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Abstract—The Safe Drinking Water Act and its Amendments (SDWAA) may potentially limit each
individual species of THM compounds in water distribution systems since the health risks associated
with these species are not alike. A new approach to characterize and model the kinetics of THM
species using nonlinear optimization was introduced in an earlier study. The approach combines site-
specific water quality trends with stoichiometric expressions based on an average representative
bromine content factor of the source. This paper incorporates the proposed kinetic approach in a full-
dynamic water quality transport model. The model is capable of modeling chlorine, total THM, and
the four THM species in water distribution systems subjected to different varying loading conditions.
The model has been tested and verified by application to a portion of the Abu-Dhabi distribution
system in the United Arab Emirates. High levels of bromoform and bromine incorporation factors
were reported throughout the system. The quality trends of the bromide-rich desalinated water at the
source were transmitted to different locations in the network using the proposed modeling approach.
Overall agreement between the modeled and measured concentrations was reported. However,
deviations at distant locations from the source indicate the degradation in the bromine incorporation
factor under dynamic conditions and an increased tendency of the brominated THM compounds to
hydrolyze. The model represents a useful and robust numerical tool to water utilities attempting to
verify the SDWAA potential regulations regarding the THM species. © 2000 Elsevier Science Ltd. All
rights reserved
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INTRODUCTION

New restrictive rules for filtration of surface water
and maximum levels of total trihalomethanes in dis-
tribution systems are being imposed by The Safe
Drinking Water Act and its Amendments
(SDWAA). The new Disinfection/Disinfectants By
Products (D/DBP) rule addresses the possibility of
specifying maximum contaminant levels (MCL) for
each individual THM species since their health risks
differ significantly (Pontius, 1991, 1992). A study by
the US National Cancer Institute in 1976 indicated
that chloroform, a major component of THMs, is
an animal carcinogen and eventually a suspected
human carcinogen (Trussell and Umphres, 1978;
Tuthill and Moore, 1980). Bromoform and bromo-
dichloromethane were reported carcinogenic later
(USEPA, 1990; Bull and Kopfler, 1991). Under the
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new D/DBP rule, MCL of THM is lowered to 0.08
ppm instead of the previous limit of 0.1 ppm. Since
then, many incidents of violations have been
reported by municipal water systems.

It is clear that properly developed quality models
to simulate the temporal and spatial variations of
different substances in distribution systems can po-
tentially assist the utilities’ operators in abiding
with the new strict quality rules. A number of such
models have emerged during the last decade. They
were mainly developed to model the chlorine under
different dynamic conditions. Other substances,
characterized by reaction kinetics similar to chlor-
ine, can also be tracked using these models. Two
main approaches have been utilized in the quality
models; the time-driven method and the event-dri-
ven method. The time-driven method is Eulerian in
nature and moves the water between fixed-sized
volume segments in pipes as the clock time
advances in uniform increments. The event-driven
method is Lagrangian in nature and moves vari-
able-sized blocks or fronts through the network and
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updates the model conditions at the next event
when a block or front reaches a junction node.
EPANET (Rossman et al., 1993) is a dynamic qual-
ity model employing the time-driven approach. The
event-driven approach was first utilized by Liou
and Kroon (1987) and was later incorporated in
full dynamic models by Boulus (Boulus et al.,
1995). PICCOLO is another quality model, devel-
oped in France, that applies the event-driven
approach (Jarrige, 1993). This paper employs the
event-driven approach in modeling the substances
required for estimating the four species of THM in
distribution systems.

KINETICS OF THM AND THM SPECIES

A study conducted by the National Organics
Reconnaisance Survey (Symons et al., 1975)
revealed that four THMs; chloroform, bromodi-
chloroform, dibromochloroform, and bromoform,
exist in chlorinated drinking water in the United
States. The THM compounds develop in chlori-
nated water containing organic precursors, such as
humic and fulvic acids. It has been reported that
the relative contribution to the formation of THMs
by the humic fraction is greater than that of the ful-
vic fraction since humic acids react more readily
with chlorine (Babcock and Singer, 1979).

