. On the basis of pilot studies in Australia, the foliowing relationship be-
nween detention time and ammonia removal was developed (Bavor et al., 1987):

4 - QaN, — N
K ) F)

where A = surface area of SF wetland for NH4-N removal, ac (ha)

@ = average flow through the wettand, fi’4d (m*/d)

N, = influent NHy-N concentration, meg/L

N, = efffuent NH4-N concentration, mg/L
k= 0.107 d"! (for 20°C)

d,. = depth of Hquid in bed, {1 {ny)
7 = effective porosity of bed medium expressed as a decimal
F = conversion factor, 43,560 ft*/ac {10,000 m*/ha)

(9-22)

1

H

The temperature dependence of k can be calculated using Eg. (3-22) and a # value
of 115,

Hydraulic considerations. Headioss through SF wetlands can be estimated
from Darcy’s faw:

A=daw= f (9-23)

L

where 4 = cross-sectional area of tnlet zone, perpendicular to the flow path, ft (m)
depth of liquid in bed, ft {w)

bed width, ft {m}

= flow into system, ft3/d (m>/d}

hydraulic conductivity from Table 9-10 {or measured in field, prefer-
ably), ft/d (m/d)

S = slope, expressed as 2 decimal {headloss)

ol X AC

In using Eq. {9-23), the measured value of & should be used when available and
multiplied by a safety factor of 10 percent to account for root and wber growth. In
the absence of measured data, use the values in Table 9-10 multiplied by 10 percent.
For sloped beds, use the bottom slope, which can vary from 0 to 1 percent or more.
When a flat bed is used and the gradient is controlled with an overfiow weir, use
0.00] for S.

Vegetation establishment. For very small systems {less than 2 ac {0.8 ha)]
vegelation can often be transplanted from nearby sources or obtained commercially.
Rhizome cuttings should be 4 in (100 mm) long and have a growing shoor at the
end of the cutting. The root end of the cutting should be placed about 2 in {50 may)
below the media surface. The bed should then be Aoaded with water to the surface or



606 charrza 9. Wetlands and Aguaiic Treatment Sysiems

sprinkled frequently. If flooding is used, the water level must be maintained carefully
during this peried so that the exposed phant shoots are not submerged.

Planting densuies for the most commonly used species are 3-ft {1-m) centees
for cattails, 1.5-ft (0.5-m} centers for reeds and bulrush (Reed et al., 1995). For beds
targer then 2 ac (0.8 ha) it may be more economical to hvdroseed the vegetation, In
any case, the vegeration should be allowed 1o become established with 3 1o 6 months
of growth before wastewater applications begin.

Physical Features of SF Wetlands

Important physical features of SF wetlands include inlet and outlet structures, recir-
culation, and bed Hners. To provide for operational flexibility, each systemn should
have multiple cells {minimum of 2).

tnlet and outiet structures. The inlet syster must be designed so that the
influent flow is distributed oniformly over the length of the entry zone. Typical de-
vices for influent distribution are gated pipe, slotted pipe, or troughs with V-notch
welrs. The lirst 10 ft (3 m) of the entry zone is usually filled with farge rock {2 10 4 in
or 30 o 100 mm) to minimize clogging. If a step feed operation is desired, a second
influent distributor can be placed paratlel to the entry zone distributer at a distance
{30 ftor 13 m or more) down the flow path.

Outlet devices should consist of perforated pipes submerged to the bottom of
the bed with valves or adjustable-level outler pipes 1o control the water depth. An
example outlet device is shown schematically in Fig. 9-12.

Recirculation. The ability o recirculite treated effluent to dilute influent
concentrations, improve treatment, and avoid overloading can be built into §F

FIGURE 9-12
Typical inlet device for subsurface-fiow {SF} constructed
wetland at Hardin, Kentucky.
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systems by using recirculation pumps and piping. If the SF effluent must be pumped
1o its final reuse/discharge point, recirculation pumping is very inexpensive and is
recommended.

Bed liners. If the soil is permeable, a bed liner will usually be required to
prevent loss of water 10 the groundwater. The liner may censist of native clay, ben-
tonite, asphalt, or geomembrane liners (Kays, 1986). A smooth-surfaced 30-mil plas-
tic membrane liner 15 used typically (Reed et al., 1995}

EXAMPLE 9-7. DESIGN OF SF CONSTRUCTED WETLAND. A community of 200 generates
a flow of 0.16 Mgal/d of septic tank effluent. Septic tank effiuent charactesistics are
130 mg/L of BOD and 20 mg/L ammenta nitcogen. Besign a SF wetland to produce an
effivent BOD of 10 mg/L.. Determing the detention time needed to reduce the ammaonia
concenteation o 6 mefl. Use a 9°C temperature for the septic tank efifluent during the
coldest month. Use & values of 1.1 d™! and 0.107 d7 for BOD removal and nitdification,
respectively
Solution
I. Calcolate the &y value using Eq. (3-22) for a temperature 9°C:
_,‘EE; N e
Fag
kr = LILOE® %) = 0.58d7"
. Calculnte the detention time for BOD removal using Eq. (363
- 1CIC,)
k:pp:ucm

BT
.38
3. Check the organic loading rate using Eq. (9-8)%

X Fa

by

Loy =
TR = 40 b BODvac-d

- Select the depth of the medium, &,.. From Table 9-12 select 1.3 ft as the medium
deptin.

F oY

. Dewermine the field area for the SF bed using Eq. (9-20) with an effective porosity
of 0.40 (see Table 9-10), a medium depth of 1.5 . and a Hquid depth of 1.25 f1:
_ Qo307
{q)du)
1.42
| OUBEAB0N
(0.403(1.23)
6. Calculate the & value for nitification using Eg. (3-22).
kp = Q07(LOGT T
= D936 4!

in

3
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7.

Caleulate the surface 2rea for nitrification using Eq. {9-22):

_ QUn¥, ~lnN,)
A Hm)F)

2 = {0.16 Mgal/d)(133,600 £/ Mgal)
= 21,390 f’4d

4 = _2L3900n(20) — In(6)]

T 0.056(1.2530.4)43,560

= 2{.0ac

. Caleulate the detention ime corresponding to the 21.0 ac.

= Aden

It

= (210 ac) 1.25 fe0.40M(0. 16 Mgal/d)(3.07 ac-ftMgal)
2144

b3

Note: This detention time is excessively long. Supplemental aeration, an RSE,
and other supplemental teeatment will be necessary to make this SF system cost-
effective under these conditions.

. Calculte the cross-sectional area from Darcy's law [Eq. (9-23)) using & = 32,300

from Table ¥-10 multiplied by 10 percenr. Use § = Q.01

-2
4= £S

_ {0.16 Mgaldd}( 133,690 f'/Mgal)
(32,800)(0.10%0.01)

= 321

. Calcutate the dimensions of the systeni.

a. Caleulate the width:

wo= Ald
652 125 1t
52161

[

£, Calculate the fength:

L = bed areafwidth
(21,0 ac){43,560 ftzfac)fi?.i,é fr
1754 ft

il

¢ Calculate the aspoct ratio:
R = Liw
1734 /3216

= 3.36

Comment, If COR datz are available, the method used for the FW'S van be employed.
The background BOD of 3 mg/L. however, is close to the design value of 10 mg/L.
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g-5 FLOATING AQUATIC PLANT SYSTEMS—WATER HYACINTHS

The two most conrmonly used floating aguatic plants are water hyacinths and duck-
weed. The use of water hyacinths is considered here. Duckweed systems are con-
sidered 1 the following section. The material presented in this section deals with
a description of the process, constituent removal and wansformation mechanisms,
parformance expectations, and process design considerations. General design con-
siderations and the management for these systems are discussed in Secs. 9-8 and
9.9, respectively.

Process Description

The two prncipal types of waler hyacinth waslewater treatment systems can be
deseribed as: {1} aerobic nonserated and (2) aerobic acrated. Nonaerated aerobic
systemns are typically shallow arbitrary-flow ponds or plug-flow pends {channels)
covered with water hyacinths, operated without and with effivent recycie and step
feed {see Figs. 9-13a through f. Aerated aerobic systemis are similar to nonaerated
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FIGURE 9-13

Alternative configurations for water hyacinth treatment basins.
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plug-flow systems, with the exception that supplemental air is provided, and the op-
erating water depths are vsually greater (see Figs. 9-135 through ¢). An importans
advantage of an aerated system is that higher organic loading rates arc possible, and
reduced land area is required. Facudtative/anaerobic ponds, of various flow contig-
urations, employing water hyacinths have also been used. Because such systams are
operated at very high organic loading rates, odors and increased mosquito popula-
tions are common. As a resuit of odor and mosquito problems, facultative/anaerobic
water hyacinth systems are seldom, if ever, used In the United States.

