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ABSTRACT 
 

Maintenance of the water treatment plant is equally important as constructing water 
treatment plant. In developing countries, maintenance and operation of the water treatment 
plants are not given the necessary importance. In this study the Dynamic Programming 
algorithm for functional design of water treatment system was developed based on the norms 
recommended by the Indian Central Public Health and Environmental Engineering 
Organization manual. A medium size water treatment plant with a capacity of 27.5 million 
litres per day capacity was considered for case study. The basin performance was evaluated 
from the performance of the slow mix unit of water treatment plant. Sensitivity coefficients 
were calculated for different output parameters by effecting modest changes in the input 
design parameters. The model developed was found to be stable. This study helps in 
identifying the crucial parameters in a complex water treatment system and in deciding a 
broad operation policy with respect to maintenance of the system. 

Key Words : Operation and maintenance, Sensitivity Analysis, Sensitivity 
coefficients, Water Treatment Plants 

 
Notations 
CPHEEO = Central Public Health and 
Environmental Engineering Organization. 
D  = diameter of sand grain; 
DSC = Dimensional Sensitivity Coefficient  
ES = effective size;   
FR = Filtration rate; 
g = acceleration due to gravity; 
GR  = velocity gradient in Rapid mix unit; 
GS = velocity gradient applied in the 
flocculation unit; 
H = increase in head loss at the end of ‘t’; 

L = depth of sand layer; 
n = coefficient that identifies sedimentation 
basin performance; 
Neff = removal efficiency of sedimentation  
basin;  
Pc = removal efficiency of filters 
RC = coefficient that groups FR, d, H, SSSED-e 
SA = Sensitivity Analysis 
Sg = specific gravity of floc particles;  
SOR = surface overflow rate; 
SSFR-e = effluent suspension concentration of 
filter unit; 
SSFR-i = influent suspension concentration to 
filter; * Author for correspondence 
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SSRAW = influent particles concentration; 
SSSED-e = effluent suspended solids 
concentration, sedimentation unit;  
SSSED-i = influent suspended solid 
concentration, sedimentation tank; 
t = time of filter run; 
TR = time of mix in Rapid mix unit; 
TS  = time of mix in the flocculation unit; 
U = Variate (measure of the clogging 
process); 
UC = Uniformity coefficient; 
VS = settling velocity  
WTP = Water Treatment Plant 
Y = coefficient that groups FR, D, and t; 

INTRODUCTION 
In developing countries like India, good 

conventional Water Treatment Plants are 
constructed using the latest guidelines and 
excellent designs. Recently great importance 
is being given to rehabilitate the existing 
water supply system to cater to the needs of 
ever growing population. Traditionally the 
source for the water supply is surface water 
even though ground water as source for 
villages is not rare.  

Water treatment plants 

Water treatment plant (WTP) is a 
complex system, which demands proper 
attention during design, construction as well 
as maintenance phase. Most of the time, 
contact filtration is followed after by-passing 
other important units. A Water Treatment 
Plant should be designed to produce a 
continuous supply of safe drinking water 
regardless of raw water quality. Since the 
pivotal purification process is filtration, all 
pre-treatment unit processes should be 
designed and optimized to maximize the 
efficiency of filtration process. Water 
treatment system design tends to be 

conservative when designed on an individual 
unit by unit basis. The above shortcoming 
could be overcome to a large extent by 
integrated design of treatment plant. The 
main difficulties with the maintenance of 
Water Treatment Plant are: 

(i) Sufficient numbers of qualified and 
trained manpower are not available to 
maintain the Water Treatment Plants. 

(ii) The municipality cannot afford to 
appoint a Chemist. 

(iii) Often the Engineer in-charge of the plant 
is also responsible for other civil 
Engineering activities in the urban sector 
and maintenance of Water Treatment 
Plant is given least importance. 

(iv) The difficulties are also compounded by 
the fact, that the maintenance of the plant 
is a multidisciplinary activity.  

(v) The operators involved in day to day 
maintenance are not motivated and 
properly trained. 

Further the importance is given to the 
quantity of water supplied and not the quality 
of supply by the municipalities. Erratic 
power supply is also a cause of concern 
which will have ill-effect on the chemical / 
biological process of Water Treatment Plant. 

