+53 Scientific
#3% Research

Journal of Water Resource and Protection, 2012, 4, 149-162
http://dx.doi.org/10.4236/jwarp.2012.43018 Published Online March 2012 (http://www.SciRP.org/journal/jwarp)

Optimization Model for Management of Water Quality in a
Tidal River Using Upstream Releases

Moltot Zewdie Belayneh, Sreenivasa Murty Bhallamudi
Madras Civil Engineering Department, Environmental and Water Resources Division,
Indian Institute of Technology, Chennai, India
Email: bsm@iitm.ac.in, tambek72@gmail.com

Received January 3, 2012; revised January 28, 2012; accepted February 29, 2012

ABSTRACT

This study deals with the management of water quality in a tidal river through optimal releases of water from an up-
stream environmental reservoir. A management model is proposed based on the simulation-optimization framework, in
which a complete hydrodynamic model for transport of BOD and DO in a tidal river is linked to Simulated Annealing
(SA) algorithm for optimization. The proposed management model is used to investigate the effect of tidal variation on
the constant minimum in stream discharge that is required to maintain the water quality, for a given pollutant loading. It
is demonstrated how the total upstream release volume can be minimized, while still maintaining the desired water
quality, by resorting to an optimum temporal variation in releases from the upstream environmental reservoir. The per-
formance of the methodology is evaluated for an illustrative river. The proposed model will be helpful in arriving at

best water release policy for maintaining water quality in tidal rivers for given tidal variation and pollutant loading.
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1. Introduction

Although the global water crisis tends to be viewed as a
water quantity problem, water quality is increasingly

being acknowledged as a central factor in the water crisis.

Even though not all countries are facing a crisis of water
shortage, all have, to a greater or lesser extent, serious
problems associated with degraded water quality [1]. In
this context, management of water quality along a river
system becomes very important. This involves mainte-
nance of acceptable level of water quality for an intended
purpose by means of monitoring, assessing, identifying
the possible sources of pollution and controlling them
accordingly, and diluting by means of upstream releases.
In the process of determining the level of problem and
devising optimal management strategies, a river water
quality model is often employed as a supporting tool in
the assessment of aquatic environment. Many efforts
have been devoted in the past to the development of wa-
ter quality management strategies to ensure supply of
water with targeted quality [2]. The water quality re-
sponses in these management strategies are quantified in
terms of the Dissolved Oxygen (DO). Many water qual-
ity management models use Streeter-Phelps (S-P) equa-
tion for determining the DO in a stream. The Enhanced
Stream Water Quality Model (QUALZ2E) [3] has been the
widely used one for the water quality simulation model.
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However these models are limited to a non transient flow
conditions that is, it assumes the river flows are steady
and quasi-uniform. Management models based on either
the S-P equation or the QUAL2E model for simulation of
river water quality response have a major limitation in
not being applicable to situations where either non-uni-
form or unsteady flow conditions are significant. Re-
cently, Yandamuri ef al. [4] demonstrated the effect of
non-uniform flow on optimal waste load allocation deci-
sions in rivers within the framework of a cost-equity
based management model. In their study, the flow condi-
tions were non-uniform, but steady.

Although many mathematical models are available for
simulation of water quality in river under dynamic condi-
tions, only a few water quality management models have
included hydrodynamics within their algorithm structure
and can handle transient conditions. Such models are
required for managing water quality in a river by dilution
using up stream releases from an environmental reservoir
or in tidal rivers. Recently, Dhar and Datta [5] developed
a management model, where optimal releases from a
reservoir were used for controlling the water quality in
the downstream river segment. They linked the complete
hydrodynamic simulation model, CE-QUAL-W2 to the
Genetic Algorithm (GA) based optimization model. The
single objective management model developed by them
considers the objective of minimizing the summation of
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normalized squared deviation of actual storage from
specified target storage at the end of each management
period, subject to the constraint of maintaining water
quality standards at downstream control points. The river
in their example problem was a non-tidal river, and the
target pollutant was nitrate plus nitrite (as N).

In many island countries, countries with limited terri-
tory, and in coastal areas, rivers are generally not long,
and tidal variations may significantly affect the river wa-
ter quality. Although several optimization models have
been developed and applied for water quality manage-
ment in the non-tidal rivers, only a few studies have fo-
cused on optimal management of water quality in tidal
rivers [6]. The use of cyclic discharge of BOD in to a
tidal segment and several discharge policies under vari-
ous tidal cycles that takes advantage of the short time
periodic tidal nature of the river in utilizing the capacity
of the river to assimilate BOD loading. It was demon-
strated that the augmentation of river flow has as much
effect on raising DO level as the reduction of point
source loadings. Fan et al. [7] assessed the impact of
tidal effects on the water quality simulation, and found
that usage of the common water quality simulation mod-
els without appropriate consideration of the tidal bound-
ary condition may result in a significant discrepancy be-
tween the observed and simulated values. All the earlier
studies on tidal rivers have highlighted the importance of
discharge policy and upstream releases on the water
quality, and suggested methods for maintaining the water
quality. However, they did not employ any formal opti-
mization technique to arrive at cost effective and efficient
management strategies for maintaining water quality.