Site setection. Level tw slightly stoping, uniform topography is preferred for
the construction of water hyacinth treatment systems. Although ponds and channels
may be constructed on steeper sloping or uneven sites, the amount of earthwork
required will affect the cost of the system.

Climate, Becouse of their sensitivity o cold temperatures, the use of wa-
ter hyacinths @5 restricted to the southern portions of California, Arizona, Texas,
Mississippi, Louisiana, Alabama, and Georgia, and all of Florida. Water wempera-
tures as low as 10°C (S0°F} can be wlerated if the air wmperatare does not drop
below 5 1o 10°C (41 to 50°F). Combined systems of several aquatic plants {e.g.,
duckweed, pennywort, and water hyacinth) may be suitable for locations with
greater climatic variations (DeBusk and Reddy, 1987).

Water hyacinths. The water hyacinth (Eichhornia crassipes) is a perennial,
freshwater aquatic macrophyte. The plant grows rapidly, especially in wastewater.
Individual plants range from 20 to 47 in (300 to 1175 mm) from the wp of the laven-
der flowers to the root tips. [t has been estimated that starting with 10 individual
plants, water hyacinths can spread and cover a {-ac pond within § months (Reed et
al., 1995). Water hyacinths canrot tolerate cold weather. Under freezing conditions
leaves and flowers die, but the plant can regenerate unless the rhizome tip freezes.
Water hyacinths die at about ~6°C and canuot persist where winter temperatures
average 19C or less.

Constituent Removal and Transformation Mechanisms

High removals of BOD and TSS can be expected {romn properly designed water hy-
acinth treatment systems, with lesser efficiencies demonstrated for nutrients, metals,
and pathogens. The operative removal mechanisms are described below.

Biochemical oxygen demand removal. A porion of the BOD in the in-
fluent wastewater is removed along with the TSS by sedimentation from the water
column, as the wastewater flows through the treatment reactor. Another portion of
the BOD associated with the suspended solids that will not settle by gravity is re-
moved by filtration along with the TSS as wastewater Gows through the raots of the
water hyacinths. Soluble BOD is removed by adsorption as the wastewater fows
past the water hyacinth roots. As with the removal of TSS, transpont of the waste-
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water to the root zone is a critical design consideration with respect to the removal of
soluble BOD in water hyacinth treatment systems. Soluble BOD is also removed by
bacterial conversion in the water column. In time, a portion of the BOD associated
with the organic fraction of the TSS accumutated in the root zone and the adsorbed
soluble BOD will be converted by the organisms attached to the roots, using oxygen
ranisporied to the roots by the plant. As noted above, the roots of the water hyacinth
plant will senesce and drop to the bottom of the pond or channel, carrying with
themn the accumulated suspended solwds and bacteria. The material that accumu-
lates on the botiorn of the reactor undergoes long-1erm anaerobic decomposition and
consolidation. There is also some release of organic material in the form of
intermediate- and short-chain organic acids resulting from the first-stage anaerobic
decomposition of the solids accumulated on the pond bottom. The removal of the
soluble BOD represented by these acids is as described above.

Total suspended solids removal. A portion of the T5S in the influent waste-
water is removed by sedimentation from the water column, as the wastewater fows
through the treatment pond or channels. Another portion of the suspended solids that
will not settle by gravity is removed by filtration as wastewater flows through the
roots of the water hyacinths. Because filtration is such an important removal mech-
snism, transport of the wastewater to Lthe root zone is 2 critical design consideration
in water hyacinth treatment systems. In time, a portion of the crganic fraction of the
TS5 accumulated 11 the root zone will be converted by the organisms attached (o
the roots. With the further passage of time, the TSS on the roots will continue to ac-
cumulate. Ultimately, the roots of the water hyacinth plant will senesce and drop to
the bottom of the pond or channel, carrying with them the accunmlated suspended
solids. Additional filtration occurs as the roots drop to the bottom of the pond. The
material that accumulates on the bottom of the reactor undergoes long-termt anaero-
bic decompesition and consolidation.

Nitrogen removal. Biological niwrification-denitrification is the principal
mechanism involved in the removal of pitrogen. A portion of the organic niteo-
gen is removed by sedimentation. Nitrogen is also taken up by plant growth and can
te removed by plant harvesting, but not effectively. Some nitrogen is also lost by
volatilization, where acration is provided. The principal location where nitnification-
denitrification vecurs s in the root zone. Thas, it is very important for the wastewater,
containing various forms of aitrogen, to ffow past the water hyacinth roots where the
bacteria responsible for the conversion of nitrogen are located.

Phosphorus removal. Adsorptien o wastewater solids and plant materiad,
adsorption 10 organic matter in sludge layer, and plant uptake are the principal means
by which phosphorus is removed from wastewater. Limited amounts of phospho-
s are removed where routing harvesting of water hyacinth plants is practiced.
Adsorption to the organic matter in the sludge layer is the vliimate fate of the
phosphorus which remains in the system. Where there are efffuent limitations on
phosphorus, phosphorus should be removed in a preapplication or posttreatment
siep, because phosphorus removal in water hyacinth teatment systems is limited,
and often erratic.



812 cuseten 9 Wetlands and Agquatic Treatment Systams

Heavy metals removal. The removal of beavy metals occurs primarily
through adsorption o wastewater solids and plant material. Limited plant uptake has
been observed. Relatively small areounts of heavy metals are removed where water
hyacinth plants are harvested. Adsorption to the rganic matter in the studge layer
is the uhtimate fate of heavy metals which remain in the svstem. As with the Fws
and SF wetlands, metals can be released from the sediments, usually in response 1o
changes in the oxidation-reduction potential (ORP) within the system.

Trace organics removal. Adsorption o wastewater solids and plant material,
limited plant uptake, and biclogical conversion in the root zone are the principal
remnoval mechanisms for the priority organic pollutants. As with the heavy metals,
priority organic pollutants are removed where water hyacinth plants are harvested.
Adsorplion to the organic matter in the sludge layer is the ultimate fate of priority
orzanic pollutants which remain in the system.

Pathogens removal. The removal of pathogens occurs by sedimentation and
filtration, as described above, and natural decay within the water columy. Of the
operative removal mechanisms, natural decay appears to be the most effective. In
systems with short hydeaukc detention times, increased orgamsm counts have been
observed.

Process Performance

Typical performance data for a floating aguatic plant system using water hyacinths
are presented in Tables 9-14 through 9-17. Long-term and monthly performance

TABLE ¢-14
Overalf constituent removal performance summary for
water hyacinth wastewater treatment celis at San Diego
{Aqua iil), October 1994 through September 1895°

m._,.ia,.l.is,_m_ RKeduction,

Constituent Uit Influgnt Effluent Y
BOD mgik 148 12.6° =3
TSS mgit 131 a7 23
TCC jite i 8 iz 14 a1
Turbidity N a8 13.5 84
T8 magil 1322 1183 11
MM, -N mgil 2i 9.5 55
NN mil 0.05 1.4

THN myd 3t 13.9 45
T mgi. i 153 51
FO, mgil 5.1 3.4 33
3Q; mgl 283 309 -9

‘Fiom WOPH (1398).
FCBOD value measured in etflyent.

!