Even though it is well known that TTHM
increases with time, information about the reaction
mechanism of the formation of THM and its
species is still limited. A linear relationship exists
between chlorine consumption and the production
of THMs with a reaction order greater or equal to
unity (Kavanaugh et al, 1980; Trussell and
Umphres, 1978). Most dynamic quality models use
simple limited n-th order kinetic relation for the
THM formation. Clark er al. (1994) modeled
TTHM in the North Main water distribution sys-
tem as a conservative substance at the source. More
recently, Clark (1998) proposed a linear relationship
between THM formation and the chlorine demand
based on second-order reaction kinetics for the
chlorine.

THM evolution has been shown to be a function
of many water quality parameters, including the
total organic carbon, type of organic precursors,
pH of chlorination, temperature, UV light absor-
bance, bromide level, and reaction time (Amy et al.,
1987). A multiple-parameter power formula was
developed as a function of the above quality par-
ameters using nonlinear regression procedure. A
later study (Montgomery Watson, 1993) developed
similar relations for each individual species of THM
as a function of the same quality parameters. The
study reported that three databases were used in
developing and verifying these relations. The first is
called “AWWA D/DBP TAW (Technical Advisory
Workgroup)” where the data was collected by
Montgomery Watson in a 1990 AWWA-sponsored
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project entitled “Disinfection/Disinfectants By-Pro-
ducts Database and Model Project”. The second is
called “AWWA D/DBP TAW COAGULATION
DATABASE” where the data was collected during
a 1991 AWWA-sponsored project entitled “Effect
of Coagulation on the Formation of Disinfection
By-Products”. The third data base is called Univer-
sity of Arizona Database that was compiled in 1983
and 1984 including THM data from raw water
chlorination experiments conducted on samples
from nine different utilities across the country (Mal-
colm Pirnie, Inc. 1991). The quality parameters con-
sidered in the aforementioned relations have a
different influence on TTHM evolution based on
chlorine dosage and the bromide concentration with
respect to the organic content of the water. Bromo-
form has been reported to always increase with
time regardless of the chlorine dosage and the tem-
perature levels.

A recent study (Elshorbagy, 2000) models the
kinetics of the THM species under representative
extreme conditions employing the site-specific qual-
ity trends with stoichiometric expressions based on
an average representative bromine content factor
(BIF). BIF is a measure of the brominated species
content in TTHM that was earlier defined by
Gould et al. (1981) as follows:

EN[CHCIG_N )BI‘N]
Z[CHCIG,N )BI‘N]

BIF = (1)

The developed kinetic approach is utilized in the
current model and therefore its main steps are sum-
marized here. An average BIF at the source is esti-
mated first. Significant variations in BIF with time
can be handled by considering constant average
values of BIF discretized on a reasonable number
of selected time increments. The following pro-
cedures are then implemented at each calculated
time increment associated with a certain event in
the quality model:

e Chlorine is modeled using a first-order decay
equation

C(t+AI) = C(t) e(=kAn 2

where k accounts for both bulk and wall decay
coefficients as defined by Rossman et al. (1994).
The molar concentrations of TTHM ([TTHM]) is
modeled using a predictive regression equation
based on chlorine demand as follows:

[TTHM],4z) = [TTHM], + F*(Clysan — Cl)  (3)

e Bromoform is modeled using a first-order limited
growth relation as follows:

Br = (Br, — Bro)[l —e ] )

e Calculate S; corresponding to bromoform where
Sy (N =0, 1, 2, 3) are distribution factors corre-
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sponding to the four THM species and defined by
the equation:

_ [CHC1(3_N )BI‘N]

SV =" rEM] (N=0,1,2,3) (5

e Obtain Sy, S|, and S, by solving a nonlinear op-
timization problem whose objective function is
given by:

Minimize
ASo+ 81+ 8+ S5 — 11> +[S1 +2°5,  (6)
+ 3*S; — BIF]?

where /4 is assigned a sufficiently large value.

e A set of simple non-equality relationships among
the distribution factors (Sy, S;, S», and S3) may
be incorporated in the optimization problem as
linear constraints. This set describes and charac-
terizes the quality trend of the water in terms of
its THM speciation. The set is determined
through studying the quality of produced water
at the source and inspecting a sufficient amount
of measurements of THM species.

e The weight concentrations of chloroform, bromo-
dichloromethane, and dibromochloromethane are
calculated from equation (5).

