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�
Residual decay generally follow

s first order 
reaction 

  
 

C
t  =

 concentration at tim
e t 

 
C

o  =
 initial concentration 

 
k =

 residual decay coefficient 
 

t  =
 decay tim

e in days 

�
C

alculate decay coefficient (k) from
 

experim
ental data using reaction equation  

�
D

ecay m
odels developed using identified 

coefficients for free chlorine, total chlorine, 
and m

onochloram
ine 

 

R
esidual D

ecay in W
ater 

3 

kt
o

t
e

C
C

�
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�
D

ecay coefficient (k) contains 2 com
ponents 

�
k

t  =
 k

b  +
 k

w
 

�
k

w  - decay coefficient pipe w
all  

�
k

b  - decay coefficient bulk w
ater  

�
k

w  im
pacted by contact at pipe w

all and presence of 
biofilm

s, deposits, corrosion m
aterials 

�
k

b  affected by dem
and-causing substances in distribution 

system
 (w

ater quality) 
�

k
t  dependent on w

ater quality and pipe conditions, site 
specific 

D
ecay C

oefficients 

4 
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�
Initial residual concentration 

�
E

quilibrium
 reactions 

�
Residual half-life 

�
W

ater tem
perature 

�
W

ater pH
 

�
Presence of reducing substances 

�
W

ater age or residence tim
e 

�
S/V

 ratio (surface to volum
e ratio in pipelines, tanks) 

Item
s Influencing R

esidual D
ecay 

5 
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E
quilibrium

 reactions 
�

C
hanges residual concentrations based on pH

 and 
tem

perature variations 
�

Free chlorine 
�

H
ypochlorous acid (H

O
C

l) and hypochlorite ion (O
C

l -) rem
ain in 

solution, but their content m
ay change w

ith pH
 and tem

perature 
according to solubility relationships based on equilibrium

 chem
istry 

�
M

onochloram
ine 

�
E

quilibrium
 chem

istry can shift m
onochloram

ine levels by sim
ple 

pH
 and tem

perature changes 
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R
esidual half-life 

�
Residual reduces according to half-life reactions for the 
type of residual 
�

½
 concentration reduction each half-life 

�
Results in depletion over tim

e in distribution and storage 
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R
esidual half-life (free chlorine) 

R
2 =

 0.999
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H
alf-life changes 

about 3 tim
es w

ith 
10

oC
 tem

perature 
change
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W
ater tem

perature im
pacts 

�
G

enerally tw
o fold change k each 10

oC
 change in 

tem
perature 

�
A

ffects k and residual decay reactions 
�

Tem
perature affects type of free chlorine residual (H

O
C

l 
or O

C
l -) 

�
E

quilibrium
 im

pacts for free chlorine and m
onochloram

ine show
n 

earlier 

�
Increasing tem

perature increases auto-decom
position of 

chloram
ine residuals 
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W
ater tem

perature im
pacts 

R
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W
ater pH

 effects 
�

pH
 affects type of residual based on equilibrium

 
�

Free chlorine (H
O

C
l or O

C
l -) 

�
M

onochloram
ine balance w

ith am
m

onia and free chlorine 

�
D

ecay of system
 residuals dependent on pH

 level and type 
of residual 
�

pH
 levels above 8 slow

 auto-decom
position of chloram

ine residuals 
�

pH
 levels above 8 predom

inantly O
C

l - rather than H
O

C
l 
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W
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R
educing substances 

�
W

ater quality param
eters cause depletion of residual 

�
Iron, m

anganese, am
m

onia, sulfides, brom
ide, organic m

atter, 
nitrite, cyanide 

�
Reactions at pipe w

all cause depletion of residual 
�

Pipe D
eposits 

�
C

orrosion Reactions 
�

Biofilm
s 
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R
educing substances - D

O
C

 

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6
2.8
3.0
3.2
3.4
3.6
3.8
4.0

0
10

20
30

40
50

60
70

80
90

100
110

120

R
eaction T

im
e, hours

Free Chlorine Residual, mg/L

1 m
g/L 

D
O

C

3 m
g/L 

D
O

C



C
hlorine D

ecay M
odeling and W

ater A
ge Predictions 

15 

W
ater age / residence tim

e 
�

M
ost significant effects on residual decay 

�
E

xponent in first order reaction 
�

Longer residence tim
e reduces residuals 

�
M

ore reaction tim
e w

ith reducing substances 
�

M
ore decay reaction based on tim

e 
�

M
ore reaction w

ith pipe w
all m

aterials 
�

W
ater storage affects w

ater age and residence tim
es 

�
A

ffects w
ater tem

perature variations in storage tanks 
�

W
ater tem

perature im
pacts given earlier 

�
Stagnant w

ater conditions erode residual concentrations 
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S/V
 ratio 