In this study, maintenance of water quality in a tidal
river by optimal releases of water from an upstream en-
vironmental reservoir is investigated. A management
model, which utilizes a formal optimization technique, is
proposed to investigate the effect of tidal variation on the
constant minimum in stream discharge that is required to
maintain the water quality, for a given pollutant loading.
It is also demonstrated how the proposed model can be
used to arrive at an optimum temporal variation in re-
leases from an upstream environmental reservoir to
maintain the desired water quality. The proposed man-
agement model is based on a simulation-optimization
framework, where in a complete hydrodynamic model
for transport of BOD and DO in a tidal river is linked to
Simulated Annealing (SA) algorithm for optimization. It
may be noted that although SA has been successfully
employed as an optimization tool in several other areas
of hydraulic engineering from the earliest [8] to recent
work of [9] so far it has had limited application in river
water quality management. The performance of the
methodology is evaluated for Adyar River in Chennai.
The proposed model will be helpful in arriving at best
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management option for maintaining water quality in tidal
rivers for given tidal variation, pollutant loading and wa-
ter availability in an upstream reservoir.

2. Water Quality Management Model

In this study, a simulation-optimization framework is
used to develop the water quality management model.
The water quality simulation model is used to determine
the spatial and temporal variation in biochemical oxygen
demand (BOD) and DO concentrations, for specified
inflow (either constant or time varying) at the upstream
end, temporal variation of tidal levels at downstream end,
waste loading, and channel characteristics. The Simu-
lated Annealing (SA) algorithm is used for obtaining the
optimal solutions for reservoir releases.

2.1. Water Quality Simulation Model

The water quality responses to different external interac-
tions and processes in the water environment (i.e. pol-
lutant loading and decay and transport in the river) are
simulated using the water quality model. This model
consists of two sub-modules: 1) flow module and 2)
transport module.

2.1.1. Flow Module

The basic governing equations for river flow considered
in the flow module are the St. Venant equations, which
represent the conservation of mass and momentum [10].
In this work, long and narrow channels, with possibility
of off-channel storage, are considered. These equations,
for a one-dimensional flow [11] modified for the effect
of the dead storage area are given as:

6(AS+A)+8_Q: [
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where, O = main stream flow rate (m’/s), 4 = main
stream cross sectional area (m?), Q, = tributary flow in to
the main river (m%/s), q; = lateral flow in to the river
along the river stretch (m*/s/m), # = momentum correc-
tion factor, S,. = the energy loss due to channel cross
sectional shape change (either expansion/constriction), g
= gravitational acceleration (m/sz), S, = friction slope, Z;
= the water surface elevation above a given datum (m),
and 4, = the transient storage area in the river banks or
dead ends (m?®) which contributes only to storage and not
to movement of water. 4; is given as a function of the
main channel cross sectional area:

A =rd 3)

where, 7 = the ratio of dead storage area to main channel
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cross sectional area. The friction slope is determined us-
ing the Manning equation.
2 n2

S, - 4)
where, R = hydraulic radius, and » = Manning roughness
coefficient. It may be noted here that the effect of salinity
gradient on the flow is considered to be insignificant in
the present work. However, inclusion of the term for sa-
linity effect in momentum equation is not difficult [11].
Equations (1) and (2) are solved numerically for speci-
fied initial and boundary conditions. The upstream
boundary is the specified inflow hydrograph, while the
downstream boundary condition is the specified temporal
variation in the water level due to tide. Temporal varia-
tion of lateral inflow and tributary inflow is also speci-
fied. Arbitrary initial conditions are specified first, and
the governing equations are solved for a constant inflow
rate at upstream end and corrected for tidal boundary at
the downstream end, for a minimum number of tidal cy-
cles (three cycles in the present study). The flow condi-
tions would become steady oscillatory by the end of this
time period, and these flow conditions are taken as the
initial conditions for further simulations.

In this work, flow equations are solved by the classical
Preissmann implicit scheme [10]. Inputs to the flow
simulation model are: 1) the geometric characteristics of
the river cross sections; 2) the bed profile of the river; 3)
the Manning roughness coefficient; 4) inflow hydro-
graphs for the main river and the tributaries and 5) tidal
levels at the downstream end. For the above input, the
flow module simulates temporal and spatial variation in
flow area and mean velocity.

2.1.2. Transport Module

This module uses the temporally and spatially varying
flow area and flow rate obtained from the flow module
for solving the transport equations for BOD and DO. The
transport model adapted in the present work considers
the exchange of solute (i.e. BOD and DO) between the
dead storage zone and the main stream flow zone using
decoupled main channel and dead zone transport equa-
tions [12]. It is assumed in this study that there is com-
plete mixing in both vertical and transverse directions.
This assumption is valid when the flow depth is shallow
and the variation of velocity in the vertical direction is
not very significant [13]. One-dimensional transport
equations for BOD in the main stream and dead storage
zone are given by:

o(4C)  aQC) o

oc
= +—| DA— |+¢q,(C,-C
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The transport equations for DO in the main stream and
dead storage zone are given by:
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where, C = BOD concentration in the stream (mg/L),

C, =BOD concentration in the lateral inflow (mg/L), D =
longitudinal dispersion coefficient (m%s), C, = BOD
concentration in the tributary in flow (mg/L), C; = BOD
concentration in the storage zone (mg/L), o = stream
storage zone solute exchange coefficient, £, = BOD de-
cay rate coefficient in the stream (1/day), k;; =BOD de-
cay rate coefficient in the storage zone (1/day), O = con-
centration of dissolved oxygen in the mainstream, O, =
concentration of dissolved oxygen in the storage zone
(mg/L), Or = Concentration of dissolved oxygen in the
lateral flow (mg/L), O,=concentration of dissolved oxy-
gen in the tributary flow (mg/L), kz= re-aeration coeffi-
cient (1/day), B = bottom width of the channel cross sec-
tion (m). Fischer’s equation [14] is used for estimating
the re-aeration coefficient in Equations (7) and (8), while
the decay coefficient in Equations (4)-(8) are determined
using the following equation.

