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Abstract: Typically, computer-based tools built on mathematical models define the time-series behav-
ior of contaminants, in dissolved or colloidal form, within the spatial boundaries of water distribution
systems (WDS). EPANET-MSX has become a standard tool for WDS quality modeling due to its
collaboration with EPANET. The critical challenges in applying EPANET-MSX include conceptualiz-
ing the exchanges among multiple reacting constituents within the WDS domain and developing
the scientific descriptions of these exchanges. Moreover, due to its complicated user interface, the
EPANET-MSX application demands programming skills from a software engineering viewpoint.
The present study aims to overcome these challenges by developing a novel computer-based tool,
EPANET-C. Via built-in and customizable conceptual and mathematical models’ directories, EPANET-
C simplifies WDS water quality modeling for users, even those lacking programming expertise. Due
to its flexibility, EPANET-C can become a de facto standard tool in WDS quality modeling study both
for the industry and the academia.
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1. Introduction

Water distribution systems (WDS) are interconnected assemblies of reservoirs, tanks,
pipes, and hydraulic control elements and are considered as critical infrastructure of every
modern community. Due to their spatial extent and accessibility, a potential contamination
event in the WDS may cause acute or chlorine health impacts to numerous consumers
within a brief period. Hence, they are deemed vulnerable to public health risks. The
WDS contamination events may be instigated accidentally [1] or even intentionally [2—4].
Either way, they have severe consequences and thus remain significant potential threats
concerning WDS operation.

In general, considering these apprehensions, computer-based tools adept at simulating
WDS response to contamination events are perceived as pragmatic solutions to safeguarding
the integrity of WDS operation [5]. These tools, built on mathematical models, define the
behavior of contaminants (microbiological and/or chemical), in dissolved or colloidal
form, within the spatial boundaries of WDS. More specifically, five governing mechanisms
are considered significant when developing mathematical models for directing the WDS
response to contamination or to contaminant behavior in WDS. They include: (1) the
physical rules regulating the flow characteristics within the distribution network, (2) the
rate and duration of contamination, (3) the physical, chemical, physicochemical, and
biochemical mechanisms administering the contaminant’s fate within the spatial domain of
the WDS, (4) the dynamics of the supply and extraction of water at the source and demand
points, respectively, and (5) the network configuration.

Numerous past studies detailing several efforts to mathematically express the five
governing mechanisms above and to solve the resulting equations analytically and nu-
merically are available in the literature. Most of these studies focused solely on the fate
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and transport of a single contaminant, typically disinfectant chemicals such as chlorine, in
distribution pipes [6-16]. Thus, most of the water quality models found in the literature
are characterizable as ‘single species models’. Only limited studies have combined the
exchanges among various abiotic and biotic reacting constituents in WDS to simulate the
spatiotemporal distributions of microbiological and/or chemical water quality parame-
ters [17-33]. Such models which consider the multi-species exchanges within the WDS
domain are distinguishable as ‘multi-species reactive-transport (MSRT) models’.

Albeit conceptual differences exist, the fundamental challenge of appropriately ad-
dressing the complexity of WDS behavior—defined by non-linear and non-smooth head-
flow—water quality governing equations bounded with a high number of constraints and
decision variables—is common for both single-species and MSRT modeling. However, two
challenges necessitate particular attention during MSRT modeling as compared to single-
species modeling. They are: (a) the conceptualization of the exchanges among multiple
abiotic and biotic reacting constituents and (b) the development of scientific descriptions of
these exchanges.

Nevertheless, abstracting the multi-species exchanges within the system domain
during the conceptual stage of MSRT modeling is typically viewed as a notional process
whose scope is totally limited by the problem settings. Thus, the MSRT models in the
literature are principally problem-specific. By this logic, they lack pertinence beyond the
settings they are developed for. For instance, the MSRT model by Abhijith et al. [32] is fit
to simulate the planktonic microbial regrowth dynamics in WDS. However, examining
the potential for the occurrence of taste and odor (T&O) problems or investigating the
formation of per- and polyfluoroalkyl substances (PFASs) in WDS is beyond its scope.

This limitation of current MSRT models raises the question, ‘can a comprehensive tool
be developed?’ If such a tool could facilitate the study of the behavior of plentiful contami-
nants in WDS, it would arguably be an invaluable asset for examining the WDS response
towards numerous contamination events. This paper attempts to answer this question by
presenting a novel computer-based tool, EPANET-C, which allows for the examination of
WDS response to diverse contamination events. EPANET-C is designed to function as an
advanced open-source extension of EPANET [34]-EPANET-MSX [35] modeling. It uses
function directories to integrate the necessary resources for implementing MSRT models
via the well-established EPANET-EPANET-MSX framework [19,21,24,25,32,33].