It should be noted that the above equations need
five regression coefficients to be defined earlier by
establishing relevant quality relations at the source.
These are: the chlorine decay coefficient k of
equation (2); the TTHM and chlorine demand pro-
portionality coefficient F of equation (3); and the
bromoform growth coefficients ky, Brp, and Br, of
equation (4).

SYSTEM-SIMULATION MODEL

Modeling the four THM species in water distri-
bution systems using the aforementioned kinetic
approach requires the following modeling com-
ponents:

e Modeling of chlorine concentrations.
e Modeling of total THM molar concentrations.
e Modeling of bromoform concentrations.

QUALNET is a dynamic quality model that has
been used before in modeling the chlorine in a
brushy-plain distribution system (Elshorbagy and
Lansey, 1994). It employs an event-driven approach
in moving the clock time and tracks the quality
fronts through the pipe network. KYPIPE, the Uni-
versity of Kentucky hydraulic simulation model
(Wood, 1980), is utilized by QUALNET in calculat-
ing the velocities and other hydraulic parameters.
QUALNET is incorporated in the current devel-
oped model to model the chlorine and other sub-
stances after being modified to account for the
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relevant kinetic relations, i.e. equation (3) for
(TTHM) and equation (4) for bromoform. The dis-
tribution factors Sy, S, and S, are obtained at each
time increment by invoking a nonlinear optimizer
to solve the problem given in equation (6) including
any considered constraints explained earlier. (6)

Since the time increments associated with model-
ing different substances are related to events and
decays of these substances, the problem involves
two different time increments associated with the
chlorine and bromoform solvers. To accommodate
these time increments in modeling the THM species,
two approaches can be followed. The first approach
solves for Sy, S|, and S, at a time increment natu-
rally obtained from one solver after having the
other solver producing its solution by the end of
that increment. The second approach allows the
two solvers to solve for chlorine [TTHM], and bro-
moform using their natural time increments up to
another specified time increment “TSPEC”, at
which Sy, S, and S, are obtained. This approach
means that a time-driven method is used to change
the clock time associated with Sy, S;, and S, calcu-
lations while chlorine, [TTHM] and bromoform are
still calculated during the duration, TSPEC, based
on an event-driven approach. All events of [TTHM]
and bromoform can still be captured in this case
during the simulation period. The later approach
was selected to model the four species after assuring
that the simulation accuracy is unaffected while the
size of calculations (for Sy, S, and S) can still be
controlled. The flowchart shown in Fig. 1 illustrates
the sequence of the modeling approach. The non-
linear optimization problem is solved using the
GRG2 model (Lasdon and Waren, 1978) that
employs a generalized reduced gradient Lagrangian
method. THMSPEC is a Fortran code utilizing the
summarized approach in modeling different THM
species at different nodes of water distribution sys-
tems.

APPLICATION SYSTEM

Abu-Dhabi is the capital city of United Arab
Emirates (UAE) with a population of about
500,000. The city lies on an island inside the Ara-
bian Gulf with an average daily water consumption
of about 70 million gallons (318,000 m®). The main
source of water supply is desalinated seawater as is
the case with most cities in the gulf area. About
85% of the total demand (60 MGD) is produced
from the Um-Al-Nar (UAN) desalination plant
which is located outside the island (Fig. 2). The rest
of the demand (10 MGD) is produced from the
Abu-Dhabi Power and Desalination plant (ADPD)
which is located on the island. Water is transmitted
from UAN through three pressure ring-mains
directly to the distribution system and through one
trunk-main to two pumping units (Unit I and Unit
II) which are located on the island. Unit I also
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receives ADPD’s water through two trunk-mains
(Fig. 2).