3.9u"?
ky = EEn ©))
k, =5.0390"% (10)

where, u = cross sectional averaged longitudinal flow
velocity (m/s) and 4 = the depth of flow (m). A number
of factors affect dispersion in a river system and usually
shear-flow dispersion is the dominant. In this study, it is
assumed that flow is one dimensional where the longitu-
dinal dispersion dominates. The dispersion coefficient in
Equations (5) and (7) are estimated using the following
equation proposed by Seo and Cheong [15,16].

D:5.915(hu*)(§)0‘62[ z Tm (11)
u

where, B = width of the channel, and " is the friction
velocity (m/s), which is given by

u' = [ghS, (12)

The inputs for the transport simulation module consist
of 1) initial conditions i.e. spatial variation of BOD and
DO at time ¢ = 0; 2) boundary conditions i.e. temporal
variation of BOD and DO at the upstream and down-
stream ends; 3) pollutant loadings from point and non-
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point sources i.e., temporal variation of Cy, C,, O, and O;;
4) values of system parameters such as k, and o; 5)
channel characteristics and (v) spatial and temporal
variation in flow velocity and flow area, obtained from
the solution of Equations (1) and (2). For the above
mentioned inputs, Equations (4)-(7) are solved numeri-
cally to obtain spatial and temporal variations of BOD
and DO.

The partial implicit-explicit method [17] is used for
the discritization of the partial differential equations. In
the discritization process, the transport equations for the
dead zone and main stream system are decoupled. First
the concentrations of BOD and DO at new time levels in
the main stream system are determined, by using con-
centrations in the dead zone at the known time levels.
Concentrations of BOD and DO at new time levels in the
main stream system are then substituted in the storage
zone transport equation to calculate the concentrations in
the dead zone at new time level. At the upstream end,
BOD and DO are specified whenever the flow is positive
while they are interpolated from interior points when the
flow is negative. Similarly, BOD and DO at the down-
stream end are interpolated from the interior points while
they are equal to specified values when the flow is nega-
tive. In the present study, they are zero and Oy, respec-
tively, assuming that the BOD in sea is zero owing to
dilution. Although a simple boundary condition as de-
scribed above is implemented at the ocean boundary in
this work, it is not difficult to implement a more elabo-
rate boundary condition as described by [18]. Period of
adjustment is allowed by after the flow from ocean starts
to flood the river and before the concentration at the
mouth reaches the oceanic values.

Water quality simulation models are typically used for
simulating the physical and biochemical processes gov-
erning water quality in the water bodies. However, simu-
lation models only provide a detailed description of how
systems respond to, or are affected by, planning and de-
sign solutions, or sets of solutions. Prescription of opti-
mal strategies requires formulation and solution of opti-
mization models [5]. The optimization model used in the
present study is described in the following section.

2.2. Optimization Model

The main objective of the present study is to develop a
management model for maintaining water quality in a
tidal river, by utilizing the releases from an upstream
environmental reservoir, for given pollution loading and
tidal variation. The optimal operation policy for releases
is obtained as a solution of an optimization model. Since
water quality is more important in dry periods than in
wet periods, the explicit objective of operation is to
minimize the total release volume so that water that
saved in the environmental reservoir can be used for
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some other beneficial purpose. The single objective mana-
gement model formulated in this study considers the ob-
jective of minimizing the summation of releases during
the operation period, subject to the constraint of main-
taining the water quality i.e. the DO concentration above
a minimum specified value at all the checking locations
in the river. In this study, a simulation-optimization
framework is adopted, wherein the simulation model is
externally linked to the optimization model and therefore,
the number of decision variables is not large. Thus the
constraint on DO is incorporated through the externally
linked water quality simulation model. The decision
variables are the rates of releases and the time durations
for which the corresponding releases are maintained.
Each day is divided into “M” number of segments of
duration. The duration of any segment k (7)) and the re-
lease during that duration (Qg.,) are the decision vari-
ables. The transient water quality management model can
be mathematically represented as:

M
Minimize) Oy, , * T, (13)
k=l

It may be noted here that the time horizon for man-
agement is taken as three days in all the illustrations in
the present study. Each day is divided into M time peri-
ods, and the pattern of 7, and corresponding Qg.;x on the
first day are repeated on the following two days. A time
horizon of three days is considered so that the effect of
cyclic nature of tidal boundary is incorporated.

* Simulation constraint. The temporal and spatial varia-
tions in the concentrations of BOD and DO in the
river depend upon the releases from the upstream en-
vironment reservoir. The functional relationship be-
tween these variables is specified as a binding equal-
ity constraint through the externally linked numerical
water quality simulation model:

CN':f(QRer) (14)

where, C is the concentration vector, which includes

both BOD and DO, @,, is the release vector, and T

is the time duration vector corresponding to releases.

*  Water quality constraint. The concentration of DO at
any location j at any time t is more than the minimum
required as per standards, DOg,:

DO,, > DO,,

Jit

V(Jj.1) (15)
* Reservoir release constraint. The release from the
reservoir at any time should not be more than a
maximum value, On.x and less than a minimum value,

Omin Which are determined by the channel characteris-
tics.