The next section of this paper provides an inclusive description of the theory behind con-
ceptualizing the exchanges between eleven reacting constituents, i.e., nine abiotic constituents—
chlorine, total organic carbon (TOC), biodegradable dissolved organic carbon (BDOC), tri-
halomethanes (THMs), 2,4,6-trichlorophenol (2,4,6-TCP), 2,4,6-trichloroanisole (2,4,6-TCA), per-
fluorooctane amido betaine (PFOAB), perfluorooctane amido ammonium salt (PFOAAmS),
and perfluorooctanoic acid (PFOA)—and two biotic constituents—planktonic and biofilm
microorganisms—in WDS. Later, a brief outline of the EPANET-C function directories and
its user interface is provided. Then, its application is demonstrated via two well-tested
real-world WDS: the North Marin Water District WDS, USA [34] and the BWSN Network
1 [36]. The case studies established that EPANET-C offers an easy-to-use platform for
analyzing WDS water quality, which otherwise needs synergistic knowledge in chemistry,
biology, mathematics, and computer programming.

2. Conceptual Background

EPANET-C incorporates fifteen MSRT modules, each integrating the transport (via
advection) and exchanges (physical, chemical, physicochemical, and biochemical reactions)
of different combinations of the eleven reacting constituents mentioned above. The details
of the MSRT modules are described in Table 1. The scientific information provided in the
authors’ previous works [24,25,32,33] was studied to establish the theoretical backgrounds
of these modules.
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Table 1. Details of the MSRT modules of EPANET-C.

S.No. Notation EPANET-C Module Title Reacting Constituents
1 1 Microbial regrowth model Chlorine, planktonic bact];el]‘;ao, ](:)lefllm bacteria, TOC, and
2 2 Trihalomethanes formation model Chlorine, TOC, and THMs
3 3 2 4 6-trichloroanisole formation model Chlorine, planktonic bacteria, TOC, BDOC, 2,4,6-TCP,
and 2,4,6-TCA
4 4 PFOA formation model Chlorine, TOC, PFOAB, PFOAAmS, and PFOA
5 1 Microbial regrowth and trihalomethanes formation Chlorine, planktonic bacteria, biofilm bacteria, TOC,
model BDOC, and THMs
6 13 Microbial regrowth and 2,4,6-trichloroanisole Chlorine, planktonic bacteria, biofilm bacteria, TOC,
formation model BDOC, 2,4,6-TCP, and 2,4,6-TCA
. . . Chlorine, planktonic bacteria, biofilm bacteria, TOC,
7 14 Microbial regrowth and PFOA formation model BDOC, PFOAB, PEOAAmS, and PFOA
8 23 Trihalomethanes and 2,4,6-trichloroanisole Chlorine, planktonic bacteria, TOC, BDOC, THMs,
formation model 2,4,6-TCP, and 2,4,6-TCA
9 24 Trihalomethanes and PFOA formation model Chlorine, TOC, THMs, PFOAB, PFOAAmMS, and PFOA
. . . Chlorine, planktonic bacteria, TOC, BDOC, 2,4,6-TCP,
10 34 2,4,6-trichloroanisole and PFOA formation model 2 46-TCA, PFOAB, PFOAAMS, and PFOA
1 123 Microbial regrowth, trihalomethanes formation, and Chlorine, planktonic bacteria, biofilm bacteria, TOC,
2,4 ,6-trichloroanisole formation model BDOC, THMs, 2,4,6-TCP, and 2,4,6-TCA
12 124 Microbial regrowth, trihalomethanes formation, and Chlorine, planktonic bacteria, biofilm bacteria, TOC,
PFOA formation model BDOC, THMs, PFOAB, PFOAAmS, and PFOA
. . . . . Chlorine, planktonic bacteria, biofilm bacteria, TOC,
13 134 Microbial regrowth, 2,4,6—tr1chlor0amsole formation, BDOC, 2.4,6-TCP, 2,4, 6-TCA, PFOAB, PFOAAmMS, and
and PFOA formation model PFOA
14 234 Trihalomethanes formation, 2,4,6-trichloroanisole Chlorine, planktonic bacteria, TOC, BDOC, THMs,
formation, and PFOA formation model 2,4,6-TCP, 2,4,6-TCA, PFOAB, PFOAAmS, and PFOA
Microbial regrowth, trihalomethanes formation, Chlorine, planktonic bacteria, biofilm bacteria, TOC,
15 1234 2,4,6-trichloroanisole formation, and PFOA BDOC, THMs, 2,4,6-TCP, 2,4,6-TCA, PFOAB,

formation model

PFOAAmMS, and PFOA

The concepts discussed by Abhijith et al. [32] were used to formulate the EPANET-

