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Abstract

Constructed wetlands have been popular in ecological engineering regime; yet, modeling the physical, chemical,
and biological processes within these wetlands is a long-standing challenge in the past decades. In concert with
our field-scale pilot testing of a new-generation subsurface upflow wetland (SUW) system, this article highlights
an advancement of modeling the SUW system with a layer-structured compartmental simulation model. This is
the first wetland model of its kind to address the complexity between plant nutrient uptake and medium
sorption. Such a system dynamics model using STELLA® as a means for a graphical formulation was applied to
illustrate the essential mechanism of the nitrification and denitrification processes within a sorption medium-
based SUW system, which can be recognized as one of the major passive on-site wastewater treatment tech-
nologies in this decade. Model calibration and validation received fairly good R-squared values of 0.9998 and
0.9644, respectively. Such good agreement with the measured data confirms that the developed system dy-
namics model may provide a reliable tool for designing this particular type of constructed wetland. This work
also entails the significant movement of linking green building with green infrastructure as part of the urban-
ization for nature.
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Introduction

WETLAND HAS BEEN PLAYING an important role in water
consetvation, climate regulation, soil erosion control,
flood storage for use in drought, environment purification,
and so on. On the basis of the same principle for wastewater
purification by natural wetlands, the human-made con-
structed wetland with effective management can strengthen
its ability to improve the effluent water quality. The wetland
system removes nitrogen in the water through a variety of
mechanisms, including biological, physical, and chemical re-
actions. Its biological functions such as ammonification, ni-
trification-denitrification, and plant uptake under appropriate
conditions are regarded as the core players for nitrogen re-
moval. Precipitation of particular form of phosphorus is the
main path for phosphorus removal. Constructed wetland, an
effective small-scale wastewater treatment system with low
energy, maintenance requirements, and operational costs, has
been widely used to treat various kinds of wastewater
throughout the world (Vymazal and Kropfelov4, 2009). While
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the constructed wetland showed its remarkable removal ef-
ficiency of organic matter, nutrient, pathogen, and the like, the
increased stricter water quality standard motivated many
more advanced studies with regard to higher commercial,
aesthetic, habitat, and sustainable value. The constructed
wetlands can be divided into three main types according to
the different hydrologic modes: free water surface (FWS)
wetlands, horizontal subsurface flow wetlands, and vertical
flow wetlands (Kadlec and Wallace, 2008). FWS wetlands
include emergent vegetation, soil, or medium to support the
emergent vegetation, and a water surface above the substrate.
In the horizontal subsurface flow, the wastewater is fed in the
inlet and passes the filter medium under the surface until it
reaches the outlet zone through the subsurface pathways.
Vertical flow constructed wetlands generally consist of a
gravel layer at bottom topped with a sand layer. When in-
termittently feeding with a large batch, the wastewater per-
colates vertically until it reaches a drainage network. With a
variety of wetland systems being applied successfully at the
field scale, the designed models of constructed wetland with
systems dynamics characteristics have gradually gained
growing attention during the past decades.

Within the constructed wetland, the transition of nitrogen
from one phase to another is commonly referred to as the
nitrogen cycle. Ammonia combines with organic materials to
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TaBLE 1. REGRESSION MODELS FOR WETLAND NITROGEN
AND PHOSPHORUS REMOVAL
Parameters Regression equations
Organic N C,=01C1+1.0
Ammonium N C,=046C; +3.3
Nitrate N Cr,=0.62C4

Total Kjeldahl Nitrogen (TKN)
Total nitrogen
Phosphorus

C2 — 0.752C10A821q0076
C,=0.46C; +0.1249 +2.6
C,=051C, "1

C,, concentration at the outlet; C;, concentration at the inlet; q,
hydraulic loading rate.

create ammonium (NH,"). In the presence of ammonia-oxi-
dizing bacteria and nitrite-oxidizing bacteria, ammonium is
converted to nitrite (NO, ) and further to nitrate (NOz™).
These two reactions are collectively called nitrification. De-
nitrification, conversely, performed by denitrifying commu-
nity, is an anaerobic respiration process using nitrate as a final
electron acceptor and results in stepwise microbiological re-
duction of nitrate, nitrite, nitric oxide, and nitrous oxide to
nitrogen gas (N) (Koike and Hattori, 1978). Nitrate removal
rates are directly influenced by the slow-growing bacteria that
govern nitrification and denitrification.