Qmin < QRel,k < max Vk € M (16)

The above optimization model for water quality man-
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agement in the river is solved using a suitable non-linear
optimization technique. Simulated Annealing (SA) tech-
nique is used for solving the single-objective non-linear
optimization model.

2.3. Solution Methodology

A simulation-optimization framework is used in this
study for solving the management problem. The simula-
tion model used in this study is the transport and fate
numerical hydrodynamic water quality simulation model,
described by Equations (1)-(12). This simulation model
is linked to the SA based optimization model. In the
linked simulation-optimization approach, the water qual-
ity simulation constraint (Equation (14)) is actually satis-
fied by numerically solving the water quality simulation
model comprising Equations (1)-(12), linked to the opti-
mization model. The adopted solution methodology is
presented schematically in Figure 1.

SA is a generic probabilistic metaheuristic algorithm,
developed by [19] to solve global optimization problems,
namely to locate a good approximation to the global
minimum of a given function in a large search space. In
this method, a configuration consists of a combination of

Assign initial decision
varable values

|

Generate neighbor decision
varable values

'

Wate Quality simulation/Water No
quality and flow constraints satisfied?

l Yes

‘ Evaluate the objective function ‘
Make previous

I Is it first configuration N
Yes solution as candidate

No solution

v T No
Is there an improvement on | No -
A e | Is the Metropolis

criteria met?
l Yes

l Yes

* Make current as ~

Is equilibrium achieved?

l Yes candidate solution
Is the temperature less than
Minimum temperature? No
l Yes
No

Stopping criteria reached? N

Yes

Figure 1. Scheme of solution procedure using simulated
annealing.
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decision variables, and each decision variable in a com-
bination can only take a discrete value from a set of pos-
sible values, specified by the user. Each iteration in the
algorithm consists of 1) generation of a random configu-
ration (trial point) within the specified space through
perturbation; 2) using the water quality simulator to de-
termine the state variables; and 3) evaluation of the ob-
jective function and constraints. To begin with, the deci-
sion variables are initialized by the user, and an initial
objective function value is computed. The same values of
decision variables are used by the simulation model to
evaluate the constraints. The decision variables are then
perturbed in the neighborhood and a new configuration is
generated. The objective function value and the con-
straints corresponding to this new configuration are
evaluated, once again using the simulator. The current
configuration is rejected if it results in constraint viola-
tion, a new configuration is generated, and the process is
repeated. If the current configuration does not result in
constraint violation, and the corresponding objective
function value is better than the previous best record,
then the current configuration is accepted and the record
for best value is updated. A new configuration is then
generated, and the process is repeated. If the current con-
figuration does not result in constraint violation, but the
corresponding objective function value is worse than the
best value available so far, then the acceptance or rejec-
tion of the current configuration is decided based on Me-
tropolis criterion and a parameter known as “tempera-
ture”, T. Once the decision regarding acceptance or re-
jection is taken, a new configuration is again generated,
and the process is repeated. Metropolis criterion for the
acceptance or rejection of uphill moves is implemented
by first generating a random deviate, which is uniformly
distributed on the interval (0, 1). The worse or “uphill”
move is accepted if this random deviate is smaller than
the acceptance probability. The probability of acceptance

AE

is given by e [T j, where AE = difference in objective
function values corresponding to the current and previous
best configurations. The initial value of temperature 7 is
taken large so that a large percentage of uphill moves are
also accepted in the initial stages. In the course of itera-
tions, the value of 7 is progressively lowered so that the
acceptance probability of uphill moves in the final stages
of iterations is almost equal to zero. The entire iteration
process is terminated after a fairly large number of itera-
tions. The allowance for “uphill” moves in the initial
stages saves the method from getting stuck at local min-
ima.

3. Validation of the Simulation Model

The water quality simulation model is internally used as
a sub-module in the optimization model to determine the
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stream water quality response for given pollution loading
and in stream flow conditions. In this work, different
components of adapted water quality simulation model
are validated using bench mark solutions available in
literature. Although the focus of this study is on optimal
management of water quality, a few validation results for
flow simulation module are presented here for the sake of
completeness. The flow simulation module is validated
for a transient flow condition, while the transport and
transformation module is validated for a non conserva-
tive pollutant i.e., BOD and DO in a single reach of the
channel.

3.1. Flow Model

The adapted flow simulation module is validated for
transient flow conditions using the data provided by [20]
for an example problem.

Validation Example-1

In this example, the flow at the upstream boundary in-
creases linearly from 224 m’/s - 710 m*/s over a period
of 20 minutes. Then it decreases linearly back to its
original value over the next 40 minutes, and then remain
constant. A uniform flow condition is imposed at the
downstream boundary. The time step used in the simula-
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the upstream end obtained analytically [20] and numeri-
cally, are compared in Figure 2. It can be observed from
this figure that the performance of the flow model used
in the simulation process is satisfactory. There is only a
slight attenuation of the peak flow due to numerical dif-
fusion errors.

3.2. Contaminant Transport Model

Transport module is validated for two different pollutant
loading cases adopted from literature [21-23] and [4].
These loading cases correspond to: time varying loading
of BOD and DO at the upstream boundary (Validation
Example-2).

Validation Example-2

The ability of the adapted model to simulate the effect of
the temporal variation of DO and BOD at the upstream
end on the spatial and temporal variation of DO and
BOD in the river is tested. In this example problem, a
sinusoidal variation in the concentrations of DO is speci-
fied as the upstream boundary condition, while zero gra-
dient condition in concentrations is specified at the

Table 1. Input data for the validation example-1.