C module concerning microbial regrowth and another one relating to THM formation.
Similarly, the information described by Abhijith and Ostfeld in [24,33] were applied in
order to develop the T&O problems formation and the PFOA formation modules separately.
The microbial regrowth, THM formation, T&O problems formation, and PFOA formation
modules are denoted in EPANET-C by the notations ‘1’, ‘2’, ‘3", and ‘4’, respectively. These
four modules were combined in every prospect to create the remaining eleven EPANET-C
modules. As seen in Table 1, ‘12’ points were assigned to the microbial regrowth and THM
formation module, which was generated by combining the distinct microbial regrowth and
THM formation modules. This combined module was designed to concurrently simulate
the microbiological and chemical quality variations in WDS. Equally, the notation of ‘34’
corresponds to the T&O and PFOA formation module of EPANET-C. This module can be
applied to analyze the organoleptic and chemical quality variations in WDS. Likewise, the
notation ‘1234” indicates the comprehensive module of EPANET-C. This was developed
for the simultaneous modeling of the microbiological, chemical, and organoleptic quality
variations during WDS operation. The conceptual model graphic of the comprehensive
EPANET-C module (i.e., 1234) is presented in Figure 1.
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Figure 1. Conceptual framework of the EPANET-C MSRT Module 1234.

Figure 1 shows that the WDS domain (system environment) is divided into bulk and
wall phases for conceptualizing the multi-species exchanges in the EPANET-C modules.
The bulk phase is deemed to be the lively compartment of a distribution pipe in which the
advection principally controls the transfer of reacting constituents along the water flow
route. For storage tanks, the bulk phase signifies its inside space, characterizing itself as a
continuously stirred tank reactor. On the contrary, the wall phase is the pseudo-stationary
compartment representing the biofilm layers, which are uniformly distributed inside the
pipe surface. The wall phase is limited to distribution pipes alone. It is characterized as a
batch reactor with zero mass flux [26]. Out of the eleven reacting constituents, ten of them,
except for biofilm microorganisms, are bulk species. This implies that these ten reacting
constituents only exist in the bulk phase of the WDS domain. Biofilm microorganisms are
the sole wall species, and they are only present in the wall phase of the distribution pipes.

Chlorine is assumed to be the disinfectant chemical in the EPANET-C modules, given
its dominant global use. Hypochlorous acid, the weak acid formed by chlorine hydroly-
sis, was chosen to define the impressions of maintenance disinfectant residues in WDS.
Nonetheless, provisions were made to be able to easily alter the values of the reaction rate
constant that describes chlorine reactions. In this way, the adaptability to the effects of pH
in chlorine hydrolysis was intrinsically incorporated into EPANET-C.

TOC was accepted as the surrogate parameter for natural organic matter (NOM)
content in WDS. The biodegradable fraction of TOC, i.e., BDOC, was recognized as the
substrate that the heterotrophic microorganisms could mineralize in WDS [37]. TOC only
signifies the mass of the organic compounds in water. It does not characterize their specific
structure or functional group effects [38]. Hence, the effects of NOM content in determining
the chlorine dynamics, including functional group oxidation and electrophilic substitution
by chlorine, were ignored in EPANET-C.

THMSs, which account for most of the halogenated disinfection by-products (DBPs) in
WDS [39] and which induce carcinogenic and reproductive risks [40], were selected as the
surrogate parameter for DBPs in the delivered water. They were presumed to be formed by
chlorine-TOC reactions. The involvement of microorganisms in DBP formation [29] was
ignored in the MSRT modules for simplification.

2,4,6-TCA (C;H5Cl30) is a common T&O problem-inducing contaminant in WDS [41].
Its occurrence has been reported in drinking water sources and WDS worldwide [42—44].
2,4,6-TCA is reported to have a very low olfactory threshold value of about 30 ng/L [45]. In
developing the MSRT modules, 2,4,6-TCP (C¢HyCl3OH)—a common environmental pollu-
tant recurrently detected in water sources [46]—was selected as the precursor compound of
2,4,6-TCA. 2,4,6-TCA forms predominantly in WDS through the bioconversion of 2,4,6-TCP
via microbial O-methylation. During this process, the planktonic microorganisms, using
the chlorophenol O-methyltransferases (CPOMT) enzyme [47], transfer a methyl group
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from methyl donors—methanol, methylamines, and methanethiol—to the hydroxyl group
of 2,4,6-TCP to produce 2,4,6-TCA [48].