TABLE 915
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Monthiy BOD loading and performance summary for Aqua IIF water hyacinth ponds,

Flow, | o:ﬁ?g_ BOD, mgit TSS, mgi Turbidity, NTU

Honth Mgatd  Ibfac-d  Influent Effluent Infivent Effluent influsnt  Effluent
wher 1694 0.86 164 159 8.4 140 85 €82 6.1
NMovember .00 203 174 102 140 42 727 75
Dacernber 093 187 164 17.9 141 5.9 805 17.7
January 1995 0.86 134 125 103 118 10.3 83.0 133
February 1.05 183 140 132 131 0.9 932 145
March 1.02 148 119 83 113 8.1 825 10.4
Apei 116 214 152 86 134 6.9 95.8 122
May 122 217 187 120 137 82 956 13.4
June 118 227 142 137 148 9.3 95.2 12.3
Jusy 1.14 235 144 13.8 135 140 83.3 15.2
ugust 118 258 149 163 119 14.0 91.6 16.9
September 1.19 289 158 170 120 18.2 95.1 203
Avecage 1.06 205 148 12.8 131 a7 g7.2 135

TAELE 9-16

Overall metals removal performance summary for water hyacinth
wastewater freatment cells at San Diego (Aqua ilI}, October 1994

through September 1995

Constituent Unit influent Effluent Percent reduced
Arsenic prgl 25 15 40
Cadmium ngl 1.2 o1 92
Chromium pal 2.0 1.3 35
Copper nal 42.5 9.3 78
Lead pgl 8.0 0.8 93
tercury wol (£ 01 &
Nickel pol 4.4 27 18
Selenium pgll 2.1 22 Q
Zing rgl 24.0 2.4 4]

data for BOD and TSS are considered in the following discussion for the San Diego

systerm.

Long-term performance data. Long-term performance data for the princi-

pul constituents of concermn in wastewater, for the period from October 1994 through
September 1993, are summarnized in Table 9-14. The average pond organic loading
rate during the period was 205 1b BOD/ac-d £230 kg/ha-d). As shown in Table 9-14,
the effluent quality front the ponds is impressive with respect to the removal of BOD,
TS8, TOC, and murbidity. As expected, significant removals of sitrogen and phospho-
tus were not achieved. Although not reported here, the performance data for Aquall,
the previous water hyacinth system Jocated in Mission Valley, were essentiatly the
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TABLE 517
Water hyacinth productivity data for Aqua lll in San Diego, August 1984
through September 19357

Amount harvested’ Productivity:

Temperature, °F Solar

............. — radiation, Wet Wet Diy
Ionth Air Water watta/m?® Yd* waight, tb Ibfac-d  torfac-yr
August 1994 77 T4 450 3661 922572 4261 51
September 72 13 430 2¥an 691,740 3302 38
Octeber 83 64 380 1630 400,680 1851 22
Movembar 51 55 340 860 241,820 1155 14
Decamber 51 53 300 534 142,688 &9 8
January 1995 54 a5 340 0 O O 0
February &1 58 380 200 50,400 258 3
March 53 62 430 950 233,400 1108 i3
April 53 63 520 1150 289,800 1383 te
May 82 65 550 2134 537,768 2484 29
June 67 B8 530 5633 1,420,775 BT 30
July 74 72 490 4080 1,023,120 4728 58
Auvgust 76 74 470 3324 837,648 3859 46
Septernber 74 7t 450 2389 604,548 2885 34

TErom WEPH {1956).

' Total wel weight based on an average spacific weight of 252 ibeyel®, Specific weaight iz based on average of
woights measiced in a 1-yd” box.

P Productivity caloudated as totad weight harvested divided by 892 ac of pond surdace ared and @i daysin a
month. Thi solids content of water hyacinths is £.5%

same, with the exception that the concentration of the influent BOD was a bit higher
{WCPH, 1996},

Monthly performance data for BODR, TSS and turbidity. Monthly perfor-
mance data for BOD and TSS, for the period from October 1994 through Septem-
ber 1993, are summarized in Table 9-13, and illostrated graphically in Fig. 9-14.
Monthly pond organic loading rates are alse given in Table 9-14. The most striking
thing about the data shown in Fig. 9-14 is the relatively small monthly variation in
the efftuent values. Properly designed and operated water hyacinth treatinent sys-
tems have proven to be extremely stable {robust). When the performance and stabil-
ity of the water hyacinth system at Aqua II1, as shown in Fig. 9-14, are compared
o comparably sized activated-sludge systems, the water hyacinth treatment system
exhibits significantdy more consistent effluent values as evidenced by the slope of the
probability curve and the performance or stability coefficient defined as the ratio of
the Py to Pyg values. The markedly steeper slopes observed with activated-sludge
systems are indicative of a less stable system. Reasons for the greater stability of
the water hyacinth system are, most probably, related w physiclogical and structaral
diversity provided to the treatment volume by the plant roots.

Metais removal. Typical data on the removal of metals in the water hyacinth
ponds at Agua (Il in San Diego are reported in Table 9-16. The limited removals
achieved with nickel and arsenic are consistent with the data reported in Table 9-7
for Sacramento County.
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100 oy

Pond etluent BOD and 88, my/l.
o

1 1 i

il
T T o~ w98 e oecn @ @ & FIGURE 914
- TR @ kR ee @ g % Performance and stability of
Y :
Percent of values equal o or less water hyacinth system
than indicated value in San Diego.

Water hyacinth growth and harvesting. Water hyacinth plant growth is
described in two ways: (1} as the percentage of pond surface covered over a given
time period and (2} as the plant dewsity in units of wet plant mass per enit of surface
area. Under normal conditions, loosely packed water hyacinths can cover the water
surface at relatively low plant densities, about 2 Ib/ft* (10 kg/m®) wet weight. Plant
densities as high as 16 /2 (80 ke/m?) wet weight can be reached. As in other
biological processes, the growth rate of water hyacinths is dependent on temperature.
Both air and water temperatures are impontant in assessing plant vimlity. Typical data
on the quantity of water hyacinths harvested at Aqua Il in San Diego are reported
in Table $-17 (WCPH, 1996).

Process BPesign Considerations

Objectives of differemt water hyvacinth systems are presented in Table 9-18. De-
sign criteria for water hyacinth systems that ace designed to meet the objectives in

FABLE 9-18
Objectives of different types of water hyacinth systems

Type of influent Treatment Typical BOD Igading

wastewater aobjective rates, Ibfzc-d

Primary effiuent Sacondary trealment 50100

Prirmary affluent Advanced secondary 2504507
treatment

Facultative pond effiuant Becondary treatmint 45-50

Secondary efflugnt Mutrignt removal 1050

*Organic loading rates at 200 h/sc-d and more have been used; hoveever, there is Increased risk
of odors and mosguito nyisange.
* Arration should be provided for BOD ipadings above 109 Ibae-d,
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TABLE 9-19
Typical design criteria and expected effluent quality from nonaerated
and aerated water hyacinth wastewater treatment systems”

Typical design criteria

Secondary aerobic Secondary aerobic
itemn Uinit {nonaerated) {aerated)
LCresign parameder

lflurent wastewater Fing-sereened Fing-screened
or settled of settled
Enflugnt 8O0, eyl 130180 130180
Qrganic loading rate Ioiac-d G080 250450
Walter depth i3 1.5-2.5 4-4.5
Detention time 4 10~30 4-8
Hydrawlic loading rate Mgakac d 0.03-0.07 0.16-0.30
Application mode Step feed Step feed
Aeration #/min-hMgal None 4G0-425
Type of aerator Mone Fing ibble
Channel ¢ross section: Trapezoidal Trapezoidal
Charnet top widlh’ ft 20~30 2030
Channel side slopes 11 1:1
Channal lining Type Geomemizane Geomembrang
Liner thickness it 40-80 4034
Fand geometry Horseshoe shape Harseshoe shape
Recircutation ratio Qi o2 i-2
Water temperature e =10 =10
Harves! schedule Anrally 1o seasonally Monthly to weekly
Expected efffuent quality®
BOD; tgil <25 <15
T8 g =25 =15
™ maid, =20 <15
P magil <7 <3

“Adapgted in pant frem WOPH (1395) and WPCF (18689
" Tep width witl depend on the methad and equipment used 10 harvest the water hyaginth.
‘Based on wpical domestc wastewatar and a loading between 50 and $50 [biac-d.

Table 9-18 are presemted in Table 9-19. Design considerations, including BOD
loading rate, water depth, detention time, mosquito control, and vegetation harvest-
ing are discussed below. The design of a water hyacinth system is illustrated in
Example 9-3.

BOD loading rate. The range of loading rates for BODs for water hyacinth
systenss is from 60 1o as high as 430 Ibfac-d, depending on the system configuration
and whether supplemental aeration is used. At Walt Disney World, Florida, a water
tyacinth system without aeration was loaded with prirnary effluent up to 400 lb/ac-d.
Mosquito and odor problems became significant above 200 Ib/fac-d. Average loadings
on & water hyacinth system should not exceed 100 1b/ac-d unless acration is used.