Optimum functioning of the system can 
be achieved by improving the maintenance 
of the system. In spite of the above 
constraints, best possible result is to be 
obtained with the available resources. In 
addition to cost reduction of water treatment 
plants, many other components will also be 
sensitive in the performance of system. The 
practicing engineers are facing difficulties in 
regular maintenance of the water treatment 
plants. Engineers will greatly be benefited, if 
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some important parameters are identified so 
that extra care shall be taken during design 
and maintenance process. Sensitivity 
analysis is one of the tools available for 
identifying such parameters.  
Sensitivity Analysis 

Sensitivity Analysis (SA) is the study of 
how the variation in the output of a model 
can be apportioned, qualitatively or 
quantitatively to different sources of input 
design parameters1,2. To understand the 
behaviour of the system and to assess the 
components which are sensitive, sensitivity 
analysis is conducted. Sensitive coefficient is 
the derivative of the model output variable 
with respect to input variable. Sensitivity 
coefficient can be expressed in the form of 
Dimensional Sensitivity Coefficient (DSC). 
DSC is the ratio of change in output 
parameter to the change in input parameter3. 

Sensitivity Analysis on Water Treatment 
Plants 

Water treatment plants are designed for 
steady state conditions. However the influent 
(raw water quality) may exhibit wide 
variance. A practical approach to analyze 
variable situation is to conduct sensitivity 
analysis of the optimum design by varying 
key system parameters. This kind of study 
helps in identifying a set of parameters on a 
qualitative basis. During maintenance of the 
treatment plant, various output parameters 
can be measured and analysis conducted. In 
evaluating flocculation process, Mhaisalkar 
et al.4 performed sensitivity analysis on the 
optimal design of conventional water 
treatment plant. Mirsepassi5 conducted sen -

sitivity analysis to decrease the number of 
inputs during Artificial Neural Network 
modelling for controlling coagulant dosage. 
Studies have been made to analyze a unit of 
WTP by sensitivity analysis4-6.  
Modelling water treatment plant Water  
Treatment Systems 

Surface water generally contains large 
quantities of suspended impurities and the 
load on treatment units is increased during 
rainy season. Most of the researchers have 
advocated the use of particle size distribution 
in modelling of WTP. The model developed 
by Central Public Health and Environmental 
Engineering Organization (CPHEEO) man -
ual7 is used for performing sensitivity 
analysis and the input considered for 
Dynamic programming is suspended solids. 
Suspended solids have been considered4 as a 
surrogate parameter (as against turbidity, pH, 
colour, alkalinity, coagulant dosage etc.,) to 
indicate the effectiveness of a water 
treatment plant. Design problems have been 
solved using dynamic programming and 
simplified process models for flocculation 
and sedimentation with mono dispersed 
particle suspension. Dharmappa8 noted that 
some of the theoretical studies showed that 
non-specific parameters like suspended 
solids, colour and turbidity are grossly 
inadequate for characterising treatment 
process because there is wide difference in 
particle size of non specific parameters and 
specific parameters (algae, protozoa, 
bacteria, fulvic acids, humic acids, sand, silt 
etc. The size ranges of specific, non specific 
parameters and particle removal by different 
treatment process have been evaluated. 
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Controlling suspended solids (<100 µm) will 
result in 100 % removal of algae (<100 µm), 
protozoa (<100 µm), bacterial flocs (<100 
µm). Further coagulation / flocculation (<10-

4 µm) will ensure 100 % removal of organic  
debris (<100 to 10-1µm), silt (10-1 to 10 µm) 
and sand (<100 to 10-1 µm). Hence, 
suspendedsolids are considered as an 

evaluation parameter for analysis of water 
treatment plant. 
Modelling Water Treatment Plant  
The mass concentration of suspended solids 
has been used as a parameter to indicate the 
effectiveness of the system at various stages of 
treatment. The decision and design variables 
used for design of various units of a WTP are  

Table 1 : Decision and design variables for water treatment plant 

Units Decision Variable Range Plant design 

Rapid mix unit 
Velocity Gradient (GR) 
Time of Mix (TR) 

300-900 Sec-1 
20-60 Sec 

300 Sec-1  
60 Sec 

Slow Mix unit 
Velocity Gradient (GS) 
Detention Time (TS) 

10-75 Sec-1 

10-40 min 
60 Sec-1  
30 min 

Sedimentation  Surface Overflow Rate (SOR) 10-40 m3/m2/hr 
 

30 m3/m2/hr 
 

Rapid sand filter Filtration Rate (FR) 4.8-6.0 m/hr 4.85 m/hr 

 
presented in (Table 1).  The components of 
the water treatment plant considered are 
Rapid mix (flash mix), Clariflocculator (slow 
mixer and sedimentation tank), filters and 
disinfection units. In Rapid mix unit, mass 
balance on the suspended solids leads to the 
effluent particle concentration after addition 
of the alum coagulant4-9. 