PFOA (C7F15COOQOH) is an anionic organic PFAS that is most often reported and deliber-
ated in the scientific literature [49] and in legal frameworks for water quality [50]. Past stud-
ies have confirmed the role of PFOAB (Ci5H15F15N>03) and PFOAAmMS (C14H14F15IN,0),
respectively a zwitterionic and a cationic fluoroalkyl amide (FA), in directing PFOA for-
mation [51] in the treated water and the subsequent PFAS contamination at the consumer
end of chlorinated WDS [24]. Therefore, PFOA was selected as the surrogate for PFASs,
and PFOAB and PFOAAmMS were chosen as the precursor FA compounds to simulate PFAS
formation in the MSRT modules. PFOA formation was presumed to occur under direct
chlorine-PFOAB and chlorine-PFOAAmMS reactions in aquatic systems [51].

The Pseudomonas bacteria strains, largely present in WDS [52,53], were selected as the
surrogates for microorganisms living within the bulk and wall phase of WDS. Although
microorganisms are colloidal solids, they were extrapolated as dissolved solids, purely from
a mathematical modeling perspective, by representing them according to the organic carbon
content of their cells. The organic carbon content of Pseudomonas bacterial cells is reported
to vary between 1.04 x 1078 and 1.40 x 10~? mg/CFU [54-56]. In the MSRT modules, the
organic carbon content of planktonic and biofilm microorganisms was approximated to be
at 1077 mg/CFU [28,29,31].

3. Mathematical Modelling

The kinetic relationships specified in the literature were carefully chosen in order to
develop scientific descriptions of the exchanges between the eleven abiotic and biotic react-
ing constituents of the EPANET-C modules. A simple two-constituent second-order kinetic
model [38] was used to signify the chlorine-TOC/BDOC reactions and the subsequent
chlorine decay and TOC/BDOC degradation in aquatic systems (Equations (1)—-(3)). The
THMs formation, a by-product of chlorine-TOC reactions, was modeled with a reaction
yield coefficient (Equation (4)).

Z—f:—kcanxC D
%:—YnkaxNxC )
i—f:—YnxkcnxSxC 3)
%:thkcanxC 4)

where C = concentration of residual chlorine (mg/L); N = concentration of TOC (mg/L);
S = concentration of BDOC (mg/L); H = concentration of THMs (ug/L); t = time (h);
ke = second-order rate constant corresponding to chlorine-TOC/BDOC reactions (L/mg/h);
Y, = yield coefficient for TOC/BDOC corresponding to chlorine-TOC/BDOC
reactions (mg/mg); and Y}, = reaction yield coefficient corresponding to THM formation
from organic matter (nug/mg).

The mass transfer of chlorine from the bulk to the biofilm or the pipe wall layers
via molecular diffusion was presumed to occur across an imaginary boundary layer. In
connection with this, the mass transfer mechanism and the chlorine consumption on
the pipe wall were described with the first-order kinetics relating to bulk chlorine mass
(Equation (5)) [57].

kw X k
dc:—w—fxc (5)

dt (ko + k) x Ry

where ky = wall decay coefficient for chlorine (m/h); k;y = mass-transfer coefficient for
chlorine (m/h); and Rj, = hydraulic mean radius (m).
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The planktonic microbial regrowth and their consequent substrate consumption were
represented by Monod kinetics (Equation (6)). Unlike planktonic microbial regrowth, a
first-order approximation was employed to represent the biofilm growth against chlorine
inhibition (Equation (7)) [32]. Empirical relationships were additionally introduced to the
Monod kinetic formula (Equation (6)) to define the chlorine inhibition and temperature
influence on the planktonic microbial growth reactions [28]. An extra resistance factor
was incorporated into the empirical relationship that defined the chlorine inhibition of the
biofilm regrowth (Equation (7)) in order to account for the superior resistance of the biofilm
microorganisms to chlorine activity. The senescence of microbes was depicted with the
use of first-order kinetics, and the chlorine-induced mortality was represented by second-
order kinetics based on the concept of competing reactions in water (Equation (8)) [31].
Additionally, it was assumed that about 30% of the dead microbes contribute to the BDOC
concentration of the aquatic system by discharging intracellular matter during cell lysis
(Equation (9)) [26].