Modeting BOD removal kinetics. On the basis of the results of studies con-
ducted at San Diego, it was demonstrated that, for a plug-flow reactor with step feed
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Flow to cach segment = % o]

& Infiuent
Q / 1
] 2+ 0
N S N G s P
s th*J <
[""*"’" JE:ﬂuent
Recycle = O,
; z ==
B. tnftuent Flow 1o eash segment = 3 8}
f ! 1 /30
Q
R
Aecycle = £, Eftluent
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Mominal recycle ralio lor each readtor
based on an overa recydle ratio of 2:1

FIGURE g-15
Schematic for modeling the water hyacinth ponds
at San Diego.

and recycle, BOD reimoval can be modeled by first-order kinetics, assuming cach
segmuent of the reactor, cerresponding to a feed point, can be modeled as a complete-
mix reactor as shown in Fig. 9-13 (Tchobanoglous et al., 1989). The steady-state
materials balance for the first complete-mix reactor in the series of eight reactors as
shown in Fig. 913 is given by

Accumulation = inflow — outflow + generation
0 = @G} + 0123Q0C,} — {3, + 0.125QHC i} + (—ErHCV, (9-24})

where Q, = recycle flow, Mgatfd
' Cs = concentration of BOD; in effluent from reactor 8 in series, mg/L
0.125Q = inflow to each individual cell {Q/8), Mgal/d
€, = concentration of BODs in influent, mg/L
C = concentration of BOD; in effluent from reactor | in series, mg/L
ky = overall first-order removal-rate constant at temperatere T, 1/d
Vi = velume of frst reactor in series, Mgal

The estimated value of &r 1 be used in the above expression for BOD; removal for
an serated water hyacinth system is on the order of 1.5 d™! at 20°C (Tchobanoglous
et al,, 1989). Other values that have been reported for nonaerated systems in the
literature range from 0.7 to about 1.25. The above expression can be used iteratively
to check the design of a pond system on the basis of surface loading rate.

Water depth. The critical concern with respect to water depth is to control the
vertical mixing in the pond so that the wastewater (0 be treated will come into contact
with the plant roots where the bacteria that accomplish the reatment are located
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FIGURE ¢-16
Water hyacintih roots as sites {or bacteria! growth.
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(see Fig. 9-16). The poor performance observed in some of the early water hyacinth
systems was 4 result of the fact that the operating depth was too deep to promote
vertical mixing. Density currents, which allowed the incoming wastewater to flow
along the bottom to the outlet with liule or no weatment, were also a problem in
the early deep systerns. Typical operating depths for nonaerated and aerated water
hyacinth systems range from L3 w 25 @B 0 075 mland d o 451 (12 o
1.4 ), respectively. To accommodate variable operating conditions, water hyacinth
systerns should be designed with an outlet structure that allows the operating depth
10 be varied.

In aerated water hyacinth systems, greater liquid depths can be used, because
the aeration devices also serve as air Hft pumps which cause a circalation flow w
develop in the pond as shown in Fig. 9-16. The circulation pattern allows the waste-
waler (o conme in contact with the plant roots. In addition to the creation of circulation
patierns, the added oxygen in acrated systems has made it possible to use organic
loading rates 4 times as high as those used for the design of nonaerated systems, suc-
cessfully. Where aeration devices are used, it is extremely important to use devices
that produce fine bubbles, as large bubbles exent a relatively large buoyant force
which tends to liff the roots of the water hyacinth plants out of the water column.
When fine bubbles are used, the bubbles are intercepted by the roots of the plants,
In turn, oxygen is extracted from the air bubble until the buoyant force exceeds the
force of adhesion. Where fine-bubble diffusers are used, the mensured oxygen trans-
ter efficiency is greater than would be predicted from the operating depth.

Detention time. The detention time needed for BOD removal can be estimated
by Eq. (9-6). For systems (duckweed or water hyacinth} in which algae removal is
important, a detention lime of about 20 days is usually necessary to break the growth
cycle of the algae. Aerated water hyacinth systems can perform with detention times
of 410 10 d, depending on the organic loading and effluent objectives.
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Mosquito control. One of the most effective methods for the control of
mosquitoes, developed at Agua I1 and Aqua I in San Diego, is the use of sprin-
klers to prevent mosquite ovaposition (WCPH, 1996). The use of sprinklers for the
controt of mosquitves 1s considered in Sec. 9-9. I water sprinkling is to be used
for mosquito conteol, then provisions must be made in the design 0 account for the
water required for spraying.

Vegetation management. The need for water hyacinth harvesting depends
on water quality objectives, the growth rates of the plants, mosquito control strategy,
and the effects of predators such as weevils. If nutrient removal by plant uptake is a
system objective, frequent harvesting is necessary. Design considerations related 1o
water hyacinth harvesting include the type of equipment to be used for harvesting,
the required area for storing and processing the harvested plants, and area required
for compaosting. if this method of pracessing is adopted.

Physical Features of Floating Aquatic Plant Systems
Using Water Hyacinths

Physical features of aquatic plant systems include basin configurations, intet and
oudet structures, and asration. Details of levee and basin construction are available
in Stephenson et al. (1980).

Pond configuration. Typical pond configurations used for water hyacinth sys-
tems were shown previousty in Fig. 9-13. Most of the early water hyacinth systens
involved rectangular basing operated in series, similar to stabilization ponds {Figs.
S-13a, b)Y {n later designs, recycle and step feed (Figs. 9-13¢, d) are employed
to {1} reduce the concentration of the orgamic constituent at the plant root zone,
{2) improve the transport of wastewater to the root zone, and (3) reduce the for-
mation of odors. The use of a wraparound design (Fig. 9-13¢) shortens the required
leagth of the step feed and recyele lines and reduces recycle pumping costs. The
wraparound design was also used at Sacramento, California (see Fig. 9-4).

Intet and outlet structures. Inlet structures range from concrete of wooden
welr boxes o manifold pipes with muliiple outlets. The objective is to provide a low-
inzintenance system that wit distribute wastewater and solids evealy into the basin
without clogging. A subsurtace discharge is preferred for inlets, while interbasin
and extrabasin transfer stouctures can be either surface or subsueface. Cutlet devices
should be located as far from the inlet as possible to avoid short eircuiting, If variable
operating depths are planned, the outlet should be capable of removing effiuent from
various depths including periodic draining of the basin.

Supplemental aeration. Water hyacinth systems can benefit from supple-
mental acration. If & high-rate system, such as the San Diego water hyacinth sys-
tem, is selected, the use of zeration with fine-bubble plate diffusers is appropriate
(DeBusk et al., 1989,
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EXAMPLE 9-8. AQUATIC TREATMENT SYSTEM USING WATER HYACINTHS, A cily of 4000 with
a STEP-type wastewater collection system is currently connected to an oxidation treat-
ment pond that is everloaded and not meeting its discharge standards of 30 mg/L BOD
and T8S. The city has a 4-ac parcel of land. If the per capita flow is 80 galid and the
BOD is 120 mg/L, determine if the 4-ac parcel is large encugh for an effective acrated-
type water hyaciath treatment syster 1o upgrade the pond effluent to meet the discharge
standards. If the 4-ac parcel is sufficient, lay out & tvpical water hyacinth system. To
sccommodate the available harvesting equipment, the maximum width at the top of the
water hyacint ponds should be 26 ft including 1.0 [t of freeboard. Because the ponds
will be lined, use a 131 side slope. If the removal-rate coefficient is 1.95 4™F, estimate
the efflucnt quality,

Solution

1. Caiculate the wastewater flowrate and daily BOD mass loading.
a. Wastewater flowrate:

= 4000 people ¥ 30 gableapita-d = 320,000 zal/d
= {132 Mgaltd
b. BOD mass loading rate:
BOD, 1b/d = 0.32 Mealdd x 120 mg/l. X 8.34 = 3201b/d

. Select design parameters for the aerated water hyacinth system using the information
given in Teble -19:

b

Orzanic joading rate = 275 ibfac-d

Depth = 414t

Maximuen width of water surface = 24 ft

Application miode = step feed with recycleof T to 1
3. Determiac the required surface arca:

326 1b/d
A= iﬁm = {.i6ac

4. Determine the physical characteristics and the volune of the water hyacinth ponds.
a. Determine the weal number of pords required for a pond length of 300 ft:

o {1.16 ac)(43,560 ft*fac)
No. of ponds = 28 20NI3,560 fifac)
0. of ponds 300 15T 7

b. Determine the pond bottem width:
Battomn width = 24 ft — (2> 4y = [6
¢. Petermine the pond volume, neglecting end corrections:

24 + 16
2

Voo -—w?x(

= 1.26 Magal

\(4 300 ) = 168,000 &
S

. Determine the detention time:

1.26 Mgat
1= 3T M o0t

(=)
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6. Determine the ares required for the pond system, 2ssuming an additienal area equal
to that for the ponds witl be required for access roads and processing facilities,
{TH24 00+ 2 = L0 300 1002y
43,560 [t*fac

Toual area required = =23ac

The available J-ac area is insulficient for & water hyacinth treatment systen.
7. Estimate the effuent from the water hyacinth ponds using Eq. (9-24):
0 = Q(Cy} + 0ATIHC,) —~ (O + O 123QRC) + =k )TV,
2. Asseme the following conditions apply:
= recyele Aow = 0327 = 0.0457 Mealid
Cy = assumed concentration of BOD; in efiluent from reactor 8 in seres
= 20 mgflL
0.1250 = inflow w each individual cell (/8 = 0.00594 Mgaltd
C, = concentration of BOD; in influent = 120 mg/L
C = concentration of BOD; in effluent from Reactor 1 in series
= unknown, mg/L
kr = first-order reaction-rate constant = 1,93 47
V| = volume of first reactor in seres
= (168,000 {347 % §) = 3000 f1¥ = 22,440 gal
& Determine the value of Cy:
{0.047 Meal/d)(20 me/y + (000594 Maal/di12Q mafl)
{0.047 + 0.00593) + {195 > 0.02244)
= 7.0 mgl

C;Z

¢. Svlving iteratively for Cy yields a value of about 17 mgfL. Therefore, the efftuent
from the proposed water hyacinth system will meet the treatment objectives.

9-6 FLOATING AQUATIC PLANT SYSTEMS—DUCKWEED

Floating aquatic plant svstems using duckweed have been used in wastewater treat-
ment for a variety of purposes including secondary treatrnent, advanced secondary
treatment, and nutrient removal. The most widely used option for duckweed systems,
achieving secondary wearment using enhanced sedimentation, will be the focus of
this section.

Process Description
Duckweed systenis have been designed primarily to upgrade facultative pond efflu-

ents. The process performance and design considerations for duckweed systems are
presented m this section.
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TABLE 920
Nutrient compaosition of water hyacinths
and duckweed grown i wastewater

Dry weight, %

Constituent Water hyacinth Duckweed
Crude protein 181 3|7
Mitrogen (N} 2.8 58
Phosgharus {7 0.6 0.8

Source: WPCF {19849,
Puckweed

Duckweed {Lemna spp.) are small freshwater plants with leaves (fronds) that are
0.04 10 8.12in (1 to 3 mm} in width and roots that are less than 0.4 in {10 mm) long.
Duckweed grow faster than water hyacinth (reportedly 30 percent faster) (WPCf:,
1989) and are higher in protein (see Table 9-20). Duckweed can form  surface
mat on a pond by doubling the area covered in 4 days. The plants do not transfer
oxygen into the water, leaving the duckweed pond efffuent anoxic, Duckweed are
very sensitive to wind drifting and therefore require baffles 10 keep the planis in
place. Duckweed is more cold-tolerant than water hyacinth. Water temperatures of

: Areas whare groven is ikely durng

v“\h\’% all twetve marhs of the yoar.

R Areas where growth is Rely ning
menths out 5f tho year,

Areas wieie growth is likely gix
monihs out ol the year,

FIGURE 917
U.5. zones for the growth of duckweed {adapted from Lesiie, 1983},
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72C or higher are needed to sustain the growth. As showan in Fig. 9-17, duckweed
can be grown for at least 9 months of the year in temperate climes and 6 months of
the vear in nearly all U.5. climes.

Constituent Removal and Transformation Mechanisms

Removals of BOD and TSS are generally guite good, wilh lesser efficiencies demon-
strated for nutrients, metals, and pathogens. The operative removal mechanisms are
described below.

BOD and TS5 removal. BOD removal in duckweed systems occurs as a
result of biological activity that is similar to the reactions that occur in facultative
ponds. The duckweed cover the surface of the ponds and himit the growih of algae,
thereby reducing the oxygen in the water column for aerobic bacterial activity. In ad-
dirion, the duckweed limits the wind-aided reaeration from the atmosphere, thereby
further imiting the BOD removal. As a consequence, the BOD loading should be
limited to 23 b/ ac-d (27.5 kg/ha-d) or less.

Nitrogen removal. Nitrogen is removed in aquatic treatment systems by mi-
crobial nitrification-denitrification, and to a lesser extent, by plant uptake and har-
vest. In duckweed systerns, denitrification will occur readily; however, nitrification.
requires an input of oxXygen.

Phosphorus removal. Plant uptake and harvest is the pathway for phospho-
rus removal from duckweed systems.

Metals and trace organics removal. Metal removal mechanisms include
plant uptake, chemical precipitation, and adsorption.

Pathogen removal. The removal of entering bacteria and viruses in aquatic
plant systems is similar to the mechanisms that are operative in ponds—naturat die-
off, sedimentation, predation, adsorplion, and exposure (o vltraviolet light.

Process Performance

Performance expectations for floating aquatic plant systems using duckweed are re-
viewed in the following discussion.

BOD removal. High levels of BOD and T3S removal are generally expected
from duckweed systems, To achieve secondary treatment, most duckweed systems
are coupled either with facultative or aerated ponds. In {995 there were 35 oper-
ational wastewater treatment facilities designed specifically as duckweed systems.
Most are designed to achieve secondary treatment. The removal of BOD and T3S in
duckweed systems is shown in Table 9-21.
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TABLE 9-21
Typical effiuent BOD and TSS values observed in duckweed systems

Design Cetentian Effiuent Effluent

tocalion How, Mgalid time, d BOD, mg/l TSS, mgl. Permit
Arkadelphia, Arkansas 3.0 10 12 15 30030
Ellaville, Georgia o2 26 13 10 20050
Four Corners, Louisiana [ER T 24 3 3 015
Kyle, Texas 0.8 2 18 13 30:30
Mamou, Lovisiang 0.8 an 5 8 10045
MNokesvitie, Virginia 005 12 2] =) 122
White House, Tennasses 0.8 27 3 4 10430

*Average BODTES for most skingant seazon,

Suspended solids removal. The duckwead plants play a major role in the
removal of suspended solids. The surface mat blocks the sunlight and the mats eq-
hance sedimentation by creating quiescent conditions. The rate at which the sus-
pendad solids settle depends on the nature of the solids. Algal cells take a relatively
long period of time {6 to 10 d) 1o die and begin to senle.

Nitrogen removal. Nilrogen can be removed either by plant uptake and har-
vesting or by nitrification-denitrifcation. To remove nitrogen by plant harvest, op-
umum growth must be achieved and frequent harvest must be accomplished, The
density of the plaats ut the water surface depends on the emperature, availability of
nutrients, and frequency of harvest. The typical density on a wastewater pond may
range from 0.23 10 0.75 WP {1.2 10 3.6 kg/m? ) (Reed et al., 1993}, The eptirmum
growth tate is about 0.1 /e -d (0.49 ke/m?-d).

Annual harvest amounts range from 5.9 to 17.3 tonfag (13 to 38 mt/ha) with
10 won/ac (22 miha) being typical. Assuming that the nitrogen conient is 5.9 per-
cent of the dry matter, 98 Ib/ac-mo of nitrogen can be removed. Assuming that a
12-acte system, 5 ft deep, is used, the harvest of 98 Ibfacre-mo of nifrogen in the
duckweed would amount 1 4.7 mg/L removal of nitrogen from the duckweed pond.
Because nitrogen removal via plant harvest is not practical, the Lemna Corporation
has developed a submerged media nitrification reacter with supplemental acration.

Phosphorus removal. Phosphorus retoval can be achieved by plant harvest,
but only © the same limited extent as for nitrogen. Generally, less than | mg/L. of
phosphorus can be removed by plant uptake and harvest. If wastewater phosphorus
concentrations are low and removal requirements are minimal, then harvesting, as
practived in the Devils Lake, North Dakota, system, may be suitable. If significant
phosphorus removal is required, however, the use of chemical precipitation with
alum, ferric chioride, or other chemicals in a separate reatment step may be more
cost-effective.

Metals removal. Duckweed has been shown to accumulate 27 rgzine, 10 pe
lead, and 3.3 yg nickel per mg of duckweed when exposed to 10 mg/L of the three
metals. Because the metals concentrations in menicipal wastewater are very low, the
metals concentrations in duckweed are similarly low.