The term residence time distribution (RTD), characterizing
chemical reactors, was first proposed by Danckwerts (1953),
which was oftentimes used to discuss the type of mixing in
constructed wetland (Werner and Kadlec, 1996). The RTD
function is generally measured by injecting an impulse of
tracer and measuring the tracer concentration as a function of
time at interior wetland points as well as the outlet. Many
wetland systems were modeled as a number, N, of stirred tank
reactors in series. In fitting experimental data, the form for the
Tanks-In-Series model is given by Kadlec and Wallace (2008).

(v e v3)

Equation (1) can be considered as single continuous stirred
tank reactor (CSTR) when N=1 and the plug flow reactor,
N=cw.

N
(N1

RTD= ey
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In the earlier stage of designing the treatment model, the
constructed wetlands were considered as a black box. Scien-
tists focused on the influent and effluent concentration and fit
the result with the designed linear or power equation to build
the relationship between them. Table 1 shows the regressions
for wetland nitrogen and phosphorus removal of subsurface
flow (SSF) wetlands (Kadlec and Knight, 1996). This kind of
model oversimplified the constructed wetland treatment
system, which has an extremely complicated physical, che-
mical, and biological process. Not only the influent concen-
tration and hydraulic retention time but also hydrodynamic
conditions, such as wetland dimension, porosity, and con-
ductivity of media, can affect the removal efficiency of pol-
lutants of concern. Gradually, the first-order kinetics equation
or Monod type equations were widely accepted and applied
to replace the regression method. Kadlec and Knight (1996)
had summarized the nitrogen removal equations of modeling
the constructed wetland (Table 2).

Tungsiper ef al. (2006) simulated removal efficiencies of ni-
trogenous pollutants in SSF and FWS constructed wetland
systems. Two types of the models (first-order plug flow and
multiple regressions) were used to evaluate the system per-
formances. Nitrification, denitrification, and ammonification
rate constants values in SSF and FWS systems were 0.898
day ', 0486 day ', and 0.986 day ', and 0.541 day ', 0.502
dayfl, and 0.908 dayfl, respectively. They found that the first-
order plug flow model clearly estimated slightly higher or
lower values than observed when compared with the other
models. Jou ef al. (2008) tried a constructed wetland for re-
storing a creek. The ecological treatment system removed
64.0% of suspended solids, 43.0% of biochemical oxygen de-
mand (BOD), and 11.0% of ammonia nitrogen. A first-order
biokinetic model was used to estimate the reductions of BOD
and nitrogenous BOD. They reported that the first-order bio-
kinetic model appeared useful for estimating BOD and ni-
trogenous BOD reductions in a constructed wetland.
However, the fatal limitation of the first-order kinetics is that
the constructed wetland system is required to keep the same
flow rate, concentration, and ideal plug flow. To make the
dynamic modeling of the constructed wetland processes more
acceptable and flexible, Pastor et al. (2003) proposed the design
optimization of constructed wetland for wastewater treatment

TABLE 2. PARAMETER AND CORRESPONDING FORMULA OF MODELING THE CONSTRUCTED WETLAND
(Kaprec anD KNIGHT, 1996)

Parameter Formula
Nitrifier growth rate (unirr) Can Cpo
=172¢"08(1=15)[1 — 0.833(7.2 — pH
UNITR e [1-0.833( pH)] 1+ Can/ \13+ Coo
Denitrifier growth rate (4peniTr) u . Can Corae
DENITR = SDENITRmax | \ Kpenirr + Caw) \Korae + Corae
Outlet concentration of ammonium kon

nitrogen (Can)

Can = (Canpe~NAQ/A) 4 (

AN — kON) (Coni — Copy) (e*kON/(Q/A) _ e*kAN/(Q/A))

Kpenrrrn = denitrification half-saturation constant, mg/L.
Korge =ON half saturation constant, mg/L.
kon, kan=first-order ON, ammonium loss rate, g/ m?/ year.

Canv Cpo, Cnny Coraer Con = concentration of ammonium, DO, nitrite+nitrate, organic carbon, ON, mg/L.

Cany Coni=inlet concentration of ammonium nitrogen, ON, mg/L.
Chy =background concentration of ON, mg/L.

Q/A =hydraulic loading rate.

DO, dissolved oxygen; ON, organic nitrogen.
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by combining a first principal model and an artificial neural
network, which had a main advantage for better representing
highly nonlinear multiinput/multioutput system. Tomenko
et al. (2007) compared multiple regression analysis and two
artificial neural networks-multilayer perceptron and radial
basis function network in terms of their accuracy and effi-
ciency when applied to prediction of the BOD concentration at
effluent and intermediate points of subsurface flow con-
structed wetlands. The dataset was normalized and trans-
formed using principal component analysis to increase the
efficiency of the modeling. Artificial neural network models
were eventually cross-validated to find optimal network ar-
chitectures and values of training algorithm parameters.