4 (TOP*_T)>2 XXy (6)

—_ = L><ex (—kinaet x C) X ex ——x
i Himax,b K.+5 P inact P (Topt — Ti)

2
; Topt — T
d;i“ = Umaxa X exp(klZ“Ct X C) X exp [<( opt = T) > ] X Xg )
T

(Topt - Ti)
%:—YxxkcxxthC—kmmxXb (8)
ds
e = a(Yx X kex X Xp X C + kiort X Xp) )

where X, = planktonic microbial colony count (CFU/mL); X, = biofilm microbial den-
sity (CFU/ m?); Wmax,p = maximum specific growth rate of planktonic microbes (1/h);
Kinacr = microbial growth inactivation constant (L/mg); Topr = optimal temperature for mi-
crobial activity (°C); T = water temperature (°C); T; = temperature-dependent shape parame-
ter (°C); Mmaxe = maximum specific growth rate of biofilm microbes (1/h);
k = resistance factor; Yy = yield coefficient for microbes corresponding to chlorine-microbial
biomass reactions (CFU/mg); kcx = second-order rate constant corresponding to chlorine-
microbial biomass reactions (L/mg/h); ky;or+ = microbial mortality rate constant (1/h); and
a = dead microbial fraction converted into BDOC after cell lysis (mg/CFU).

The first-order dependence on the planktonic microbial mass [27] and the zero-order
dependence on the biofilm density were considered to characterize the transfer of the plank-
tonic microbial cells from the bulk phase to the wall phase and their consequent attachment
onto the biofilm layers (Equation (10)). The reverse mechanism of the detachment of the
microbial cells from the biofilm layers (Equation (11)), primarily caused by the physical
forces of pipe flow, was presumed to have a first-order dependency on the flow-induced
shear stress [58] and the biofilm density [59].

4%,
dt
ax,
dt
where kg, = microbial deposition rate constant (1/h); kg,; = microbial detachment rate

= 7kdep x Xp (10)

= —kget X Tw X X4 (11)

coefficient (m h/g); and T, = shear stress caused by pipe flow velocity on the wall (g/m h?).

The 2,4,6-TCP bioconversion to 2,4,6-TCA via microbial O-methylation was mathe-
matically denoted by first-order kinetics, assuming that the planktonic microbial density
and the 2,4,6-TCP concentration control the reaction kinetics (Equation (12)) [33]. 2,4,6-TCA
formation was expressed through a reaction yield coefficient. It was hypothesized that
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the 2,4,6-TCA formation yield has first-order reliance on the planktonic microbial den-
sity and zero-order dependency on both CPOMT enzymatic synthesis and methyl donor
distribution in the aquatic system (Equation (13)).

dT 293
TtP = —a1 X loge(b X Xb) X exp l:EKd X (1 — T—i—273>:| x Tp (12)
dA 293 dTy

where T, = concentration of 2,4,6-TCP (mg/L); A = concentration of 2,4,6-TCA (ng/L);
a1 = 2,4,6-TCP degradation constant (1/h); b = microbial activation rate constant concern-
ing 2,4,6-TCP bioconversion (L/CFU); Ek, = temperature coefficient corresponding to
2,4,6-TCP degradation; a, = reaction yield coefficient concerning 2,4,6-TCP bioconver-
sion (L/CFU); Y,¢ = pipe material-dependent constant concerning 2,4,6-TCP bioconver-
sion (ng/mg); and Ey, = temperature coefficient corresponding to 2,4,6-TCA formation.

The simple two-constituent second-order kinetic model was selected to signify the
chlorine-PFOAB and chlorine-PFOAAmMS reaction kinetics in the aquatic systems
(Equations (14)—(16)). The PFOA formation was assumed to be a function of the FA
degradation. Hence, a reaction yield coefficient was used to denote PFOA formation
(Equation (17)) [24].

%:—Y1Xk1XCXF1—Y2Xk2XCXF2 (14)
%:—kGCxFl (15)
%:—kzx(ﬁxl—} (16)

apr

E:YflXk1XCXF1+Yf2Xk2XCXF2 (17)

where F; = concentration of PFOAB (ng/L); F, = concentration of PFOAAmMS (ng/L);
P = concentration of PFOA (ng/L); Y; = yield coefficient for chlorine corresponding to
chlorine-PFOAB reactions (mg/ng); Y, = yield coefficient for chlorine corresponding to
chlorine-PFOA AmS reactions (mg/ng); ki = second-order rate constant corresponding to
chlorine-PFOAB reactions (L/mg/h); ky = second-order rate constant corresponding to
chlorine-PFOAAmS reactions (L/mg/h); Y, = yield coefficient for PFOA formation from
chlorine-PFOARB reactions (ng/ng); and Yp = yield coefficient for PFOA formation from
chlorine-PFOA AmS reactions (ng/ng).