Increase in suspended solids 
concentration due to addition of coagulant is 
considered. Assuming that no settlement of 
floc particles occurs in flocculation basis, the 
concentration of suspended solids in the 
effluent would remain unchanged, however 
the size of the flocculation particles increases 
due to inter-particle contact brought about by 
applied velocity gradient. The floc size is 
estimated through an empirical model which 

assumes that flocs of uniform size are 
formed.  
DFLOCP = 26.88 GS -0.91…………………(1) 

Where,  
GS=velocity gradient applied in the 
flocculation unit; and  
TS = time of mix in the flocculation unit. 
Sedimentation basins are generally designed 
on the basis of the surface overflow rate, 
which is a parameter related to settling 
velocity of the suspended particles. 
Accordingly, settling velocity (VS) of the 
floc particles is determined using Stoke’s or 
Hazen’s equations, depending on Reynolds 
number7. Approach for estimating the effect 
of currents was elaborated10. Thus, 
mathematically, the efficiency (ratio of 
particles removed in the basin to the initial 
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quantity of particles in suspension) of 
suspended particles removal in a 
sedimentation unit can be expressed as 

n
1 - 

S
eff (SOR)

V
n 1 - 1  N 










……………(2)
  
The suspended solids concentration in the 
effluent from the sedimentation unit SSSED-e 
can be estimated as  
 
SSSED-e= SSSED-i (1.0 − Nef f) 
                                             ……………(3)
                                     
Where, Neff = efficiency of sedimentation 
basin; SOR = surface overflow rate; n = 
coefficient that identifies basin performance 
(n is assumed 0 for best possible 
performance, and 1.0 very poor 
performance); and SSSED-i = influent 
suspended solid concentration.  
Performance prediction model for filtration 
unit is developed as under. 
Filtration time ‘t’ in hours is equated to the 
degrees of freedom ‘v’ i.e. 1 hr = 1 degree of 
freedom. The variations such as filtration 
rate (FR), diameter of sand grain (D) and 
filter run time (t) can be grouped into a 
single terms ‘Y’ as under 

tDFRY 62.029.0725.0 ………………..(4)  
Where, FR = Filtration rate; D = diameter of 
sand grain [0.5 X ES (1 +UC)]; t = filter run 
time; ES = effective size; and UC = 
uniformity coefficient.  
Similarly the variable head loss at time ‘t’  
sand size, filtration rate and the filter influent 
suspension concentrations have been 
grouped into a single term ‘RC’ 

iFRSSFR
HDRC



2.1

5.255.4  

                                  ……… …………(5)  
Where,   
H= increase in head loss at the end of ‘t’; and 
SSFR-i = influent suspension concentration to 
the filters    
 
 The Variable RC can be evaluated as  
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‘U’ is considered as the measure of the 
clogging process, correlated to the specific 
deposit under practical conditions, which is 
evaluated as  
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Where, L = depth of sand layer; and Y = 
variable that groups FR, D and t.  
The cumulative probability Pc (removal 
efficiency) = (SSFR-i – SSFR-e) / SSFR-i at any 
time t can be estimated mathematically as 
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Or the probability ‘Pc’ could be read from the 
cumulative table of chi-square distribution. 
The suspended solids concentration in the 
effluent from the filter unit can be estimated as  
 
SSFR-e = SSFR-i (1.0 − Pc)………(9)  
 
where SSFR-e = effluent particles concentration 
at the end of treatment. 

MATERIAL AND METHODS 
Field data was collected from a water 

treatment plant situated at Udupi (a coastal 
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town in Karnataka state, India). The monthly 
average values of suspended solids of raw 
water varied from 32.89 to 156.56 mg/l. 
Since very low suspended solids was 
observed during non rainy season (<15 mg/l) 
the data was collected during monsoon 
period only. All the samples were analysed 
in the laboratory located in the water 
treatment plant site. 