The models mentioned above just provide a limited un-
derstanding of specific items, which were even separately
analyzed. The mechanistic approach for modeling con-
structed wetland systems has been highly regarded by people
who prefer mystery of the whole wetland treatment process.
Wynn and Liehr (2001) developed a mechanistic compart-
mental simulation model, which included six linked sub-
models: the carbon cycle, the nitrogen cycle, a water balance,
an oxygen balance, autotrophic bacteria growth, and hetero-
trophic bacteria growth. Darcy’s law was used to describe the
flow through the media. The wetland was regarded as either a
single CSTR or a series of CSTRs instead of plug flow reactors,
which was considered to be a better reactor model for simu-
lating nonideal plug flow. Monod kinetics was utilized to
describe microbial growth rate. Transformations, such as ni-
trification and denitrification, were then linked directly to
microbial growth. In general, except for the oxygen, the result
of effluent BOD, organic nitrogen (ON), ammonium, and
nitrate concentration fit the model well.

Langergraber (2001) presented a multicomponent reactive
transport module CW2D to model the biochemical trans-
formation and degradation processes in SSF constructed
wetlands (CWs). The mathematical structure of CW2D was
based on that of the ASMs (Henze et al., 2000). The CW2D
consisted of 12 components, 9 process, and 46 parameters.
The HYDRUS-2D was incorporated by using Richards
equation to describe the variably saturated water flow con-
ditions. Water uptake by plant roots was accounted as a sink
term in the flow equation. The components considered am-
monium, nitrite, nitrate, and nitrogen gas; dissolved oxygen
(DO); organic matter; inorganic phosphorus; and hetero-
tropic and two species of autotrophic microoranisms. The
rates of the biochemical elimination and transformation
processes were described by using Monod-type of equation.
Recently, Giraldi et al. (2009a, 2009b) developed a mathe-
matical model (FITOVERT) to analyze the hydrodynamics of
a one-dimensional vertical flow CW under three different
saturation conditions: complete saturation, partial satura-
tion, and complete drainage by dosing rhodamine WT in
steady state conditions. Richards equation was used for
modeling the variably saturated conditions, while van
Genuchten-Mualem functions was used to describe the re-
lationships between pressure head, hydraulic conductivity,
and water content. In particular, the porosity reduction due
to bacteria growth and accumulation of particulate compo-
nent (i.e., clogging process) can be simulated by FITOVERT.
When researchers revel in improving CWs, the complexity of
the latest generation model insensibly deters the public
prevalence of the CW model application. Massive compli-
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cated partial differential equation let the CW engineer flinch,
which ties up the development of CW design and operation.
The limited useful results from real practice further retard
the calibration and optimization of the theoretical modeling
work. To break this vicious cycle, some intuitive and ac-
cessible model should be developed to fit the gap. The ob-
jective of this research is to develop a simplified
compartmental dynamics simulation model of subsurface
upflow wetlands (SUWs) to provide a dependable reference
and tool for design of SUW, a competitive candidate of on-
site wastewater treatment technologies.

Facility and Sampling Method
Site description

In this study, a subsurface upflow constructed wetland
(SUW) system receiving septic effluent from a student dor-
mitory handled 4541 (120 gallons) per day influent for a
wastewater treatment study using the green sorption medium
along with plant species. The wastewater was intermittently
pumped into the constructed wetland by about 15.12L (4
gallons) at a time. It had been shown that green sorption
medium consisting of recycled and natural materials provides
a favorable environment for nutrient removal (Xuan ef al.,
2009). There were four parallel cells in this test bed each with
the dimensions of 1.52 m widex3.05 m long x0.91 m deep (5 ft
widex10 ft longx3 ft deep). Each of four cells consisted of an
impermeable liner, a gravel substrate layet, a sand layer, a
green sorption medium layer, a growth medium layer, and
selected plants, and a gravel-filled gravity distribution system
including header pipe, distribution pipe, collection pipe, flow
meter, and a planted bed of the special green sorption me-
dium with an underdrain collection system. Two polyvinyl
chloride pipes with fabric filter at bottom were inserted into
the gravel layer close to the inlet of each cell to introduce more
oxygen for promoting nitrification. Three sets of plant species
were tested against the control case where there was no plant
species (Xuan ef al., 2009).