PR
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TABLE 922 -
Typical design ¢riteria and expected effluent quality

for duckweed systems _

Hemn Unit Value

v P

Design parameter

Inthuent wastevater Eacultative pond effluent

BOD toading rate Ibiac-d 20-25
Detention time d 20-30
Water depth ft 5‘-—800
Hydraulic loading rate galacd 55,0

wonthly for secondary trealmend,

t scheduls ‘
Hacves weakly for nutrient remaoval

Expected effluent quality®

Secondary Ireatment

BOD, mgil <30
T8S mgil <30
™ mgd. <15
TP gt <6
Nutrignt remaval )
BOD; mgiL 210
T3S mgil <10
TH mgil. <5
Te mgll =2

Expeciad effusnt quality based on loadings equal 1o of less han given vahes,

Process Design Considerations

Precess design criteria and expected water quality for duck_wcc_d sysiems are pre-
sented in Table 9-22. Design considerations include detention time, BOD loading
rates, and water depth.

Detention time. For duckweed systenss in which algae removal is lm[)(:‘li‘;al‘lt%
a detention time of about 20 days is usually necessary to break the growth cycle o

the algae.

BOD loading rate. The range of loading rates fO{ BOD;l is from 20 to
25 lbfac-d for duckweed systems. The Lemna Corporanon,' whtch_offers p{'o-
prictary foating plastic barriers (see Fig. 9-18) and harvesting equipment gs_ea%
Fig. 9-'I9), suggests that wastewaler entering the duckweed portion of thfa famht:»}
be partially treated to a BOD level of 60 mg/l. or less by facultative _p(mds, acrate
ponds, or mechanical weatment plants. To actueve a Eﬂ-mgﬂ_, BOD in the e.fﬂf.te_m,
Lermna suggests a target influent of 40 mg/L., 20_—d_ detention time, and a_pond sizing
of 12 ac/Mgal-d (12.8 m*/m*-d), based on a2 minimum pond depth of 5 ft (1.5 m).
To achieve 3 final BOD of 10 mg/L, it js suggested that a target mﬂi:lem BOD of
30 mgfL, a 28-d hydraslic detention time, and a pond sizing of 17.5 ac/Mgal-d)
{1%.4 m*m>-d) be used.
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FIGURE 9-18
Floating plastic barriers for control of duckwesd.

FIGURE 9-19
Floating harvester used 1o harvest duckweed.

Water depth. With duckweed the depth canbe 5 to 3 ft (1.5 to 2.4 my) or deeper
because there is no root-bacieria contact to be achieved.

Physical Features of Floating Aquatic Plant Systems
Using Puckweed

Physical features of aquatic plant systems using duckweed include basin confige-
rations and et and outlet structures. Details of levee and basin construction are
available in Stephenson et al. (19803,
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Basin configurations. Duckweed ponds can be designed like water hyacinth
basins or as large ponds with floating baffles. Floating baffles are used to reduce the
affects of the wind. Long narrew basins can also be used, and ermergent plants can
be added to avoid wind effects.

Iniet and outlet structures. Inlet structures range from concrete of wooden
weir boxes o manifold pipes with muttiple outlets. The objective is to provide a low-
maintenance system that will distribute wastewater and solids evenly into the basin
without clogging. A subsurface discharge is preferred for inlets, while interbasin
and extrabasia transfer structures can be either surface or subsurface. Outlet devices
should be located as far from: the inlet as possible to avoid short circuiting. If variable
operating depths are planned, the outlet should be capable of removing effuent from
vanous depths, including periodic draining of the basin.

9-7 COMBINATION SYSTEMS

There are 2 number of systems that combine natucal treatment processes. The earlier
meadow-marsh-pond system demonstrated on Long Istaad in the 19705 led o com-
binations of overland flow and constructed wetlands and o combinations of aquatic
plant pond systems with constructed wetlands, The solar aguatic system at Harwich,
Massachusetts (see Chap. 14), is an example of the katter combination for the treat-
ment of septage.

Frederick, Maryland

The Advanced Ecologically Engineered System (AEES) at Frederick, Marvland,
is one of several related projects in the United Stales intended to provide ad-
vanced eatment of municipal wastewater, The AEES technology is also called a
“Living Machine” by Dr. John Todd, who developed the concept. The facility at
Frederick was constructed in 1993 and treated 40,000 gal/d of screened and degrit-
ted wastewater. The schematic flow dingram and severat views of the system are
presented in Fig. 9-20. The detention time was 3.6 d through the system (Reed et al,,
1996). Approximately 83 percent of the BOD removal in the systern was accounted
for in the anaecobic upfiow filter. Pedformance data for the system are presented in
Table 9-23.

Benton, Kentucky

A constructed wetland system at Benton, Kentucky, was desizgned for the removal of
BOD, TSS, and ammonia from an existing treatment pond. When animonia removal
fell short of expectations, & retrofit design was proposed by Reed (Reed et al., 1995).
The design involved the addition of a recirculating gravel filter capable of nitnifying
the wastewater. The nitrified effluent was then relateoduced into the constructed wet-
land to accomplish the denitrification step. Design factors and process performance
data are presented in Table 9-24,
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,—- Totraing A and C
Train B {gamphed teain)
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FIGURE 9-20

Frederick, Maryland, aguatic reatment system: (&) flow diagram and (B) view
of treatment system inside greenhouse. High-rate marsh is shown in the
foreground. Anaerobic big-reactor is shown in Fig. 7-50 in Chag. 7.

TABLE 9-23
Performance data for the Frederick, MD Living Machine,
March 1995 to March 1996°

- Vv o
ftern Unit Process value Observed mean value
800 maik =10 4.8

COD {1tah) srgil =50 27

138 gt =18 14

MH.-M mgil. =1 7

MM mgik = 70

Mitrogen {total) mgill =1Q 10.6
Phosphorus (tatal} mgil = &.0

* From Living Technologies, luc (1997).
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TABLE 9-24
Design parameters and performance data for recircutating
graved filter at Benton, Kentucky'

[ TR TR et e ren

ftem Hnit Value

Design parametar

Flowrate Magalid {m¥id) 1.0 {3785)
Mediurm size in [mm} .25 {7
Medium depth i (m) 208
Mydrauiic Inading rate gakit-d {md} 140 (5.7}
Ammona loading m¥kg-d 1230
Recirculation ratio 3-1
Waslewatar temperaiure °C 12-12
Efiluent qualin”
TN influent mgl 16-20
TEN effleent mg't. 1.4
AmMmonia remaval %a 77

*Adapted from Askew et al. (19945
* Expected effiuent quatity based on foadings squal to or fess than given values,

9-8 DESIGN PROCEDURES FOR CONSTRUCTED WETLANDS

Design considerations and overall design procedures are considered in this section.
Design procedures for constructed wettands and floating aquatic plant systems are
presented in Table 9-25.

Process Besign Procedure for FWS Wetlands

The procedure for process design of FWS constructed wettands involves the follow-
ing steps:

L.

Determine the limiting effluent requirements for BOD, TSS, and nitrogen or
phospherus.

. Determine the allowable effluent BOD by subtracting 5 mg/l. for BOD related

o plant decay.

- Select an appropriate apparent BOD removal-rate constant and cotrect for the

critical ternperaturc.

. Calculate the detention time to achieve the desired level of BOD removal.
. Alternatively, if nearby performance data are available, determine the coeffi-

cient of reliability (COR) for the percent reliability required, and calculate the
& value for the overall BOD removal required. Use Eq. (9-6) o determine the
required detention time.

- IFBOD and TSS are the only parameters t be removed, the organic loading rate

should be checked, and the larger of the two areas should be selected.

. Determine the detention time reguired for nitrogen or ammonia removal.
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FABLE 9-25
Principal steps in the design of constructed wetlands and aquatic plant systems

FWS wetlands SF wetlands Water hyacinths Duckwead

Define treatment Defing treatment Define reatmant Defing treatment

fEgUIrEments FEQUIrgments requirements requiremeants

Characterize Characterize Characterize Characterze

wastewaler wastewater wastewaler wastewater

Gather background Galher background Galher background Gather backgroung

information nfarmation information information

Site evaluation Sile gvaluation Sife evalualion Site evaiuation

Determine Determing Draterming Determing

prefrealment prtreatment pretreatment pretreatment

leved tevel level fevel

Select vegetation Select vegelation Determine design Beterming design
parameters paramelars

Determine design Determine design Vector contrel Detalled design of

parameters parametars Measures gystem

Vector control Dretatled design of Detailed design ot Determing monitoring

measures Systerm components system requirements

Detaifed design of Determing monitering

syslem comgonents requirements

Determing monitoring
requirements

& Select the largest detention time for desipn. based on the limiting design
parameter.