4. EPANET-C Function Directories

EPANET-C was proposed to be used as a shared object library. Thus, the program-
ming interface of MATLAB was utilized for its calling and for the EPANET-EPANET-MSX
modeling implementation. However, to make the programming requirements in MATLAB
more effortless or altogether bypass the same, the EPANET-C function directories were de-
vised and operated. These built-in function directories of EPANET-C comprise every vital
information concerning the MSRT modeling. This includes the type and number of reacting
constituents (Table 1), conceptual information about the multi-species reactions, values
of reaction rate coefficients (Supplementary Materials Table S1), and the governing equa-
tions for all the contamination events simulated by applying EPANET-C (Supplementary
Materials Equations (S1)—(S106)).

It may be noted that careful efforts were made during the development of the function
directories in order to enable any user without expertise in modeling and/or computer
programming to execute EPANET-C and implement MSRT models. For example, to
concurrently model microbiological quality and DBP formation in WDS, the user is only
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required to specify the notation ‘12" using the MATLAB-based command-line interface of
EPANET-C. Soon after, the function directories corresponding to the microbial regrowth
and THM formation module of EPANET-C get activated. The EPANET-C engine will
subsequently choose free chlorine, planktonic microorganisms, biofilm microorganisms,
TOC, BDOC, and THMs as the reacting constituents from the EPANET-C function directory
named Set_species.m. The network of exchanges between these six reacting constituents is
predefined in the EPANET-C module 12. Therefore, EPANET_C will instinctively detect
the predefined values of the reaction rate coefficients from the function directories titled
Set_coefficients.m and Set_terms.m. Next, the EPANET-C engine will select the governing
equations from the function directories Set_pipe_GEs and Set_Tank_GEs and then finalize
the requirements for implementing the MSRT model using EPANET-MSX.

In this context, it is worth mentioning our view of the EPANET-C development. Its
progress has been perceived as an unending procedure that runs in line with the advance-
ments in the WDS water quality modeling research area. Therefore, customization options
were counted in during the development of EPANET-C function directories in order to allow
the users to make alterations to the default settings of the numerous MSRT modules. For
instance, the user could access and customize the Set_species.m and include halo acetic acid
as another DBP along with THMs. Likewise, the user could access the Set_coefficients.m
function directory and customize it by modifying the value of the reaction yield coefficient
that defines the THM formation during the chlorine-TOC reactions.

5. EPANET-C-MATLAB Interface

Currently, EPANET-C is being developed to function as an advanced extension of
EPANET-EPANET-MSX modeling. A MATLAB (not older than the 2017b version) interface
was created to attain this. The EPANET-C-MATLAB interface facilitates the loading and
opening of the EPANET-C function libraries, provides input information, and implements
hydraulic and water quality modeling. The hydraulic modeling and water quality model-
ing, precisely MSRT modeling, are executed using the EPANET and EPANET-MSX dynamic
link libraries (DLL) for Windows. The EPANET-MATLAB toolkit [60] was employed in this
direction to utilize the EPANET and EPANET-MSX DLL. In total, the EPANET-C-MATLAB
interface integrates the internal functions to make direct calls to the EPANET-MATLAB
toolkit and performs MSRT modeling for WDS.

The coding requirements of the EPANET-MATLAB toolkit were bypassed to the max-
imum in EPANET-C. The only two commands that are required to execute EPANET-C are
“start_epanet_c” and “run(“epanet_c.m”)”. The command “start_epanet_c” loads the EPANET-
C function libraries and sets the environment that is compatible for implementing the EPANET-C
embedded MSRT models. Once the function libraries are loaded, EPANET-C could be run
manually by picking the specified folder—where the executable files start_epanet_c.m and
start_toolkit.m and the crucial folders (EPANET_C_directory, epanet_matlab_toolkit, and net-
works) are stored—using the MATLAB graphical user interface, and then specifying the exe-
cution file. Otherwise, using the command “run(“epanet_c.m”)” would start the EPANET-C
engine automatically.