The main criteria for choosing plants in this study included
(1) native—long-term survival or minimal environmental
problems; (2) perennial—function all year long and do not
need to replant after harvesting; (3) good rooting system—
help nitrification; (4) high yield—evaporate more water since
yield and water use are closely correlated (i.e., this criterion is
flexible); (5) high protein content—plant will take more ni-
trogen since protein content is correlated with nitrogen con-
tent; and (6) tolerate trimming or grazing—harvest biomass
and consequently remove nutrients. Three kinds of herba-
ceous perennial plants, Canna (Canna flaccida), Blue flag (Iris
versicolor L.), and Bulrush (Juncus effusus L.), were eventually
selected due to the features of the local availability, biomass
production, nutrient content, and the similar size. Seedings of
those three kinds of plant were purchased from local nursery
and planted 2 months before the experiment period. Since the
wetland plants had been acclimated and taken shape during
the experiment, the plant growing rate was treated as a con-
stant for simplification. The research team at University of
Central Florida decided to follow six criteria to screen those
possible sorption media to support both pollution control
and plant growth: (1) the relevance of nitrification or deni-
trification process or both, (2) the hydraulic permeability, (3)
the cost level, (4) the removal efficiency as evidenced in the



882

literature with regard to adsorption, precipitation, and fil-
tration capacity, (5) the availability in Florida, and (6) addi-
tional environmental benefits. All of the four treatment units
(cells) in our wetland system were filled from bottom to top
with gravel, sand, “Pollution Control Media” denoted as PC
medium hereafter, and “Expanded Clay Growth Media” de-
noted as G medium hereafter. The 15.24 (6-inch) sand layer had
the main function of removing the pathogen from the septic
effluent and worked as a buffer layer between gravel and PC
medium layers. A 30.48 cm (12 inch) layer of the PC medium
(50% Cytrus grove sand, 15% tire crumb, 15% sawdust, and
20% lime stone) was used to remove most of the nutrients, total
suspended solid, and BOD, at the depth of 30.48cm (12
inches) beneath the G medium layer. At the top place, a
30.48 cm (12 inch) growth medium layer (75% expanded clay,
10% vermiculite, and 15% peat moss) was used to support the
root zone. Since nitrification is considered to be the primary
rate-limiting step for nitrogen removal unless the wastewaters
are prenitrified or the oxygen can be diffused more efficiently
into the upper layer of the root zone via some specific growth
medium, the expanded clay growth medium was used to en-
sure vibrant plant growth and the efficient oxygen diffusion.
Once the wastewater fully saturated the gravel layer, the water
level would rise up gradually, passing through the sand and
PC medium layer up to the outlet (Fig. 1). Chowdhury et al.
(2008) reported a bromide tracer study in a similar SUW. They
found that a gravel layer added at bottom caused the flow tobe
mostly in the vertical direction, which provided strong evi-
dence for our hydraulic pattern hypothesis. The samplers were
installed at the interface between different layers with three
depths. Horizontally, the samplers in the four wetland cells
were located at 33%, 67%, and 100% along the length of the
wetland. Sample identities (IDs) here were defined for fol-
lowing discussion as below: (1) port B—mixture of bottom
three samples; (2) port M—mixture of middle three samples;
and (3) port T—mixture of top three samples. Figure 1 illus-
trates the wetland configuration in this study.

Sampling and analyses

The water quality in wetland system was monitored
weekly from September 2 to September 30 in 2009. DO, pH,
and temperature were measured on site by HACH HQd
field case. Besides, a 24 h composite sample was taken from
every sampling port periodically for measuring ammonium-—
nitrogen (NH, "), nitrite-nitrogen (NO»-N), nitrate-nitrogen
(NOs;-N), total nitrogen, and total phosphorus. The amount
of the sample was taken in proportion to the actual waste
load. A clean polyethylene jug was used to store each sam-
ple for other parameters analysis. Once the samples were
taken, the containers would be stored at a chilled cooler (4°C)
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FIG.1. Locations of the sample points in the wetland cross
section (Xuan ef al., 2009).

XUAN ET AL.

until the 24h composite samples were completed. Samples
that require appropriate preservatives were taken care of ac-
cording to quality assurance/quality control (QA/QC) pro-
tocol: 200 mL of each sample must be filtered through a 0.45
micron filter; 100 mL of the filtered samples shall be preserved
at pH <2.0. Each sample was delivered to the external certi-
fied laboratory in an appropriate ice chest within the same
day to ensure the integrity of the samples. At the beginning
and the end of the study period, plant samples were collected
randomly in a 30x30cm” area and analyzed for measuring
nitrogen content in plant tissue. Plant samples were sent to an
agricultural lab located in Orange City, FL.