The plant has a design capacity of 27.5 
million litres per day. Water samples at 
source and at various locations of treatment 
plant were collected to arrive at suspended 
solids concentration. The WTP considered 
for study comprises of Aeration unit, 
Parshall flume, Alum and Lime dosing unit, 
Rapid mix, Slow mix and Sedimentation 
tank (Clariflocculator), Rapid sand filters and 
chlorination units. The plant is designed for a 
population of 210,000 (For the year 2026). 
Equations (1) and (2) were used along with 
influent and effluent values of suspended 
solids of rapid mix unit, clariflocculator 
(slow mix unit and sedimentation tank) to 
arrive at the value of ‘n’, the coefficient that 
identifies the basin performance. The 
performance of the rapid sand filters were 
checked using equations (4)-(9), influent and 
filtrate quality. 

RESULTS AND DISCUSSION 
Dimensional sensitivity coefficients of 
Water Treatment Plant 

In this study, sensitivity analysis was 
performed on the optimal design parameters 
over a reasonable range to determine the 
design response to changes in values of  

decision variables. For the purpose of 
sensitivity analysis, each decision variable 
was varied over a range of values on either 
side of the design value. The upper limit and 
lower limits have been considered as per 
design variables of water treatment plant 
(Table 1). Dimensional Sensitivity Coeff -
icients were calculated for  clariflocculator 
and filter outputs, for different input 
parameters. Using the equations (1) to 
(9)various output parameters of the water 
treatment plant have been arrived. The effect 
of variations in the raw water characteristics, 
plant inflow (SOR), velocity gradient, filter-
run time and filtration rate on the stability of 
the optimal solution is analyzed and 
presented in (Table 2) Values. Similarly 
sensitivity analysis is calculated for all the 
input parameters and is presented in         
(Table 2). 

Sample row calculations 

Base value for raw water suspended solids (SS 
RAW)  = 80 mg/l 
Input variable for raw water suspended solids 
(SS RAW) = 40 mg/l 
Output parameter for when SS RAW is 80 mg/l 
  = 23.029 mg/l 
Output parameter for when SS RAW is 40 mg/l  
  = 12.184 mg/l 
DSA = change in output parameter/change in 
input parameter  

[(23.029-12.184) / 
(80-40)] X 106  = 
 271125 

 
As the influent suspended solids 
concentration in raw water increased (from 
40 mg/l to 120 mg/l), effluent suspended 
solids from the clariflocculator and filter 
proportionately increases. The head loss in 
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Table 2. : Results of sensitivity analysis of WTP, Udupi 
 

INPUT 
 [units] 

Design  
variable of 

WTP 

Input 
Parameters Output Parameters Dimensional Sensitivity Coefficients (*106) 

Clariflocculators Filters 
Base 
value 

Input 
variable 

DFLOC 
[mm] 

SSSED-e 
[mg/l] 

Head 
Loss[m]

SSFR-e 
[mg/l] 

DFLOC 
[mm] 

SSSED-e 
[mg/l] 

Head 
Loss [m] SSFR-e [mg/l] 

SSRAW 

 [mg/l] - 80 

40 0.000648 12.184 0.994 1.3524  271125 22115 30093 
60 0.000648 17.606 1.437 1.9542  271150 22100 30094 
80 0.000648 23.029 1.879 2.5561     

100 0.000648 28.451 2.322 3.1579  271100 22150 30092 
120 0.000648 33.874 2.765 3.7598  271125 22140 30093 

GS [S-1] 10 - 75 60 

30 0.001217 3.376 0.276 0.3747 19 655100 53433 72713 
40 0.000937 8.644 0.706 0.9594 14 719250 58650 79835 
60 0.000648 23.029 1.879 2.5561     
65 0.000602 26.724 2.181 2.9662 09 739000 60400 82020 
70 0.000563 30.221 2.466 3.3544 09 719200 58700 79830 

SOR 
 [Cum/sqm/day] 10 - 40 30 

20  14.127 1.053 1.568  890200 82600 98800 
25  18.760 1.531 2.082  853800 69600 94800 
30  23.029 1.879 2.556     
35  26.901 2.195 2.986  774400 63200 86000 
40  30.392 2.480 3.373  736300 60100 81700 

FILTER RUN TIME 
[hours] - 14.5 

10   1.277 1.417   133778 253111 
12   1.544 1.904   134000 260800 

14.5   1.879 2.556     
17   2.215 3.241   134400 274000 
20   2.619 4.094   134545 279636 