. . . . - . Depth at
tion is 15 seconds. The hydrodynamic data for this ex- Length (m) Width (m) Bedslope Sideslope Ax(m) &
ample are presented in Table 1.

. 14,000 100 0.002 0 1000 1.0 m
The flow hydrographs at a distance of 11,000 m from

700 Z T T r
600 - .
550 l [ \ .

> 500 - i J \ _

g N

<

§ 450 .

Z
4001 §
350} j / -
o =+ Explicit, Martin and McCutcheon (1999)

/ -=== Proposed Model
250F //// 1 =§= Analytical, Martin and McCutcheon (1999) i
2001 I 1 1 1 L 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Time (hours)
Figure 2. Transient flow simulation profiles at 11" km: Validation Example-1.
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downstream boundary. The upstream boundary condi-
tions are given by: DO (0, #) = 8.5 + 3.5cos (2@f) in mg/L,
where ¢# = 0 at noon and it is in days. Concentrations of
DO all along the channel at time ¢ = 0 are zero. The ki-
netic reaction constants and solute characteristics are
given as k; = 0.25/day, kp = 2/day, and DOg, = 9.5 mg/L,
C) = 5.0 mg/(L-day). Other input data for flow conditions
are presented in Table 2. The simulated variations in DO
with distance at 6:00 PM and 6:00 AM after ten days are
compared with analytical solutions given by [22]. This is
presented in Figures 3 and 4, respectively. It can be ob-
served from these figures that, as in the case of constant
loading, numerically simulated DO variations matched
satisfactorily with analytical solutions. Thus it can be

4. lllustrative Application of the
Management Model

The management model developed in this study is appli-
cable for the water quality management in tidal rivers
subjected to a given pollutant loading. Illustrative appli-

Table 2. Input data for validation example-2 [22].

Physical and flow Data

Qo@s) L(m) W(m) n S V (m/s) H,(m) D (m%s)

148.727 240,000 200 0.2 0.001078 0.298 2.5 4.65

Numerical data

concluded that the adapted simulation model can be sat- Simulation  Spatial grid Time step Weighting
isfactorily utilized for predicting water quality response time (s) size Ax (m) At (s) factor (6)
qf a river to imposed flow and pollutant loading condi- 1,036,800 . 600 0.8
tions.
10
9
8 [
37
£
c 6
S
]
z s
[
o
S 4r
O
Q 3r- ,
[a} Simulated
2r +  Adrian and Alshawabkeh (1997)
1 [
O L | |
0 5 10 15
Distance (m) X 104
Figure 3. Dissolved Oxygen (DO) profile at 6 PM for Example-3.
9 —
8.5%
8
g
275
=
S 7
©
=1
c
8 6.5
c
3
S 6
[a]
55r Simulated
5l *  Adrian and Alshawabkeh(1997)
45 1 1 1
0 5 10 15
Distance (m) X 104
Figure 4. Dissolved Oxygen (DO) profile at 6 AM for Example-3.
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cations of management model presented in this study are
intended to test the feasibility, applicability and evalua-
tion of the methodology under representative conditions
and for the case of Adyar River in Chennai, India. It may
be mentioned that discussions presented in this section
are subject to the limitations and assumptions in the
simulation model.

4.1. Description of the Study AREA

A hypothetical data set representing a tidal channel is
used to illustrate various example applications of the
proposed management model. The hypothetical system
considers a 15 km long channel, with an environmental
reservoir at the upstream end, releases, which are used
for maintaining the water quality in the river. The geo-
metric and flow data for this illustrative channel are as
presented in Table 3. The channel is subjected to a sinu-
soidal tidal variation at its mouth (downstream end). This
channel is subjected to a point pollution loading at a dis-
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tance of 5.0 km from the upstream end of the river, with
the rate of BOD loading ranging from 1500 mg/L to
4500 mg/L at a pollutant discharging rate of 1 m’/s, for
different cases. The initial (at # = 0) BOD concentrations
along the full stretch of the river are considered to be
zero, while the DO concentration is its saturated value
(9.2 mg/L). The kinetic reaction constants (kz and &;) and
the dispersion coefficients are given as a function of the
flow parameters by Equations (9)-(11).

The illustrative example problem is solved for the case
of Adyar River as well. Adyar River originates near the
Chembarambakkam Lake in Chengalaputta district, which
is about 15 km west of Tambaram near Chennai. It is one
of the two rivers, which winds through Chennai (Madras),
capital city of Tamil Nadu in South India. It covers about
12.2 km within basin area of Chennai limits. It joins the
Bay of Bengal at the Adyar Estuary (13°0'47"N,
80°16'37"E) Figure 5. Despite the high pollution levels,
boating and fishing take place in this river.

Table 3. Input data to the water quality model in the SA optimization model.

Physical and flow Data

Tidal flow
Qin m’/s L (m) W (m) n S qm?/s
Depth (m) Amplitude (m)
100 15,000 100 0.02 0.00015 0.0 1.83 0.6
Numerical data
Spatial grid size Ax (m) Time step (seconds) Weighting factor (6)
100 300 0.8

Simulated Annealing Parameters

Initial temperature Chain number Chain length Temperature reduction factor
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Figure 5. Adyar river map [25].
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Initial flow conditions in the channel cannot corre-
spond to steady uniform flow conditions as the river is
subjected to tidal variation in all the cases. Therefore,
arbitrary flow data is prescribed at all the nodes in the
channel at time t = 0, with correct inflow condition at the
upstream end. The flow module is then used, along with
the prescribed tidal variation at the downstream end, to
evolve the flow conditions in the channel for at least
three tidal cycles. During these computations, the inflow
rate at the upstream end is kept constant. The evolved
flow conditions after three tidal cycles are used as initial
conditions for subsequent application of the management
model in all the cases.