Development of System Dynamics Model

System dynamics, being designed based on system think-
ing, is a well-established methodology for studying and
managing complex feedback systems. It requires constructing
the unique causal loop diagrams or stock and flow diagram to
form a system dynamics model for applications (Forrester,
1961, 1968; Randers, 1980; Vizayakumar and Mohapatra,
1993). System dynamics modeling has been used to address
practically every sort of feedback system the application
matrix has covered several issues, including environmental
impact analysis of coalfields (Vizayakumar and Mohapatra,
1991, 1993), lake eutrophication assessment (Vezjak et al.,
1998), pesticide control (Ford, 1999), wetland metal balance
(Wood and Shelley, 1999), groundwater recharge (Abbott and
Stanley, 1999), lake watershed management (Guo et al., 2001),
river pollution control (Deaton and Winebrake, 2000), and
solid waste management (Mashayekhi, 1993; Sudhir ef al.,
1997; Karavezyris et al., 2002; Dyson and Chang, 2005).

As one of the most advanced graphical system program-
ming dynamic software packages, STELLA® was used to
develop the mathematical model for the SUW in this study to
address mechanistic processes. It shows a very friendly intu-
itive icon-based graphical interface. As icons of stock and flow
are drawn on front canvas layer, model equations are auto-
matically generated on the equation layer beneath. Simulation
runs can be carried out entirely along the prescribed timeline.
Results can be presented via graphs, tables, and animations
with the running simulation.

Conceptual model

There are five main nitrogen transformations in con-
structed wetlands (Kadlec and Wallace, 2008).

1. ON to ammonium nitrogen (ammonification or miner-
alization). ON cannot be extracted by plants directly but
is gradually transformed to NH," by heterotrophic

microorganisms:
NH,;CONH; + H,O — 2NH3 + CO» )
NH; + H,O « NH4+ +OH™ 3)

2. Ammonium nitrogen to nitrate nitrogen (nitrification).
In aerobic oxidized condition, ammonium transforms to
NO;~ through the process of nitrification in two steps
by ammonia-oxidizing bacteria:

ONH, +30, — 2NO, +2H,0+4H " @

and by nitrite-oxidizing bacteria:
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2NO; +O; — 2NO; ®)

When there is adequate oxygen available, nitrification
can also occur in the oxidized rhizosphere of plants.

3. Nitrate nitrogen to gaseous nitrogen (denitrification).
Denitrifiers use the oxygen from NO3™ instead of O, to
convert NOs~ to nitrogen oxide and No.

NO; +0.833CH;0H — 0.5N, +0.833CO,
+1.167H,0+OH~  (6)
NO; +0.208C¢H206 + — 0.5N, +1.25CO,
+0.75H,0 +OH ™ @)

4. Nitrate or ammonium nitrogen to ON (assimilation or
immobilization). Immobilization can be considered as
the reverse reaction of mineralization. Inorganic nitro-
gen (NO; ™~ and NH, ") is converted to ON by microbes
and used by plants, which roughly is counted as plant
uptake in the model.

5. Biomass nitrogen to ON (decomposition). Since the
plant grew well and had no residue in late summer, this
part of nitrogen transformation can be ignored.

Assume that each medium layer was a CSTR. On the basis
of the above understanding, the conceptual model for nitro-
gen removal of SUW is shown in Fig. 2.

Implementation of system dynamics model

The stock and flow diagram of nitrogen removal in SUW
using STELLA simulation program is presented in Fig. 3, in
which the modeling structure follows the layered structure for
nitrogen removal. Note that Table 3 shows the description of
symbols in Fig. 3 by taking the sand layer as an example.

Model equations

The equations below are used to predict the ON, NH,,
and the sum of nitrite and nitrate (NO, 4+ NOj3). The unit form

Plant uptake
SON o NH, ,| NO;+NOyin |
in port T AM 3 inport T NI 3 portT DE 3
~soN o NES ,| NO:+NOsin |
in port M AM 2 in port M NI?2 port M DE 2
SON R NH,* | Noy+NOsin
i t B inport B port B T
o ?r AM 1 pT NI1 T DE 1
SON input NH," input NO,+NOj input

FIG. 2. General conceptual model of nitrogen removal in
subsurface upflow wetland. SON, soluble organic nitrogen;
AM, ammonification; NI, nitrification; DE, denitrification.
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ug/L/day was used for all flows and stocks. Only plant up-
take is a real and ultimate stock (Fig. 3). The rest of nine stocks
have their own outflow to reach a steady state condition.
Thus, the value in stock can be represented as the instanta-
neous concentration in a unit volume or a point (i.e., sampling
port). Assume that the upflow rate decreased linearly due to
the evapotranspiration and plant uptake with the increase of
the water level. V is considered as the effective volume
(product of volume and porosity) of each layer where water
flows. The NO, + NOjs concentrations in all layers are so low
that the NO, +NO; uptake by plant is negligible. Figure 4
shows the model equations automatically generated in the
Equation interface of STELLA with the measured data as
initial value. In our study, September was picked as the ex-
periment period, when wetland plants had been taken shape.
So we assume a constant rate of biomass production for
simplification. The rest of parameters need to be measured or
assumed so that they may be determined holistically via the
model calibration stage as summarized by Table 4.