In the mid 1960s, a simple water distribution sys-
tem, directly fed from the water production plants,
began to serve Abu-Dhabi city. Since then, the
population, and, consequently, the water demand,
have grown rapidly bringing about the construction
of pumping Units I and II in addition to many
other water projects.

To carry out the current quality verification on
the city’s distribution system, accurate and careful
hydraulic calibration is first required. A large num-
ber of pipes and nodes, in addition to the presence
of storage tanks in the system, increase the level of
uncertainty in estimating the required parameters
and usually lead to poor hydraulic calibration. This
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can eventually produce erroneous quality results.
Since the main goal is to verify the proposed
approach of simulating the kinetics of THM species
in real systems, it was sought to minimize the major
sources of errors that may affect the quality results.
Therefore, a portion of the Abu-Dhabi distribution
system, free of tanks, and with a reasonable number
of pipes and nodes was selected for the verification
procedure. A previous hydraulic study (Al-Nassay
and Rabiah, 1998) showed that the portion of the
network to the right of section 1-1 (Fig. 2) is mostly
fed from UAN during the entire 24-h duration of a
typical operation. Note that the inflows reported at
node 76 were smaller than the respective nodal
demands. That portion was selected for the current
application with 48 pipes and 38 nodes (Fig. 3).

(o )

Input Data

(K’D' Kw)Chlorine ' Kb ' Bro| Bl'p,
Frn: BIF, TSPEC, Ty

v

Model CI, [TTHM] using natural

Dt(chlon'ne)

[

v

Model Bromoform using natural
Dt
(

Bromoform)

:

T = T+TSPEC

'

Call GRG2 to solve the nonlinear problem to
-getS,, S, , S,

Yes T<T

(total)

No

Fig. 1. Main components used in modeling the THM species.
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Abu Dhabi Desalination
& Power Plant
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Um Al-Nar
Desalination PLant

Fig. 2. Abu-Dhabi water distribution system.

The flows coming out from that portion through
nodes 70, 72, 74, 76, and 78 during the 24-h simu-
lation period were obtained from the aforemen-
tioned hydraulic study conducted on the entire
network (Al-Nassay and Rabiah, 1998). These flows
were included in the external demands of their re-
spective nodes for the current application.

HYDRAULIC CALIBRATION

Information related to the pumping conditions at
the UAN desalination plant is not readily available
due to strict security measures applied in the region.
To avoid this limitation, measurements of flow and
pressure at pipes 1 and 3 were taken on an hourly
basis using installed current meters and pressure
gages to define the inflow conditions to the system.
Close readings were averaged up so that a total of
seven periods were found adequate to represent the
variable hydraulic conditions during one day.
Table 1 lists the source averaged pressures and
flows along with the global demand coefficients and

flows of the peripheral end nodes at the seven con-
sidered periods. Seven artificial reservoirs were used
to simulate the inflow conditions with water levels
set according to the pressures of the considered
seven periods. Each reservoir was connected to
nodes 2 and 4 setting the connecting pipes open
during the period associated with that reservoir.
For example, the pipes connected to the first reser-
voir were set open during the first 5 h and were
closed during the rest of the day, while pipes con-
nected to the second reservoir were set open from
17:00 to 20:00 and were closed otherwise. The esti-
mated demands of different nodes, obtained from
the Water and Electricity Department in Abu-
Dhabi, were adjusted in each period until their sum-
mation matched the inflow to the system as

reported from the inflow measurements. Another
calibration procedure was carried out to adjust the
roughness parameters of different pipes (Hazen-Wil-
liams coefficients) by checking the solved flows and
pressures against measured values at some selected
locations.