The annealing parameters were specified based on
guidelines suggested by [8] and [23] while applying the
simulated annealing optimization algorithm. Extensive
numerical experimentation was carried out to choose
appropriate values of 1) the initial temperature; 2) num-
ber of temperature reductions; 3) maximum number of
iteration within each temperature and 4) the temperature
reduction factor. In this work, the initial temperature is 5,
the number of temperature reductions is 20, the chain
length (number of iteration for each temperature) is 100
and the temperature reduction factor is 0.8. The evolution
of the optimization model solution using the SA algo-

79

rithm for a typical problem is shown in Figure 6. It is
assumed that the termination criterion is met if four or
more successive temperature reductions did not yield any
improvement in the solution. In this work the signifi-
cance of tidal effect on water quality management in a
tidal river is illustrated first by using a hypothetical river
system and then the management model is applied to
Adyar River in Chennai India.

4.2. Effect of Tidal Flow

To understand the effect of tidal variation on the mainte-
nance of river water quality, twelve runs are made for the
hypothetical river system using the proposed simula-
tion-optimization model. The management model is used
for determining the minimum constant upstream flow
rate that is required to maintain the DO value in the river
above a minimum specified value (5.0 mg/L). In each
case, the BOD loading rate at the pollution discharge
point is kept time invariant, while it ranged from 1500
mg/L to 4500 mg/L for different cases. Numerical ex-
periments are carried out for two different conditions: 1)
tidal variation at the downstream end; and 2) constant
flow depth at the downstream end, in order to illustrate
the effect of tidal variation on water quality management.
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Figure 6. Evolution of the objective function in a typical optimization model solution.
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The minimum constant upstream release that is re-
quired to maintain the river water quality as a function of
pollutant loading rate is presented in Figure 7, for both
the cases of constant depth (non-tidal) and tidal boundary
conditions at the downstream end. It can be observed
from Figure 7, the minimum upstream flow required for
water quality maintenance is lesser in the case of a river
with tidal boundary as compared to the case of same
river with a constant depth downstream boundary condi-
tion. The tidal ingress of relatively fresh water from sea
during the high tide reduces the need for upstream re-
lease for same standard of water quality and pollutant
loading scenarios as compared to that for non tidal con-
dition. The reduction in the required minimum upstream
release due to tidal effect increases with the pollution
loading rate. For the particular case studied here, the re-
duction in the requirement of minimum in stream flow,
ranges from 15% to 19% for the cases of a pollution
loading rate of 1500 mg/L to 4500 mg/L. This reduction
in the requirement of water for maintaining the water
quality leads to increased availability of water for other
purposes such as drinking water supply and irrigation. It
can also be observed from Figure 7 that larger upstream
releases are required to maintain the in-stream water
quality for elevated pollution loading rates, as expected.
While only 167 m’/s of water release is sufficient to
maintain the water quality for a pollution loading rate of
1500 mg/L, a release of 357 m’/s is required in case of a
loading rate of 4500 mg/L. In the case of non tidal
boundary condition, the flow rates are 196.4 m*/s and
440.7 m’/s for the loading rates of 1500 mg/L and 4500
mg/L, respectively.

The optimization problem solved in the above cases
involves only a single decision variable (single upstream
flow rate), and the solutions for these cases can be easily
obtained through enumeration. This helps in evaluating
the performance of the SA technique used in the man-
agement model. It is found in the present study that the
solutions determined using the enumeration technique
coincided with those obtained using the SA technique for
optimization, thus indicating a satisfactory performance
of the optimization module of the water quality man-
agement model. It may be noted that enumeration tech-
nique can be used only for simple cases, and the use of
proposed management model with SA technique be-
comes essential for complex cases, where the release
from the upstream environmental reservoir can vary with
time.

4.3. Optimal Time Varying Release

Earlier studies on tidal rivers [11] have indicated how the
effluent discharge can be varied with time, to match with
the tidal cycle, in order to maintain acceptable water
quality in tidal water systems. Significantly lower con-
taminant concentrations in the river were obtained by
varying effluent discharge into the river system in accor-
dance with the absolute flow rate. Similarly, for a given
time invariant pollutant loading and tidal variation, it
may be possible to vary the upstream flow rate with time,
with the objective of minimizing the total release volume
over a management period, while maintaining the river
water quality standards. This is demonstrated in this sec-
tion by solving the optimization problem wherein a day
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Figure 7. Minimum in stream flow as a function of pollutant loading rate.
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is divided into four equal time periods (M =4; and 7, = 6
hrs for all k£ =1 to 4), with upstream flow rate being dif-
ferent during each time period. As mentioned earlier,
total management period is three days, with the daily
inflow pattern being same on all the three days. Thus,
this optimization problem involves four decision vari-
ables, Q4 for k = 1 to 4. Other data concerning the
channel geometry, tidal variation, and pollutant charac-
teristics are the same as given earlier. Numerical runs for
optimal release pattern are carried out for five different
pollutant loading rates: 1500, 2000, 2500, 3500 and 4500
mg/L. Table 4 shows the optimal release pattern ob-
tained using the management model developed in this
study for both tidal and non tidal flow scenarios. As de-
scribed in the earlier section, this problem is also solved
assuming that the rate of upstream release is constant
throughout the day. The total volume of water released
from the upstream reservoir to maintain the water quality
over a period of three days, obtained for the case of con-
stant upstream release is compared with that obtained for
the case of varying upstream release. It can be observed
from Figure 8 that water required for maintaining the
river water quality can be reduced by temporally varying