dON Qin Qaut
= _EMON,, — N, —
dt Vin O mn Vaut O out — Fa (8)
dNH ;
at = %NHMn - —%::I NHyous + 14 — 1y —1p
(only in G medium layer) ©)
d(NO; +NO, j
NG, T NO,)_ %(NOZ +NOz),, — Qou (NO; +NO3)yyy
dt Vin Vout

+ry—T1q (10)

Results and Discussion
Model calibration

Wetland cell 1 was selected to develop the system dy-
namics model. Since we assume a constant rate of plant
growth, the third run considered to have the average rate of
plant growth was used to do the model validation in the next
subsection. The average values of results from the other three
runs and the hydraulics values listed in Table 5 were used to
calibrate the SUW nitrogen removal dynamic model. Runge-
Kutta 4 was used as the integration method. The nitrification
has a wide range of optimum pH of 7.0-9.0 (Sajuni et al., 2010).
The pH below 7.0 adversely affects ammonia oxidation (Lin
and Lee, 2001). Besides, the empirical formula is valid for
water temperatures between about 5°C and 30°C. The ex-
pression of nitrification rate was finally reorganized as
Equation (11). The model calibration started from adjusting
the ammonification rate (i.e., the nutrient source, ON, in sand
layer) to minimize the discrepancies between modeled and
measured values. Then, the model calibration can be moved
on along the direction of nutrient transport (i.e., from bottom
to top) and nitrogen transformation (i.e., from left to right) in
relation to all three parameters of interest. The three param-
eters were intimately related to rate of ammonification, ni-
trification, and denitrification, and their final values were
determined within an effort of model calibration based on
other measured parameter values assigned in Table 6. After
such errands of model calibration, the final agreement be-
tween the measured and simulated values of ON, ammonium
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(NH,), and the sum of nitrite and nitrate (NO,+ NQOs3) is
shown in Fig. 5. The slope of the regression line was 0.9791,
and the correlation (R?) was 0.9998, which supports the model
calibration.

Cpo
13+ CDO)CAN

Cp=e"98T19) for T < 30°C;

Cp— O098G0-15) £ T > 30°C;
Cpr=1-10.833 (7.0 — pH), for pH < 7.0;
Cou=1, for pH>7.0;

u
tn = Y—NCTCPH( 11
N

Model validation

The experimental data for third run were used for model
validation. Table 7 lists the measured environmental values of
the third run. The correlation between the measured and
simulated values is shown in Fig. 6. The slope of the regres-
sion line was 0.9532 and correlation (R?) was about 0.9644,
which shows the model validation, corroborating previous

XUAN ET AL.

TaBLE 3. DESCRIPTION OF SYMBOLS IN STOCK
AND Frow Diacram oF Fic. 3

Symbol Description
sand ON ON (ug/day) in sand layer
sand NH, NH, (ug/day) in sand layer
sand NO, NO, +NO; (ug/day) in sand layer
and NO;
sand AM Ammonification (ug/day) in sand layer
sand NI Nitrification (ug/day) in sand layer
sand DE Denitrification (ug/day) in sand layer

sand to PC ON ON (ug/day) transfer from sand layer
to PC layer

NH, (ug/day) transfer from sand layer
to PC layer

NO, +NO; (ug/day) transfer from sand

sand to PC NH,

sand to PC NO,

and NO;3 layer to PC layer
r, sand Ammonification rate (day’l) in sand layer
ry sand Nitrification rate (dayfl) in sand layer
rq sand Denitrification rate (day’l) in sand layer

Cirowth Media

Polbstion Condral

Media

S

W‘

Sand Meadim

=)

Y

FIG. 3. Flow diagram of nitrogen removal model.
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FIG. 4. Model equation related to “sand ON” stock.

calibrated data shown in Table 6. The values of sum of nitrite
and nitrate (NO, +NQO;) led to a slightly lower R” value. The
extremely low concentration, which is close to the lower de-
tection limit, might increase the deviation. The ammonifica-
tion rate constant (k,) in PC medium increased up to fivefold
compared with that in sand layer. The denitrification rate
constant in PC medium was 30% more than that in sand layer
and three times as much as in G medium. May et al. (1990)
found that most nitrifiers were associated with roots rather
than the gravel layer. Similarly, we found higher specific yield
of nitrification rate (un/Yn) in G medium, which is the root
zone layer.