9. Determine the required area. Increase the area by 15 1o 25 percent for a factor
of safety.

10. Select an aspect ratie consistent with the site constraints and determine the di-
mensions of the wetland.

11. Check the headioss 1o easure adequate head between the influent and effluent
ends.

Process Design Procedure for SF Wetiands

The procedure for process design of SF consteucted wetlands involves the following
steps:

I. Determine the limiting efftuent requirements for BOD, TSS, and nitrogen. Re-
duce the target effluent valves by the expected plant decay concentrations.

2. Determine the detention time using first-order kinetics with plug flow.

3. Calculate the required area for nitrogen or ammonia removal.

4. Determine the field area for the SF bed, based on the largest required detention
tine. Increase the area by 15 to 23 percent for a factor of safery.
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5. Calculate the cross-sectional area needed to hydraulically accept the flow, using
Darcy’s law.

6. Once the cross-sectional area has been determined, calculate the width by divid-
ing the area by the depth.

7. Calculate the bed length to achieve the needed surface area of the bed.

§. Check the bed dimensions for reasonableness, The length-to-width ratie can
range from 0.2:1 up to 2:1. Adjust the length or width as necessary to ensure a
reasonable length, in case of heavy precipitation.

9-5 MANAGEMENT OF CONSTRUCTED WETLANDS
AND AQUATIC SYSTEMS

Operation and maintenance considerations in the management of constructed wet-
lands and floating aguatic plant systems are described in this section.

Management of Constructed Wetlands

Issues mvolved in the management of FWS wetlands include mosquito control, veg-
etation harvesting, wildlife considerations, and monitoring. For SF wetlands the
wildiife and monitoring elements apply, and vegetation management is included.

Mosquito controt. With FWS wetlands mosquito conteol is essential. The pro-
visions cited for mosquite control in water hyacinth sysiems are also applicable to
FWS constructed wetlands, including stocking with mosquitefish, maintenance of
aerobic conditions, use of biclogical controls, and the encouragement of predators.
At Arcata, California, the FWS wetland actueally produces less mosquito larvae than
the previous unused marshy area because of the encouragement of habitat for swal-
lows and mosquitofish.

At Sacramento County, the following combination of management techniques
has been successful in controlling mosguitoes (Williums et al., 1996):

- Mosquitefish stocking.

. Duily monitoring for mosquiio tarvae from Aprit through October.,

- Applications of Bacilfus thuringensis israelensis (Bti) when needed.

- Vegetation management to maintain open water and pathways for mosquitofish
to get to the mosquite larvae.

Lo A} BF e

Vegetation harvesting. Harvestiag of the emergent vegelation is practiced
to maintain hydraulic capacity, promote active growth, and avoid mosquito growth.
Harvesting for nutrient removal is nol practical and is not recommended. Harvesting
will affect performance, so the harvested cell should be taken out of service before
and for several weeks after harvesting. Harvested vegetation can be burned, chopped
and composted, chopped and used as mulch, or digested (Mayves et al., 1987}, A
vegetation control steategy for a typical FWS wetlands is presented in Table 9-26.
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TABLE 9-26
Vegetation contro! strategy for FWS constructed wetlands”

{ssue Cutcome

Operating goal Process performance

Prablem identificalion Clegging of flow paths, odors from decamposition, shad circuiting,

low density, poor ptant feaith

Causztive factors Aggressive growth, lack of vegetalive management, excessive

waler depth, poor water flow palterns, seasonal variation, grazing

Management strategies Feduce water depth, 5ol anhansement, supplemental planting,

controlled burns, periodic hanvesting
Lead time Growing season

Evaluation of controt Vegetation surveys, vegetaiion maps, photegraphic records

Adagted fromn Tehebanoglous {1983).

Witdlife considerations. Wildlife, including ducks, shorebirds, raptors, field
birds, deer, jackrabbits, and muskrats will be atiracted 1o wetlands. In Florida, al-
ligators and snakes have been reported in constructed wetlands. Ducks need open
water, which may not be compatble with the need for thick vegetation to achieve
secondary treatment. Burrowing animals, such as nutria, can also create problems
with berms {Crites and Lesley, 1997). If wildlife habitat enhancement is a project
goal, islands raised above deeper water should be considered. These habitat islands
can support upland vegetation and provide nesting trees for birds (Wilhetm et al.,
1989).

Monitoring. Monitoring needs can include flow, surface water quality, and
eronndwater quality. Variable-height weirs can be used to monitor flow out of the
wetland and 10 provide a convenient sampling point. Surface water sampling points
shouid be located at carwatks or boardwalks to allow sampling withowt disturbing
the flow, A summary of suggested monitoring parameters is presented in Table 9-27.

Vegetation management for SF wetllands. Harvesting is not hecessary for
SF wetland vegetation; however, development of the roots into the media is impor-
tant. After initial establishment, the water level needs to be dropped so that the roots
will extend, eventually to the bottom of the media.

Management of Floating Aquatic Plant Systems

Both water hyacinth and duckweed systems require management to avoid odors
and to harvest the plants. For water hyacinth systems the management issues are
mosguito control, vegetation harvesting, and sludge removal. For duckweed sys-
tems the issues are vegetation harvesting and sludge management. Mesquito prob-
tems with duckweed systems do not occur because the pond surface is effectively
sealed off by the plants, and the female mosquitoes cannot reach the water to lay
thelr eggs.
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TABLE 927
summaty of suggested menitering parameters for constructed wetlands*

Project phase

{Pre- or during Frequency
parameter constructian ar ongoeing) Location of collection
vater quality’
Dissolved oxygen Orgeing Ien, oug, Weekly
along profite
Haurly dissolved oxygen Ongoing Selected Quartedy
tocations
Temperaiune Pre, ongoing in, out, Daily/weakly
along profile
Condlciivity Pre, cngaing in, out Waekly
pH Pre, gngoing I, ot Weekly
g0b Pre, angoing I, out, Weekly
along profile
g5 Pre, ongoing n, out, Weekly
atong profile
Nulsignts Pre, ongeing In, Qut, Weekly
along profile
Chiaropkytt & Cngoing Within wettand,  Annually
aleng profile
Metals {Td, Cr, Cu, Ph, Zn) Pre, ongoirg In, cal, Quarterly
along profile
Bacteria (total and fecat cofiformy} #re, ongoing in, out tonthiy
EPA priarity poliutants Pra, ongoing in, oul, along Arnually
profie
thar Qrganics Pre, ongoing Ir, cuat, aong Annually
profile
Biotosicity fre, onguing k. aut Semiannually
Sediments
Hedox potential Fre, angoing Ia, out, Quarterly
along transects
Satinity Pre, ongoing fn, ow, Quarterly
along ransects
pH Pre, ongoing [n, out, Cuarterly
along ransects
Jrganic matger Pre, post b, aut, Quartedy
along lransects
Yagetation
Plany coverage Ongoing Within wetlandg, Cuartery
along fransects
Identification of plant species Ongoing Within wetlang,  Anoually
along transects
Plant health Ongoing Within wetand Ghsgne weekly
{continued}
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TASLE §-27
(Continued)
Project phase
(Pre- or during Frequency
Parameter construgtion or ongoing) Location of collection
Bigia
Plankion {zaoglankton tow}  Ongoing Within wetkand,  Quasterly
along transects
Invertebrates Ongoing Within wetland,  Annually
along transects
Figh Ongoing Within welland, Armually
along transects
Birds Pre, ongaing Within weltand,  Cuarteriy
along transects
Endangered species Pre, during, angoing Withinwailand,  Guarerly
along transects
Mosquitaes Pre, during, angoing Within welland, Weekly during
safected critical months
locations
Wetland development .
Ficwrate Cngoing In, out Continucus
Fienyrate distribution Ongoing Within wetand Annuatiy
Water surface elevations Cngoing Within welland Semiannually
Marsh sudface elevalions Ongoing Within wetland Quarterly

*Adapted from Tehobanoglous {1853).
"Water quality for pre- and duning construction refers to the wastewater that is la be applied 1o weland,
*Pemmiting agencies may not requise af parmmeters to be lested, or to be lesled 2! the same irequency.