the optimal rates of upstream release is insignificant
when the downstream condition corresponds to a non-
tidal boundary. Consequently, for the case of non-tidal
boundary condition, the difference between optimal total
release volumes obtained 1) assuming temporal variation
in release rates; and 2) assuming constant release rate, is
insignificant (Figure 8).

It may be possible to achieve further savings in use of
water for dilution by increasing the number of release
intervals i.e., by increasing M in the management model.
This aspect is evaluated by making five different nu-
merical runs of the management model with M =1, 2, 4
and 6 and 8, for two pollutant loading rates of 1500 mg/L
and 2000 mg/L. Figure 9 shows the optimal upstream
release volume obtained as a function of the number of
time intervals (in a day) for varying the upstream release.
It can be observed from Figure 9 that the total amount of
water required for maintaining water quality over the

Table 4. Optimal release values under uniform and tidal
boundary conditions.

Upstream release (Qge:)

BOD Loading (m’/s) Release over three

. . . . 6 3
the upstream releases to match with the tidal variation at rate (mg/L) e
the downstream end. For example, it is required to re- Tl 19 1l 166 167 3
lease 78 Mm’® of water in three days in order to keep the 1500 1 ’
DO levels in the river above the minimum value of 5.0 Uniform 197 199 197 198 51.3
mg/L if the upstream release is kept constant throughout, Tidal 224 225 234 239 59.7
and the BOD loading rate is 3500 mg/L. On the other 2500
.- . & g 3 Uniform 293 293 294 293 76
hand, it is required to release only 76 Mm’ of water when
the upstream releases are varied temporally. The volume 3500 Tidal 284 298 293 302 76.2
of water saved by resorting to time varying release pat- Uniform 368 368 368 368 95.3
tem.shO\.Ns an increasing trend as the rate of pollution Tidal 334 341 343 358 %9 1
loading increases (Figure 8). It can also be observed 4500 '
from Table 4 that, as expected, the temporal variation in Uniform 440 440 440 441 1141
1257
1157
Z 10
[=]
*3 951
2 s
g ]
=
B
o 15 ]
£
2
S 65
557 —* Tidal Single —®Tidal 4 Steps
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Figure 8. Optimal released over the management period.
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management period reduces as the number of release
intervals M increases. This indicates that water can be
saved by reducing the rate of upstream release more fre-
quently, depending on the tidal level. Higher release rates
are required only during the low tide.

In all the cases discussed so far, T} (duration of time
for which a particular rate of release is maintained) is a
constant for all £ and is equal to 24/M hours. It is tested
here whether it is possible to obtain a better optimal solu-
tion if T}s are also considered as decision variables. In
the example problem illustrated here, it is assumed that
the day is divided into four (M = 4) unequal intervals and
the rate of release is different during each of these inter-
vals. The number of decision variables is eight in the
optimization problem. This problem is solved for two
pollutant loading rates of 1500 mg/L and 4500 mg/L, and
the results are presented in Table 5. It can be observed
from Tables 4 and 5 that there is a further marginal im-
provement in optimal results i.e. minimization of water
required for maintaining the water quality by taking the
time interval also as a decision variable.

4.4. Water Quality Management in Adyar
River

An attempt is made to use the single objective optimiza-
tion model for evaluating several alternative strategies
for maintaining water quality in Adyar River through
optimal release of water from an upstream environmental

@ 55 »

2 "")K-... ...*00..*

=) .

= 50 L

g

g 454—p——a————— ... & 1500
< 9.9

[ T o O~ 0 3 CCTLTH 2000
E V7 6 3

S Number of release Intervals (M)

Figure 9. Optimal total release volumes as a function of
number of intervals for varying the release rate.

Table 5. Optimal solution with Ty also as decision variables.

Release Loading rate (mg/L)
Interval 1500 4500
OptimalValue Optimal Qg Optimal Optimal
of T} (hr) (m’/s)  Value of Ty (hr) Qg (m¥/s)
I 7.04 154.5 5.63 331.7
I 7.01 153.6 5.54 338.2
1II 7.06 167.0 5.49 334.0
v 2.89 166.6 7.34 357.9

Total Volume

(*10° m’) 41.30 88.6
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reservoir. Although attempts have been made to calibrate
the simulation model, the calibration can be considered
only partial because complete flow, cross-sectional and
depth data are not available. The results presented in this
section should be viewed only as planning level results
for comparing several strategies to maintain water quality
in the Adyar River. The river receives a sizeable quantity
of sewage after reaching Nandambakkam near Chennai.
The total amount of sewage produced in Adyar river ba-
sin is about 96.4 Million Liters per Day (MLD). Out of
this 77.0 MLD is treated (from 350 mg/L raw sewage to
10 mg/L after treatment) at Nesapkkam Sewage Treat-
ment Plant (STP) (23 MLD) and Perungudi STP (54
MLD). The remaining 19.4 MLD is supposed to be dis-
charged to the river untreated. On the other hand, based
on the average amount of water supply to the basin area
(i.e. 135.0 LPCD), the amount of sewage produced in
Adyar river basin is expected to be 132.7 MLD. Based
on this figure and the total amount of treated sewage (i.e.
77.0 MLD), there is an amount of 55.7 MLD untreated
sewage that could make its way to Adyar river. In this
work, we considered that, this amount of sewage with the
specified BOD concentration of 350 mg/L is released in
to the river system at five prominent sewage effluents
outlet points (i.e. Chennai bypass, MIOT Hospital, Sida-
pet near Parsan Nagar, Kotturpuram bridge and green
way road) which are located at 10, 14, 19, 20 and 25 km
from upstream end. The sewage after treatment is re-
leased in the lower river catchment near Kasi Bridge in
the industrial area.