Sensitivity analyses

The exceptional ability of wetlands for nutrients removal in
our study has been fully confirmed. However, the wetland 1
just treated the wastewater with the loading of 113.4L/day
(30 gallons per day), which is smaller than the amount of
wastewater produced from most common family. People
might wonder how the SUW work under higher loading to
fully meet the requirement of household wastewater treat-
ment. In such a case, the superiority of the dynamic simula-
tion model is manifested. A new wastewater loading number
input and a gentle press on “run” button relieves all the effort
to manually increase the wastewater loading into wetland
and collect the water samples for analyses. Keeping the inflow
concentration for all three forms of nitrogen 14.0 mg /L of ON,
55.1mg/L of ammonium (NHy), and 7.0 ug/L of the sum of
nitrite and nitrate (NO, + NO3), 378L/day (100 gallons per
day), 576 L/day (200 gallons per day), 1134 L./ day (300 gallons
per day), and 1512 L./day (400 gallons per day) were input as
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TaBrLE 5. HyYDRAULIC VALUES USED IN SUBSURFACE
UrrFLow WETLAND MODEL

Parameters Description Values
Qin Inflow rate 113.4L/day
Qsand Flow rate out of sand layer 93 L/day
Qrc Flow rate out of PC medium layer 521/day
Qout Outflow rate 31.5L/day
Og Porosity of gravel 0.34

Os Porosity of sand 0.43
DOpce Porosity of PC medium 0.42

g Porosity of G medium 0.50

Measured: Measured by each researcher according to his or her
experimental set up.
Optimized: Derived based on the best fit of local data.

the inflow rate into the model interface, all the parameters were
kept the same as used in model calibration. The concentrations
of ON, ammonium (NH,), and the sum of nitrite and nitrate
(NO, + NOs3) from the outlet are shown in Fig. 7.

With the flow rate of 378L/day, three forms of nitrogen
keep increasing with the time. With the increase up to
fourfold wastewater loading, the concentrations of NH, and
NO, +NOj increased with almost the same ratio. The ON
concentration had a less increase after triple loading. With
the loading of 1,512L/day, the concentrations of NH,,
NO, +NO; and ON were less than 42mg/L, 250 ug/L and
l6mg/L, respectively. The NO,+NO; concentration was
still far beyond the maximum contaminant level drinking
water standard. With the wastewater loading increase, we can
obviously see that the concentrations of nitrogen reach a sta-
ble level after the 2-day treatment. That is to say, the dimen-
sion of wetland had been overdesigned due to the remarkable
nitrogen removal of the medium. Half of original dimension is
more than enough. The complexity of nitrification rate has
significant influence on the model accuracy. Further sensi-
tivity analyses, especially for the nitrification rate, may cer-
tainly help us understand the mechanism according to the
nitrogen removal leading to modify the model up to a more
sophisticated level in the future. Temperature (T), pH, and DO
are the variables of the nitrification rate equation. Certain
ranges of these three parameters were introduced to examine
how they individually work on the nitrification rate.

TaBLE 4. DESCRIPTION OF PARAMETERS IN SUBSURFACE UPFLOW WETLAND MODEL

Parameter Description Rate equations Values Source
ka Ammonification r.=kaCon Optimized Beran and
constant Kargi (2005)
gp Plant growth rate 1, =iNPgp 0.5 Yi et al. (2009)
iNP Plant N content r, =iNPgp Measured Yi et al. (2009)
Un Nitrosomonas In= u_NeO«O%(T* 15) [1 _ 0833(72 _ pH)] ( CAN ) ( CDO Optimized Kadlec and
growth rate Yy 1T+ Can/ \1.3+Cpo Knight (1996)
Yy Nitrosomonas yie]d = u_NeOAO%(T* 15) [1-0.833(7.2— PH)] ( Can ) ( Cpo ) Optimized Kadlec and
coefficient Yy 1T+ Can/ \1.3+Cpo Knight (1996)
Kooa Denitrification rate 7, =Ky 0?7 2) Optimized Mayo and

Mutamba (2005)
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TABLE 6. RATE EQUATIONS OF AMMONIFICATION, NITRIFICATION, AND DENITRIFICATION IN MODEL SETTINGS

Rate equations Unit

In sand layer

In PC medium layer In G medium layer

ka Ira= kaCON

u u C
al In= _NCTCpH ( 29 __VCan

Yn Yy 1.3+ Cpo

DO Ca

&
3

&
~
=

Un
=—=C7C
Yy ' *’H(13+CDO

r'n= )
Un
H =N, N/A
P o =y, C1 G (1 3+ CDO> Ca /

4

un Cpo o
T =e e C C
T Yoot (1 31 Cog ) AN

74 =Kood GST - )CNN
Tp r, =iNPgp

Ksoa
Day

0.08
0.12

0.42
0.18

0.28
0.37

3.41 3.39 2.51

7.02 7.00 7.01

29.94 30.08 29.69

180
N/A

235 80
N/A 140

N/A, not applicable.