D Node and Sampling Location
O Regular Node

Fig. 3. The selected portion of the Abu-Dhabi water distribution system for model application.
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Table 1. Inflow and outflow hydraulic conditions
Period No. 1 2 3 4 S 6 7
Duration (12:00-17:00)  (17:00-20:00)  (20:00-24:00)  (24:00-2:00)  (2:00-7:00)  (7:00-11:00)  (11:00-12:00)
Source inflow (1/s) 1202 1741 1444 1264 772 1148 1609
Source pressure (m) 29.5 40 35 43 28.5 39 34.5
Global dem. coefficient 1 1.48 1.21 1.06 0.52 0.94 1.35
Outflow at node 70 165.4 225.7 191.8 174.3 92.4 181.5 211.8
Outflow at node 72 86.3 121.7 106.5 87.5 182.3 81.4 114.7
Outflow at node 74 23.7 31.2 28.4 24.4 14.3 20.6 29.6
Outflow at node 76 —13.6 —16.2 —17.4 —18.4 —22.7 —19.1 —16.5
Outflow at node 78 130.6 180.6 154.7 137.5 84.6 122.6 176.4

SAMPLING AND QUALITY CALIBRATION

Nine sampling points were selected in the appli-
cation portion of the network for quality verifica-
tion purposes (Fig. 3). A 24-h sampling program

in bromide content. An average constant value of
2.25 was assigned to BIF during the entire 24-h
period of simulation. Other quality parameters,
defined in the modeling approach, are obtained

was conducted on these sampling points. Measure- from. laboratory-controlled - experiments and  re-
ments of chlorine and THM species were taken at STeSSion procedure. These parameters are: F
[equation (2)]=0.582 and Br,, Br,, and ky,

six different hours (14:00, 17:00, 20:00, 24:00, 8:00,
and 11:00). Site 1 is located so close to the desalina-
tion plant that it was considered as a source for the
modeled portion and its reported measured sub-
stances were dealt with as source concentrations.
Table 2 lists the measurements of different sub-
stances at sampling site 1 along with the calculated
BIF and the obtained chlorine bulk decay coeffi-

[equation (3)] are 26.1 ppb, 81.2 ppb and 0.116 1/
day, respectively.

Inspection of the distribution factors Sy, Sy, S»,
and S; at the entrance location showed that all
measurements can be characterized by the following
relations:

. . . : 83> 8, )
cients. Residual chlorine concentrations were
slightly varying during the 24-h simulation period
(0.59-0.63 ppm). An average constant value of 0.61 S > S (3)
ppm was considered at the source. Samples of
water were taken at the six considered hours and S>> Sp )

analyzed for the chlorine bulk decay coefficients.
The results are listed in the table and an average
value of 0.95 was again assumed constant during
the simulation period.

The THM compounds were analyzed in a gas
chromatograph (GC) with an electron capture
detector (ECD) using a Fused-Silica Chrompack
capillary column. The liquid—liquid extraction pro-
cedure was first applied to all samples using n-pen-
tane organic solvent. The results show that the
source water in the given system is dominated by
brominated THM compounds, mainly THM4 (Bro-
moform), and opposite to common cases covered in
the literature. This may be explained and attributed
to the nature of the sea water that is originally rich

The above relations were utilized as linear con-
straints in the nonlinear optimization problem
[equation (5)] to solve for Sy, S, and S,. Since S,
and S; are only bounded from above in the pre-
vious constraints, the solution may produce zero
values for these variables in some instants. A better
description of the source quality can further restrict
the problem and eliminate the zero-value solutions.
This description can relate the lower bounds of S,
and S, to S5 since S5 is a known value in the non-
linear optimization problem. It has to be noticed
that this situation does not exist in the more com-
mon conditions when the chlorinated THM species
dominate the THM compounds.

Table 2. Quality analysis at sampling site (1)

Time 14:00 17:00 20:00 24:00 8:00 11:00
THMLI, ppb (chloroform) 2.1 2.7 2.2 1.9 2.1 1.6
THM2, ppb (bromodichloromethane) 3.0 4.1 33 3.1 3.4 24
THM3, ppb (dibromochloromethane) 39 6.1 7.3 5.3 6.1 11.1
THM4, ppb (bromoform) 26.1 28.4 26.6 22.1 232 17.1
Total THM, ppb 35.1 41.3 39.4 324 34.8 32.5
[TTHM], mmol/l 0.158 0.189 0.179 0.148 0.159 0.150
BIF 2.31 2.22 2.27 2.25 2.23 2.17
Res. chlorine, ppm 0.60 0.59 0.60 0.61 0.63 0.62
Chlorine bulk decay coefficient (1/day) 1.02 0.96 0.91 0.94 0.98 0.92
Bromide (ppm) 0.67 0.71 0.68 0.78 0.73 0.81
TOC (ppm) 0.0505 0.0402 0.0371 0.0539 0.0606 0.0576
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RESULTS AND DISCUSSION