The river is almost stagnant except during the rainy
season. The river has varying depth with approximately
0.75 m in its upper reaches and 0.5 m in its lower reaches.
It discharges about 190 to 940 million m® water annually
to the Bay of Bengal [24], which is —6.02 m®/s to —29.8
m’/s. The peak discharge is about, 200 m?/s, which is 7 to
33 times more than the annual average during the North
East monsoon season between Septembers to December.
The river is sub divided into three segments based on
their overall concentration ranges of dissolved gases and
inorganic nutrients (Table 6). In this work we considered
lower basin, where the BOD loading is high and the DO
is worst. During low flow periods (February and August)
the development of a sand bar across the mouth of the
estuary due to monsoon-driven long shore drift typically
reduces the tidal range from —0.6 m to —0.2 m [25]. This
explains that the dissolved O, in the lower catchments
and estuary must be replenished mainly via air-sea gas
exchange and the importance of the tidal flow.

4.5. Optimal Upstream Reservoir Release

Several management strategies are suggested to maintain
the water quality of the river to a minimum DO standard
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Table 6. Mean concentrations of dissolved oxygen data, salinity in the three Adyar river segments [25].

DO Saturation %

Distance From source(km) vﬁzf;a(%z ) Salinity mg/L 2003 2004
Aug Oct Dec Feb May Sept Dec
0-14 114.3 04-1.0 79 62 98 87 58 97
14 -26 175 09-1.9 38 22 7 23 25 6
26 -42 200 4-33.7 89 77 67 35 83 30
of 5 mg/L, assuming the creation of an upstream reser- 5. Summary

voir in the future, and based on the total estimated sew-
age effluent discharged into the river and the capacity of
existing treatment plant. The first option is to operate the
existing sewage treatment as it is now and use an up-
stream reservoir release for dilution. The second is to
treat the entire sewage discharged in to the river system
to 50%, 75% and 97% removal of BOD, and then use
upstream reservoir releases. In these options, it is as-
sumed that a constant rate of upstream release is main-
tained, and the interest is to determine the minimum rate
of upstream release that is required. The respective opti-
mal upstream reservoir releases to meet a DO standard of
5 mg/L in the Adyar River under a given treatment level
of the sewage effluent are presented in Figure 10. In the
first scenario, an upstream release of 116 m*/s is required
to maintain the river water quality, compared to the ex-
isting 10 m’/s lean flow rate. This means an extra 106
m’/s of release from upstream reservoir needs to be ob-
tained. On the other hand, if all the sewage is treated for
97% of BOD removal, one would require only 82 m’/s of
in-stream flow. If we reduce the effluent concentration to
its 75% and 50% of raw strength, we need 78 m*/s and
84 m’/s extra upstream environmental releases to main-
tain the stream water quality to 5 mg/L, respectively. The
simulated DO profile plots for the respective cases of
treatment are presented in Figure 11. The DO levels in
all the cases are above the minimum DO standard speci-
fied to be maintained in this work.
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Figure 10. Upstream reservoir releases on Adyar River.
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In this study, a simulation-optimization model is pro-
posed for the management of water quality in a tidal river
using releases of water from an upstream environmental
reservoir. In the proposed management model, a com-
plete hydrodynamic model for transport of BOD and DO
in a tidal river is linked to Simulated Annealing (SA)
algorithm for optimization in a simulation-optimization
framework. The boundary conditions correspond to a
temporally varying water releases at upstream end and
temporally varying water level at the downstream end.
The performance of the proposed methodology is evalu-
ated for an illustrative river and for Adyar River in
Chennai, India. Application of the management model
has shown that significantly less amount of upstream
water release is required to maintain the DO standard in a
tidal river as compared to that in a corresponding
non-tidal river. It is demonstrated that it is possible to
reduce the amount of water released to maintain the wa-
ter quality by resorting to a time varying release policy,
wherein the rate of upstream release is different during
different time durations, in accordance with the tidal lev-
els. It is found that more savings in water can be
achieved by allowing for more changes in the rate of
upstream release during a day. The proposed model will
be helpful in arriving at best water release policy for
maintaining water quality in tidal rivers for given tidal
variation and pollutant loading. The results presented
here are meant only for illustrative purpose. They do not
establish the range of validity of the management model.

6 -
—+—— 0.97 treated
—=— 0.75 treated
—— 0.50 treated
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Figure 11. Simulated DO profiles for given treatment levels.

JWARP



162

M. Z. BELAYNEH ET AL.

Also, the applicability of the proposed methodology is
limited by the assumptions on which the simulator is
based. The simulation model should be modified to take
into account the effect of spatially and temporally vary-
ing salinity on the mixing process for the contaminant.
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