As Table 8 shows, the nitrification rate is hardly affected by
temperature. Instead, DO and pH value are critical for the
nitrification. The lower level of DO resulted in an enlarged
range of variation of nitrification rate presumably because of
the Monod style expression. The G medium layer had an
extreme low DO value, 1.3mg/L, which might explain the
31.18% decrease of the nitrification rate. Slightly acidic
wastewater with pH as 6.67 also might produce a decrease of
27.49% in the nitrification rate.

Recently, two more nitrogen transformations, ANAMMOX
(anaerobic ammonia oxidation) and nitrate-ammonification
(conversion of ammonia to nitrate under anaerobic condi-
tions), have been studied in the CWs (Dong and Sun, 2007).
Both transformations might have contributed the high nitro-
gen removal efficiency in our study. However, the extent of
these reactions in CWs is far from certain. There is still a lack of
information about these processes in CWs and their role in
treatment process (Vymazal, 2007). Thus, we temporarily
count those effects as an integral part of generalized nitrifica-
tion/denitrification in our model if they do exist. Even they can
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FIG. 5. Correlation between the measured and simulated
values in model calibration.
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FIG. 6. Correlation between the measured and simulated
values in model validation.

be confirmed, our system dynamic model will still be useful
and applicable after just adding one set of transformation rate
to respond to these two more nitrogen transformations.

Conclusions
This mathematical model is our initial attempt to describe

the nitrogen removal process in the SUW by using system
dynamics model. It is designed to simulate a new wetland

TABLE 7. TEMPERATURE, PH, AND DissoLVED OXYGEN
VaLUE UseD IN MODEL VALIDATION (THE THIRD RUN)

DO (mg/L)  pH (unitless)  Temperature (°C)
Sand layer 3.02 7.77 32.23
PC layer 2.68 7.40 32.37
G layer 2.73 7.44 33.04
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FIG.7. Effluent quality of different wastewater loading: (a) 378 L./day (100 GPD), (b) 756 L./ day (200 GPD), (c) 1134 L/day

(300GPD), and (d) 1512 L/day (400 GPD).

system that exhibits high removal of nutrient and bacteria
in the specific filtration beds integrated with plant species.
The predicted and measured concentrations of the ON, NH,,
and NO, +NOj; in SUW were in good agreement. The am-
monification rate constant (k,) in designed medium (PC me-
dium and G medium) increased up to fivefold compared with
that in sand layer. The denitrification rate constant in PC
medium is 30% more than that in sand layer and three times
as much as in G medium. Higher specific yield of nitrification
rate (un/Yn) was found in G medium, which is the root zone
layer. The vegetation with deeper root, which may reach the
bottom of PC medium, is recommended to plant to further
increase the DO and nitrification rate and the NH, uptake
during the initial period. The modified nitrification rate ex-

pression formula had been used in model validation and
proved to be feasible. The sensitivity analyses showed that
current dimension of wetland can be halved. In short, the
developed mathematical model in this study could provide a
dependable reference and tool for design of constructed
SUW, a competitive candidate of on-site wastewater treat-
ment technologies.
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TABLE 8. MINIMUM AND MAXIMUM VALUE OF TEMPERATURE, PH, AND Di1ssoLvED OxYGEN IN OUR CAsE AND How MucH
PERCENTAGE THEY CORRESPONDINGLY INFLUENCE THE NITRIFICATION RATE COMPARED WITH THE AVERAGE VALUE

DO, mg/L pH, unitless Temperature (°C)

Min Max Min Max Min Max

Sand layer 2.87 4.46 6.86 7.46 26.1 33.2
(—5.16%) (+6.70%) (—11.66%) (+0.00%) (—0.35%) (+0.01%)

PC layer 2.24 4.56 6.81 7.35 25.5 33.6
(—9.69%) (+7.11%) (—15.83%) (+0.00%) (—0.36%) (+0.00%)

G layer 1.3 3.77 6.67 74 26.3 33.1
(—31.18%) (+2.35%) (—27.49%) (+0.00%) (—0.28%) (+0.03%)

+, increase; —, decrease.
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