�
A

ffects volum
e of w

ater reacting w
ith pipe w

all or tank w
all 

�
Sm

aller diam
eter increases bulk volum

e of w
ater contacting pipe 

surface 
�

Increases residual decay (k
w ) 

�
A

ffected by flow
 velocity 

�
Increased Reynolds num

ber increases residual decay (k
w ) 

�
A

ffects volum
e to surface area ratio in pipelines increasing decay 

(k
w ) 
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Flow
 velocity effects 
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E
xperim

ental D
ata C

ollection 
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E
xperim

ental D
ata C

ollection 
�

Representative sam
ple w

ith know
n residual concentration 

�
Plant tap collected for experim

ental evaluation 
�

Single sam
ple for entire test period 

�
M

ay need to spike sam
ple w

ith disinfectant for evaluation 
�

G
lass container, brow

n or am
ber 

�
Rinsed w

ith chlorine and lab w
ater to rem

ove dem
and on container w

all 
�

D
ried prior to decay evaluation testing 

�
Stored in dark conditions 

�
Sam

ple capped to sim
ulate pipe conditions 

�
N

o evaporation or off gassing 
�

M
aintained at room

 tem
perature or incubator controlled 
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D
aily observations 

�
Tim

e, tem
perature, residual concentration 

�
Record observations at nearly sam

e tim
e each day 

�
C

onduct decay testing until m
axim

um
 residence tim

e 
achieved 
�

E
stim

ate of w
ater system

 residence tim
e (8 days to 21 days 

com
m

on) 
   - O

R - 
�

U
ntil residual falls below

 0.2 m
g/L free chlorine or 1.0 m

g/L total 
chlorine 

�
Record observations for evaluation and k determ

ination 
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D
ata E

valuations 
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W
ater System

 A
 

�
Free chlorine decay for 8 days 
(m

ax residence tim
e) 

�
G

raph data in E
xcel™

 
�

Select scatter graph 
�

A
dd trend line to data points 

�
Select exponential graph type 

�
D

isplay equation and R
2 options 

�
D

eterm
ine decay coefficient 

(k) from
 equation 

 
 

     C
t =

C
o e (-kt) 

 

D
ay 0 

1.82 

D
ay 1 

1.37 

D
ay 2 

1.01 

D
ay 3 

0.76 

D
ay 4 

0.58 

D
ay 5 

0.42 

D
ay 6 

0.34 

D
ay 7 

0.24 

D
ay 8 

0.19 
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W
ater System

 A
 W
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W
ater System

 A
 W
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W
ater System

 A
 W

ater System
 A

y =
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R
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W
ater System

 A
 W

ater System
 A

y =
 1.800e

-0.284x

R
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C
hlorine D

ecay M
odeling and W

ater A
ge Predictions 

28 

W
ater System

 B
 

�
Total chlorine decay for 21 
days (depletion m

inim
ized) 

�
G

raph data in E
xcel™

 
�

Select scatter graph 
�

A
dd trend line to data points 

�
Select exponential graph type 

�
D

isplay equation and R
2 options 

�
D

eterm
ine decay coefficient 

(k) from
 equation 

 
 

    C
t =

C
o e (-kt) 

 

D
ay 0 

3.05 
D

ay 11 
2.20 

D
ay 1 

2.70 
D

ay 13 
2.15 

D
ay 3 

2.55 
D

ay 15 
2.05 

D
ay 5 

2.45 
D

ay 17 
2.00 

D
ay 7 

2.38 
D

ay 19 
1.95 

D
ay 9 

2.30 
D

ay 21 
1.90 
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W
ater System

 B
 W

ater System
 B

y =
 2.7835e
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R
2 =
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W
ater System

 C
 

�
Total chlorine decay for 19 
days (depletion m

inim
ized) 

�
G

raph data in E
xcel™

 
�

Select scatter graph 
�

A
dd trend line to data points 

�
Select exponential graph type 

�
D

isplay equation and R
2 options 

�
D

eterm
ine decay coefficient 

(k) from
 equation 

 
 

   C
t =

C
o e (-kt) 

 

D
ay 0 

3.6 
D

ay 12 
1.90 

D
ay 2 

3.3 
D

ay 14 
1.80 

D
ay 4 
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D
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D
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D

ay 18 
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D
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D
ay 10 

2.1 
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W
ater System

 C
 W

ater System
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R
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W
ater System

 D
 

�
Free chlorine decay for 15 
days (depletion m

inim
ized) 