All obtained parameters and relations were fed to
the THMSPEC to model the THM species in the
selected portion of the Abu-Dhabi distribution sys-
tem under the considered hydraulic conditions. A 5-
min increment of TSPEC was used during the 24-h
period of simulation. A value of 1000 assigned to A
in equation (5) was found to be adequate to pro-
duce stabilized solution.
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The concentrations of THM species measured at
selected sampling points were plotted against the
modeled values (Fig. 4). The results reflect some de-
viation between the measured and modeled values
at some hours, especially for the distant nodes from
the source (nodes 70, 76). These deviations can be
generally attributed to the uncertainties present in
many parameters required for the model and in the
hydraulic calibration required for the considered
portion of the distribution system. Another expla-
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Fig. 4. Modeled and measured THM species.
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Table 3. Distribution of Bromine Incorporation Factor at the sampling nodes

Time 14:00 17:00 20:00 12:00 8:00 11:00 Time-weighted average
Node 14 2.16 2.06 2.04 1.99 2.04 2.05 1.97
Node 36 2.06 2.08 1.98 2.17 1.98 2.00 1.95
Node 48 1.92 1.93 2.07 2.01 1.95 1.87 1.88
Node 50 1.93 1.92 1.96 1.9 1.91 1.96 1.85
Node 66 1.82 1.8 2.07 1.97 1.8 1.77 1.78
Node 68 1.72 1.77 1.75 1.78 1.88 1.8 1.73
Node 70 1.6 1.77 1.8 1.59 1.71 1.81 1.64
Node 76 1.65 1.72 1.74 1.75 1.76 1.63 1.65

nation is derived from the relatively low BIF value
associated with the measured THM species of the
nodes away from the source compared to the aver-
age considered value (1.64 and 1.65 at nodes 70 and
76 compared to the used average BIF of 2.25, see
Table 3). This suggests that BIF decreases with
time, i.e. the THM brominated compounds tend to
hydrolyze when subjected to dynamic conditions.
This can be clearly noticed in Fig. 4 (nodes 70 and
76) where the measured THM4 is much less than
the modeled one, whereas the measured THMI,
THM?2, and THM3 are considerably larger than the
modeled ones. However, more investigation and
study are still required to substantiate that found-
ing.

Overall reasonable agreement at many hours
during the simulation period can still be observed.
Given the complexity of the whole process and the
involvement of many parameters in the process, the
model can serve as a powerful numerical tool to
predict the propagation of THM compounds in
water distribution systems. Further development
and refinements are still needed to handle other sys-
tems like those having multiple sources.

Acknowledgements—This work was funded by the
Scientific Research Council of the United Arab Emirates
University. The authors are grateful to the Water and
Electricity Department of Abu-Dhabi and the central lab-
oratory of the UAE Agricultural Ministry in Alain for
their great cooperation and support.

REFERENCES

Al-Nassay H. and Rabiah S. (1998) Development of
hydraulic computer model of Abu-Dhabi City water
network and its role in design and water management.
In Arab Water Conference, Cairo, Egypt.

Amy G. L., Chadik Z. K. and Chowdhury Z. L. (1987) A
Developing model for predicting trihalomethane for-
mation potential kinetics. J. AWWA 79(7), 89.

Babcock D. B. and Singer P. C. (1979) Chlorination and
coagulation of humic and fulvic acids. Proceedings of
the 97th Annual AWWA Conference. Paper 16-6.

Boulus P. F., Altman T., Jarrige P. A. and Collevati F.
(1995) Discrete simulation approach for network-water-
quality models. J. Water Resources Planning and Man-
agement Division, ASCE 121(1), 49-60.