Once the EPANET-C engine is running, explicit instructions appear, directing the
users to provide the input information in order to simulate a WDS contamination event
by executing the EPANET-C embedded MSRT modules. The first input must be the
index value characterizing the MSRT module that needs to be executed for the problem
of interest (Table 2). Once the input is confirmed and accepted, EPANET-C loads the
EPANET-EPANET-MSX DLL for Windows and triggers the function directories.
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Table 2. Non-mandatory inputs, existing options, and default values of EPANET-C.
S. No Input Options Default Value

m2 m2

1 Area units cm? P
ft? ft

S

2 Rate units nﬁn day

day
Numerical Standard Euler 1ntegrat0r Standard Euler
3 inteeration method Runge-Kutta 5th order integrator inteerator
& 2nd order Rosenbrock integrator &

4 Simulation time step - 300 s

5 Absolute tolerance - 0.01

6 Relative tolerance - 0.001

. Full
7 Coupling None None
None
8 Compiler Visual C++ None
MinGW/Gnu C++

The remaining inputs will be specific to the MSRT module selected by the user. Besides
commands, EPANET-C also pops up dialogue boxes that aid the users in providing specific
input data quickly. In general, the inputs can be distinguished as mandatory and non-
mandatory inputs. The mandatory inputs are precisely defined, obligating the user to
supply input information. However, the user could bypass the non-mandatory inputs and
permit the default values to be employed by the EPANET-C engine. The non-mandatory
inputs, the available input choices, and the default values are defined in Table 2.

The first mandatory input that the user is directed to provide would be the WDS
input filename (in .inp file format). Next, the “.msx’ file being created also needs to be
named. Moreover, the user must also specify the information concerning the patterns of
contaminant injection at the injection points (locations of contaminant intrusion within
the spatial boundary of WDS), which might be the source and/or intermediate nodes, the
number and name of the injection points, and the nature and rate of injection at these
injection points. If the input information is compatible with the EPANET-C script, the
EPANET-MSX executable file (in .msx file format) gets generated.

The user is later instructed to make a vital selection regarding whether it is required
to examine the spatiotemporal variations of the water quality parameters at the nodes
alone, at the pipes alone, or at the nodes and pipes combined. Based on the information
provided by the user, the generated executable .msx file will be implemented through
the EPANET-EPANET-MSX DLL, and the governing equations (specified in Set_pipe_GEs
and Set_Tank_GEs function directories) of the MSRT model of interest will be solved.
Ultimately, the mass concentration values of the reacting constituents (specified in the
Set_species.m function directory of the chosen MSRT module) at definitive time intervals
at distinct network locations (pipes, reservoirs, nodes, pumps, tanks) will be generated by
solving the governing equations. Once the simulations are complete, the user will be asked
to print the results as Microsoft Excel files by specifying the mandatory output file names.
After the printing is completed, the EPANET-EPANET-MSX and EPANET-C libraries will
be unloaded.

6. Case Studies

The North Marin Water District WDS or EPANET Example Network 3 (Supplementary
Materials Figure S1), commonly used for WDS water quality modeling research, was
selected as Test network 1 to demonstrate the applicability of EPANET-C. Test network 1
consists of 92 junctions, 2 pumps, 3 tanks, 2 source nodes (North Marin aqueduct (River)
and Stafford Lake), and 117 pipes. The BWSN Network 1 [36], a real-life WDS that was



Water 2022, 14, 1665

10 of 22

Reservoir 129

=

renamed in order to preserve its anonymity (Figure 2) and is broadly used for water quality
investigations, was selected as Test network 2. It has 4 variable demand patterns, and it is
comprised of 126 junctions, 1 reservoir, 2 tanks, 2 pumps, 8 valves, and 168 pipes.
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Figure 2. Schematic of BWSN Network 1 (Test network 1).

The water delivered from the source nodes of Test networks 1 and 2 were assumed
to be treated by processes that are representative of characteristic physicochemical water
treatment involving alum coagulation, dynamic settling, dual media filtration (sand and
anthracite), and disinfection [61]. For our analysis, chlorine was selected as the disinfectant
chemical. The TOC concentration and BDOC/TOC ratio of the treated water were taken
from the value ranges reported in [62,63], respectively. The chosen THM concentration be-
fore delivery was 20 ug/L under chlorinated conditions and 0 pg/L under non-chlorinated
conditions. The 2,4,6-TCP was assumed to exist in the water after treatment, and its con-
centration was adopted from [64]. For analysis, 2,4,6-TCA was presumed to be absent
in the treated water before delivery. The water sources of Test networks 1 and 2 were
assumed to be aqueous, film-forming, and foam-contaminated [65,66]. Thus, PFOAB and
PFOAAmMS were considered to be prevalent in the treated water. The fairly negligible
effects of water treatment upon PFOAB and PFOAAmS elimination in the treatment plants
were conveniently ignored. The PFOAB and PFOAAMS concentrations in the treated river
and lake water sources prior to delivery were taken from the value ranges provided in
the literature [67,68]. The PFOA concentration in the treated chlorinated water before
delivery was assumed to be 3 ng/L [24]. For analysis, the temperature of the delivered
water and the pH were fixed at 25 °C and 7.2, respectively, to meet the USEPA drinking
water guidelines [69]. The characteristics of the source water quality in Test networks 1 and
2 considered for the analysis are detailed in Table 3.