�
Sam

ple spiked w
ith N

aO
C

l 

�
G

raph data in E
xcel™

 
�

Select scatter graph 
�

A
dd trend line to data points 

�
Select exponential graph type 

�
D

isplay equation and R
2 options 

�
D

eterm
ine decay coefficient 

(k) from
 equation 

 
 

   C
t =

C
o e (-kt) 

 

D
ay 0 

2.17 
D

ay 10 
1.23 

D
ay 1 

1.94 
D

ay 12 
1.12 

D
ay 2 

1.86 
D

ay 14 
1.08 

D
ay 4 

1.62 
D

ay 15 
1.07 

D
ay 6 

1.40 

D
ay 8 

1.34 



C
hlorine D

ecay M
odeling and W

ater A
ge Predictions 

33 

W
ater System

 D
 W
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y =
 2.0309e

-0.0493x

R
2 =

 0.9643

0.9
1.0 1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0
2.1
2.2
2.3

0
1

2
3

4
5

6
7

8
9

10
11

12
13

14

D
ecay Period, days

Free Chlorine Remaining, mg/L

T
em

p - 21 oC

Identified 
decay 

coefficient 
(k

b ) is 0.0493 



C
hlorine D

ecay M
odeling and W

ater A
ge Predictions 

34 

A
djustm

ent for T
em

perature V
ariations 
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W
ater tem

perature changes 
�

k changes by factor of 2 each 
10

oC
 change in tem

perature 
�

E
ach 1

oC
 changes k about 10%

 
�

Increasing tem
perature increases k 

�
D

ecreasing tem
perature decreases k 

�
C

alculate k at various tem
peratures 

to bracket range of w
ater 

tem
peratures experienced in 

distribution 

�
Initial experim

ental data System
 

B �
k =

 0.0196 @
20

oC
 

�
10

oC
 - 0.0098 

�
20

oC
 - 0.0196 

�
30

oC
 - 0.0392 
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W
ater tem

perature changes 
�

k changes by factor of 2 each 
10

oC
 change in tem

perature 
�

E
ach 1

oC
 changes k about 10%

 
�

Increased tem
p increases k 

�
D

ecreased tem
p decreases k 

�
C

alculate k at various tem
peratures 

to bracket range of w
ater 

tem
peratures experienced in 

distribution system
 

�
Initial experim

ental data System
 

B �
k =

 0.0196 @
20

oC
 

�
10

oC
 - 0.0098 

�
20

oC
 - 0.0196 

�
30

oC
 - 0.0392 

 

3
oC

 
0.0070 

13
oC

 
0.115 

4
oC

 
0.0073 
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oC
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5
oC
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oC
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10
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oC
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0.0225 
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Seasonal D
ecay V

ariations 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.00.0
0.5

1.0
1.5

2.0
2.5

3.0
3.5

4.0
4.5

5.0
5.5

6.0
6.5

7.0
7.5

8.0

W
ater A

ge, days

Free Chlorine Remaining, mg/L

10
oC, 

k=
0.142 

20
oC, 

k=
0.284 

30
oC, 

k=
0.568 



C
hlorine D

ecay M
odeling and W

ater A
ge Predictions 

38 

Seasonal V
ariations W

ater System
 C
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D
ecay M

odel D
evelopm

ent 
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D
ecay M

odel D
evelopm

ent 
�

U
sing k values established decay calculations are m

ade 
using first order equation 
�

k varies w
ith tem

perature (vlookup function in E
xcel™

) 
�

Bracket w
ater age 0 days to X

 days 
�

U
se typical initial residuals in plant effluent (t=

0) 
�

Bracket residual concentration variations 
�

Insert equations for each residual and w
ater age into table 

�
Table becom

es decay m
odel for individual w

ater system
s 

�
K

now
n w

ater age predicts residual at that location 
�

K
now

n residual concentration predicts w
ater age at that location 

�
Predict tap residuals needed to m

eet m
inim

um
 system

 residuals 
�

Tem
perature variations often illustrate loss of residual due to decay reactions 
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E
xam

ple D
ecay M

odel T
able 

C
hlorine D

ecay M
odel 

Tem
p, oC 

21 
  

  
  

  
  

  
  

  
  

  
  

  
  

  
  

k 
0.284 

  
  

  
  

  
  

  
  

  
  

  
  

  
  

  