Mosquito control. In many arcas of the United States, the propagation of
mosquitees in aguatic systems may be the critical factor in their acceptance or re-
jection. A typicat vector control sirategy is outlined in Table 9-28. The objective
of mosquito control is (o suppress mosquito populations below the threshold level
required for disease transmission or ruisance tolerance levels. Strategies that have
teen used (o controt mosquito populations include (WCPH, 1996):

1. Swecking ponds with mosquitofish (Gambusia spp.).

. More effective pretreatment to reduce the total organic loading on the aquatic
system, o help maintain aerobic conditions.

. Step feed of influent waste stream with recycle (sec Fig. 9-13).

. More frequent plant harvesting.

. Water spraying in the evening hours (see Fig. 9-21).

. Application of chemical control agents {larvicides).

Diffusion of oxygen (with acration equipment).

Biological control agems {e.g., Bti).

=

e s T S L]

Fish used for control of mosquitoes (typically Gambusia spp.} will die under
the anaerobic conditions that exist in organically overloaded ponds. In additon o
inhibited fish populations, mosquitoes may develop in dense water hyacinth systems
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TABLE 928
Operational issue—vector control strategy for water hyacinth treatment syste

e

ms

I

P ETEE RS AT

[ssue Qutcome

Operating goal Control of mosquitces

Problem identitication ingreazed counts in resting box, emergence teaps, dip samples

Gausative factors Execessive plant growth, lzck of predators

panagement stralggies Draw water surface down, use biological controls, use ¢conventional
conteots (Bear of 2000, Bti)

Lead time 210 3 weeks, depending on sampling Ireouency

Evaiuation of control FAeduced larval count

FIGURE 9-21
Sprinkler systerm used to control the breeding and production
of mosguitoes.

when plants have been allowed o grow tightly together. Pockets of water form as
the plants bridge together that are accessible 1o the mosquitoes but not the fish.

One of the most etfective methods for the control of mosquiioes, developed at
Aqua I and Aqgua III in San Dicgo, is the use of sprinklers w prevent mosguito
oviposition. For example, Culex spp. mosquitoes oviposit on still bedies of water and
require about 20 1 33 minutes to complete oviposition. The use of sprinkiers both
disrupts mosquite fiight patierns and effectively reduces oviposition by disturbing or
killing the female mosquitoes before or shortly after they have kanded. The sprinklers
are operated from about 8 par. to 6 am. The sprinkler coverage pattern is shown in
Fig. 921 (WCPH, 1996).

Vegetation management in hyacinth systems. At Aqua I, water hy-
acinths are harvested by a truck-mounted hydraulic crane with ag 83-ft boom and
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FIGURE 9-22
Articulated clamshelt for hacvesting water hyacinths.

a 3-ft open tvpe clamshell (Fig. 9-22). Harvested witer hyaciaths are composted
on site. Because high moisture content tends o reduce the effectiveness of the
compost process, the harvested water hyacinths are chopped by a tb grinder (see
Fig. 9-23) and spread out in & thin layer 1o reduce the mwoisture content befors
composting {see Fig. 9-24). After about 5 d, when the moisture content has been
reduced to about 50 percent, the water hyacinths are formed into windrows for the
COMPOStNG process.

No bulking agent is required and remperawres greater than I60°F can be
maintained for 15 d, without the addition of supplementary moisture. The overall

FIGURE 9-23
Tub grinder used to chop water hyacinihs for predrying
before composting.
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FIGURE 9-24
Water hyacinth spread out 10 dry, t0 reduce the initial
moistwre content before composting in windrows.

volume reduction, brought abour by processing, drying, and comp
the volume of the newly harvested wet water hyacinths and the
compost remaining after the composting process, has averaged 99
reduction of 100 w0 1) (WCPH, 1996). Such a high volume reduc
because the water hyacinths contain little lignin, and both bacte
organisms are involved in the composting process. The final con
US EPA 503 pathogen and metals requirements for Class A co
1996).

Studge management in hyacinth systems. The solids the
anuatic systems include plant detritus, inorganic solids, and binlogic
solids are uswally removed infrequently (annually or less frequer
Siudge accumulation in the San Diego water hyacinth system aver:
13 months of operation {Tohobanoglous et al., 1939).

BDuckweed management. The need for duckweed harvesting
terquality objectives and the growth rates of the plants. Monthly harv
during the growing season. If nutrient removal by plant uptake is a s;
harvesting frequencies as high as once per week may be required. !
tematives for harvested duckweed include composting, use as anims
application.

Sludge management in duckweed systems. The solids th
aguatic systems include plant detritus, feorgantc solids, and biclogic:
solids are usually removed infrequemiy (annually or kess frequenty
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9-10 EMERGING TECHNOLOGIES

Emerging technologies are those that have shown promise in small research and
demonstration projects. These include vertical-flow wetlands, batch-flow wetlands,
submerged vegetation aquatic plant systents, and algal torf scrubbers.

Vertical-Flow Wetlands

[ vertical-flow constructed wetlands the applied water flows through the gravel bed
in a snanner similar to flow in a planted rapid infiltration system. During the loading
period, air is forced out of the bed; during the drying period, atmospheric air is drawn
into the bed, which increases oxygenation of the bed. Diffusion of atrmospheric oxy-
gen into the bed is rapid because the diffasion of oxygen is approximately 10,000
times faster in air than in water. Vertical-flow wetlands have been used in Europe
and in reed bed treatroent and dewatering of biosolids {Brix, 1993).

Batch-Flow Wetlands

Batch-flow wetlands and aquatic plant systems have the same appeal as vertical-
flow wetlands. Both are attempts to increase the oxygen levels in the root zone and
detritws areas in the beds. Batch-flow wetands {8 d of filling and 2 d emptying) are
being tested at Sacramento Regional County Sanitation District {Crites et al., 1996).

Submerged Vegetation Aquatic Plant Systems

Submerged vegetation has been studied by various researchers (Kozak and Bishop,
1937, Eighmy et al., 1987). Previous efforts were limited by the need to asrate the
vegetated ponds. Recent research at Contra Costa County shows promise for nitri-
fving secondary effluent (Bouey, 1996},

Aigal Twif Scrubbers

The algal turf scrubber is an atternpt to grow and harvest arached-growth algue
{periphyton) for nutrient removal. The device has been operaied in pilot studies for
phosphorus removal in the Everglades nutrient removal project and at Patterson,
California.

PROBLEMS AND DISCUSSION TOPICS

%-1. Constructed wetlands can be designed by using 4 firsi-order equeation based on de-
tention time or by using surface area Joading rates. Compare and contrast these two
methods for the design,
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-2, AnFWS wetland is designed to treat 0,15 Meal/d of facultative treatment pond effluent
from a BOD of 80 ma/L © a BOD of 20 mg/L. Determine the detention time and net
field area required for treatment. Uise a water depth of 12 in. Use a water temperaturs
of 20°C.

9-3. An FWS wetland is proposed to treat either lagoon effluent (minimum winperature
of 5°C} or an [mhoff tank effluent (minimum temperature of 3° C). Compare needed
detention times for 83 percent BOD removal

9-4. A secondary efffuent needs 835 percent ammonia removal. If the ammonta nitrogen
concentration is 20 mg/l. in the sccondary effluent, calculate the hydraulic loading rate
needed for & FWS wetland. If the wetland water depth is 4 in, what is the detention
dme?

9-5. For the two temperatures in Prob. 9-3, calculate the detention time needed for 80 per-
cent nitrogen removal by water hyacinths.

9-6. Using the foliowing data from & Gustine, California, FWS wastewater trestment sys-
tem, determine the coefficient of reliability for 92 percent.

80D, mg/L
Month 1934 1895
January 18 15
February g 15
March iz 10
Aprit i7 8
May 24 10
June 19 15
July 28 138
August 21 28
September 23 26
QOctober 24 25
Movernier 25 26
December 30 24

9-7. Using the following data from & San Diego waler hyacinth wasiewater treatment sys-
term, determine the coefficient of reliability far 99 percent.

Month BQO, mg/l.
January 84
Fehruary 102
March 17.8
Agrit 10.3
May 132
June 83
July 8.8
Aaglist 120
September 13.7
Ostober 133
Hovember 16.3
Decembar 17.0