Bull R. J. and Kopfler F. C. (1991) Health effects of disin-
fectants and disinfection by-products. Denver, CO,
AWWARF and AWWA.

Clark R. M., Smalley G., Godrich J., Tull R., Rossman L.
A., Vasconcelos J. J. and Boulus P. F. (1994) Managing

water quality in distribution systems: simulating TTHM
and chlorine residual propagation. J. Water SRT-
AQUA 43(4), 182-191.

Clark R. M. (1998) Chlorine demand and THM formation
kinetics: a second-order model. J. Env. Eng., ASCE
124(1), 16-24.

Elshorbagy W. and Lansey K. (1994) Dynamic modeling
of water quality in water distribution systems. In
AWWA Computer Conference, Los Angles, CA, pp. 457—
465.

Elshorbagy W. A. (2000) Kinetics of THM species in fin-
ished drinking water. J. Water Resources Planning and
Management, ASCE 126(1), 121-128.

Gould J. P., Fitchhorn L. E. and Urheim E. (1981) For-
mation of brominated trihalomethanes: extent and kin-
etics. In Water Chlorination: Environmental Impacts and
Health Effects, Vol. 4, eds R. L. Jolley, et al., pp. 297—
310. Ann Arbor Sci, Ann Arbor, MI.

Jarrige P. A. (1993) PICCOLO—Users Manual. Potable
Water  Distribution  Network  Modeling  Software.
SAFEGE Consulting Engineers, Cedex, France.

Kavanaugh M. C., Trussell A. R., Cromer J. and Trussell
R. R. (1980) An empirical kinetic model of THM for-
mation: application to meet the proposed THM stan-
dards. J. AWWA 72, 578-582.

Lasdon L. S. and Waren A. D. (1978) Generalized
reduced gradient software for linearly and nonlinearly
constrained problems. In Design and Implementation of
Optimization Software, ed. H. G. Greenberg, pp. 363—
397. Sijthoff and Noordhof.

Liou C. P. and Kroon J. R. (1987) Modeling the propa-
gation of waterborne substances in distribution net-
works. J. AWWA 79(11), 54-58.

Malcolm Pirnie Inc (1991) Evaluation of SDWA impacts
on Metropolitan Member Agencies. Water District of
Southern California.

Montgomery Watson (1993) Mathematical modeling of
the formation of THMs and HAAs in chlorinated natu-
ral waters. Final Report, AWWA.

Pontius F. W. (1991) Disinfectant—disinfection-product
rule update. J. AWWA 83(12), 24-115.

Pontius F. W. (1992) A current look at the federal drink-
ing water regulations. J. AWWA 84(3), 36-50.

Rossman L. A., Boulos P. F. and Altman T. (1993) Dis-
crete volume element method for network water quality
models. J. WRPM, ASCE 119(5), 505-517.

Rossman L. A., Clark R. M. and Grayman W. M. (1994)
Modeling chlorine residuals in drinking-water distri-
bution systems. J. Envir. Engng, ASCE 120(4), 803-829.

Symons J. M., Bellar T. A., Carswell J. K., DeMarco J.,
Kropp K. L., Robeck G. G., Seeger D. R., Slocum C.
J., Smith B. L. and Stevens A. A. (1975) National
organics reconnaissance survey for halogenated organ-
ics. J. AWWA 67(11), 634-647.

Trussell R. R. and Umphres M. D. (1978) The formation
of trihalomethane. J. AWWA 70(11), 604-612.

Tuthill R. W. and Moore G. S. (1980) Drinking water
chlorination: a practice unrelated to cancer mortality. J.
AWWA 72(10), 572-573.



Simulation of THM species in water distribution systems 3439

USEPA Criteria and Standards Division (1990) Revised Wood Don J. (1980) Computer Analysis of Flow in Pipe
external review draft for the drinking water criteria Networks Including Extended Period Simulation—User’s
document on trihalomethanes. TR-1242-34B. Govern- Manual. Office of Engineering, Continuing Education
ment Printing Office, Washington, DC. and Extension, University of Kentucky, Lexington, Ky.