FILTRATION RATE 
[m/hour] 4.8 - 6.0 4.85 

4.8   1.850 2.544   580000 240000 
5   1.967 2.590   586667 226667 

4.85   1.879 2.556     
5.5   2.270 2.701   601538 223077 
6   2.586 2.806   614783 217391 
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filter increases from 0.994 to 2.765m.  The 
suspended solids concentration in the filtrate 
increases from 1.35 to 3.76 mg/l. During 
monsoon the average suspended solid 
concentration is about 80 mg/l and the 
filtrate quality arrived at as per the model 
developed is 2.56 mg/l. Taking this as base 
value, the corresponding variation in the 
filtrate change within a range of ± 1.2 mg/l 
The performance of the clariflocculator and 
overall performance of WTP was found to be 
sensitive when raw water suspended solids 
decreased to 60 mg/l from the base value of 
80 mg/l. The headloss was found to be 
sensitive when input suspended solids 
concentration was 100 mg/l. When velocity 
gradient was changed from 60 to 65, the 
diameter of floc formed, effluent from 
clariflocculator, head loss in filters and 
effluent from Rapid Sand filters were found 
to be sensitive. When the surface overflow 
rate was varied from base value 30 
cum/sqm/day to 20 cum/sqm/day the output 
obtained was observed to be sensitive to all 
the three output parameters verified. When 
the model is simulated by increasing the 
filter run time from the design value of 14.5 
to 20 hours, the head loss and filtrate quality 
was observed to be sensitive. The last 
parameter examined in this analysis was 
filtration rate in filters. Head loss in filter 
was found to be sensitive when filtration rate 
was changed from base value of 4.85 m/hour 
to 6 m/hour. The effluent concentration of 
suspended solids from filters was found to be 
sensitive when the filtration rate was reduced 
to 4.8 m/hour. 

CONCLUSION 
In the study on water treatment 

sensitivity, five input parameters (raw water 
characteristics, velocity gradient, SOR, filter-
run time and filtration rate) and 14 output 
parameters (clariflocculator and filter 
outputs, for different input parameters) were 
analyzed to arrive at sensitive parameters. It 
is observed that when velocity gradient was 
65 S-1; SOR was 20 cum/sqm/day and filter 
run time was 20 hours, the output obtained 
were sensitive. The following parameters 
were found to be sensitive.  

 Lower filtrate quality is observed when 
influent is 40 mg/l, higher DSC value is 
seen when input value is 60 mg/l. The 
performance of the clariflocculator and 
overall performance of filter was found 
to be sensitive when raw water suspen-
ded solids was 60 mg/l. The head loss in 
filter was found to be sensitive, when 
input suspended solids concent-ration 
was 100 mg/l. 

 When velocity gradient was changed 
from 60 to 65 S-1, the diameter of floc 
formed, effluent from clariflocculator, 
head loss in filters and effluent from 
Rapid Sand filters was found to be 
sensitive. When the surface over 
overflow rate was increased from 20 to 
40 cum/sqm/day, it was observed that the 
final filtrate quality slowly raise from 
1.57 to 3.37 mg/l. When surface 
overflow rate was 20 cum/sqm/day the  
output obtained was observed to be 
sensitive to all the three output 
parameters verified (viz., Clarifloc- 
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culator effluent, headloss in filters and 
filter effluent). 

 When the model was simulated by 
increasing the filter run time from the 
design value of 14.5 to 20 hours, the 
head loss and filtrate quality was 
observed to be sensitive.  

 Lower filtration rate results in better 
filter output. Sensitivity coefficients do 
not behave in this manner. Head loss in 
filter was found to be sensitive when 
filtration rate was changed from base 
value of 4.85 m/hour to 6 m/hour. The 
effluent concentration of suspended 
solids from filters was found to be 
sensitive when the filtration rate is 
reduced to 4.8 m/hour. 

Major Benefits of this Analysis 

Overall in the present study, sensitivity 
analysis of water treatment plant is carried 
out and from this study, typical sensitive 
parameters are identified. From this study, it 
is observed that when velocity gradient was 
65 Sec-1; SOR was 20 cum/sqm/day and 
filter run time was 20 hours, the output 
obtained were more sensitive with respect to 
treatment plant This is a very important 
observation and helps in proper 
rehabilitation/ improvements/ operation and 
maintenance of a water treatment plant. 
Hence this study is highly relevant in present 
day context. 

Limitations of this study 
This model considers physical quality of 

the suspension (i.e. suspended solids) and 
does not take into account the changes in 

chemical parameters like pH, alkalinity and 
variations in addition of coagulants. 
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