  
Residence Tim

e, D
ays  

m
g/L Tap 

0.5 
1.0 

1.5 
2.0 

2.5 
3.0 

3.5 
4.0 

4.5 
5.0 

5.5 
6.0 

6.5 
7.0 

7.5 
8.0 

2.8 
2.43 

2.11 
1.83 

1.59 
1.38 

1.19 
1.04 

0.90 
0.78 

0.68 
0.59 

0.51 
0.44 

0.38 
0.33 

0.29 

2.7 
2.34 

2.03 
1.76 

1.53 
1.33 

1.15 
1.00 

0.87 
0.75 

0.65 
0.57 

0.49 
0.43 

0.37 
0.32 

0.28 

2.6 
2.26 

1.96 
1.70 

1.47 
1.28 

1.11 
0.96 

0.83 
0.72 

0.63 
0.55 

0.47 
0.41 

0.36 
0.31 

0.27 

2.5 
2.17 

1.88 
1.63 

1.42 
1.23 

1.07 
0.93 

0.80 
0.70 

0.60 
0.52 

0.45 
0.39 

0.34 
0.30 

0.26 

2.4 
2.08 

1.81 
1.57 

1.36 
1.18 

1.02 
0.89 

0.77 
0.67 

0.58 
0.50 

0.44 
0.38 

0.33 
0.29 

0.25 

2.3 
2.00 

1.73 
1.50 

1.30 
1.13 

0.98 
0.85 

0.74 
0.64 

0.56 
0.48 

0.42 
0.36 

0.32 
0.27 

0.24 

2.1 
1.82 

1.58 
1.37 

1.19 
1.03 

0.90 
0.78 

0.67 
0.59 

0.51 
0.44 

0.38 
0.33 

0.29 
0.25 

0.22 

2.0 
1.74 

1.51 
1.31 

1.13 
0.98 

0.85 
0.74 

0.64 
0.56 

0.48 
0.42 

0.36 
0.32 

0.27 
0.24 

0.21 

1.9 
1.65 

1.43 
1.24 

1.08 
0.93 

0.81 
0.70 

0.61 
0.53 

0.46 
0.40 

0.35 
0.30 

0.26 
0.23 

0.20 

1.8 
1.56 

1.35 
1.18 

1.02 
0.88 

0.77 
0.67 

0.58 
0.50 

0.44 
0.38 

0.33 
0.28 

0.25 
0.21 

0.19 

1.7 
1.47 

1.28 
1.11 

0.96 
0.84 

0.73 
0.63 

0.55 
0.47 

0.41 
0.36 

0.31 
0.27 

0.23 
0.20 

0.18 
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A
pplications for D

ecay E
valuations 
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A
pplications for D

ecay E
valuations 

�
D

efine residuals in areas that are not m
onitored 

�
E

valuate seasonal im
pacts to m

eet system
 residual 

requirem
ents 

�
D

efine problem
 areas in storage and pipelines w

here 
persistent low

 residuals exist 
�

E
xtended w

ater age due to lack of m
ixing 

�
D

iscover w
ater age issues w

ithin distribution system
 

�
M

atch decay evaluations w
ith hydraulic m

odeling 
�

Relate other w
ater quality issues in distribution 
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W
ater A

ge Predictions 
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W
ater System

 A
 (H

ydraulic M
odel) 

W
TP 

4 days  

4 days  

6 days  

2 days  

2 days  

4 days  

2 days  
Tank 

8 days  
4 days  

2 days  

8 days  

6 days  

4 days  
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W
ater System

 A
 (H

ydraulic M
odel vs. D

ecay) W
TP 

4 days  

4 days  

6 days  

2 days  

2 days  

4 days  

2 days  
Tank 

8 days  
4 days  

2 days  

8 days  

6 days  

4 days  

4.5 days  

7 days  
3.5 days  

2 days  
2 days  

8.5 days  

3.5 days  

5.5 days  
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�
N

orthern m
ost tank 

contributes significant w
ater 

age 
�

Total chlorine depleted less than 
1.0 m

g/L 
�

Study underw
ay for tank m

ixing 

 

W
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 B
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W
ater 

Plant 

0.5 days 

1.2 days 1.2 days 
1.2 days 1.2 days 

2.3 days 

4.5 days 

4.5 days 

22 days 

System
 

Storage 
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 C
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W
ater  

Plant 

W
ater  

Plant 

0.5 days 

1.3 days 

1.3 days 

2.2 days 

2.4 days 

0.8 days 

0.8 days 

1.4 days 

0.4 days 

1.2 days 

2.3 days 

4.5 days 

3.5 days 6.5 days 7.5 days 

6.5 days 

8.5 days 

9 days 

System
  

Storage 
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49 

W
ater System

 D
 -H

ydraulic M
odel vs. D

ecay 

6-8 
days 

6-8 
days 

>
10 

days 

6-8 
days 

6-8 
days 

6-8 
days 

8-10 
days 

8-10 
days 

<
2 

days 

4-6 
days 

4-6 
days 

W
TP 

7 days 7 days 

10 
days 10 

days 

11.5 
days 

3.5 
days 

7 days 6.5 
days 

System
 

Storage 

4.5 
days 
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