Three (Cases 11, 12, and 13) and four (Cases 21, 22, 23, and 24) operating conditions
were considered for Test network 1 and Test network 2, respectively. Cases 11, 12, and 13,
corresponding to Test network 1, represent diverse chlorine and TOC loadings at the two
water sources—River and Lake. Cases 11 and 12 correspond to chlorine concentrations
of 1 and 0.5 mg/L of the treated water delivered from the river source. On the contrary,
with water from the lake source, Case 13 corresponds to a TOC loading of 1.78 mg/L (a
50% reduction from the original TOC loading). The EPANET-C modules 1, 2, 3, 4, 12, 14, 24,
124, and 1234 were applied in Case 11, while only EPANET-C module 1234 was applied in
Cases 12 and 13.
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Table 3. Source water quality—characteristics considered for WDS water quality analysis.

Value(s) Used
Parameter Unit Test Network 1 Test Network 2 Reference
River Lake Reservoir 129
Temperature °C 25 25 25
pH - 7.2 7.2 7.2 USEPA [69]
Residual chlorine mg/L 05,1 0.49 -
TOC mg/L 0.56 3.55 1 Vasconcelos et al. [62]
BDOC/TOC - 0.1 0.05 0.05 Prest et al. [63]
Planktonic bacterial colony count CFU/mL 103 104 104
THMs ug/L 20 20 -
2,4,6-TCP ng/L 10 20 10 Zhang et al. [64]
2,4,6-TCA ng/L - - -
PFOAB ng/L 60 60 60 . )
PFOAAMS ng/L 60 60 60 Boiteux et al. [67]; Evans et al. [68]
PFOA ng/L 3 3 - Abhijith and Ostfeld [24]

Case 21, corresponding to Test network 2, corresponds to no chlorine loading at the
water source (Reservoir 129) and the intermediate nodes. On the contrary, Cases 22, 23, and
24 correspond to an induced booster chlorine dose (maintaining a chlorine concentration
of 1 mg/L for the outflowing water parcels) at three separate intermediate locations—]J30,
Tank 130, and Tank 131. The EPANET-C module 1234 was applied to Cases 21-24 to
simulate the microbial regrowth, THMs formation, T&O problem occurrence, and PFAS
formation in Test network 2.

7. Results and Discussion
7.1. Test Network 1

The 24 h variations in the residual chlorine concentrations at the six demand nodes
of Test network 1 simulated with the use of nine MSRT modules of EPANET-C in Case 11
is depicted in Figure 3. The six network nodes (six junctions: J123, J161, J147, ]255, and
J131, and a tank: Tank 2) (Supplementary Materials Figure S1) with average water age
values of 3.34, 10.18, 20.60, 40.09, 85.30, and 145.49 h were selected to cover the spatial
extent of Test network 1. As can be observed in Figure 3, the residual chlorine concentration
profiles predicted with the nine modules were found to be virtually similar. The maximum
deviations amongst the different predictions were at <0.01%. This was expected since
the chlorine-TOC reactions, the principal reactions corresponding to chlorine attenuation,
remain the same in the governing equations of all the nine modules considered. While
the other interactions related to chlorine decay (chlorine-PFOAB and chlorine-PFOAAmMS
reactions) and considered in the EPANET-C modules were practically significant, they were
found to be irrelevant to the control of the chlorine dynamics in WDS.

Similar to chlorine, the TOC profiles obtained with the nine EPANET-C modules were
also virtually indistinguishable (Supplementary Materials Figure S2). Furthermore, no dis-
parities were distinguishable for THMs and PFOA concentration profiles (Supplementary
Materials Figures S3 and S4). This could be attributed to the EPANET-C assumption that
the THMs and PFOA formation are the by-products of the chlorine-TOC and chlorine-
FA reactions. Hence, the kinetics of these reactions depends exclusively on the chlorine
concentration values, which are predicted by the nine modules indistinctively.

In contrast to the four parameters mentioned before, changes were primarily evident
for the planktonic bacteria cell count and the 2,4,6-TCA concentration (Figure 4 and Sup-
plementary Materials Figure S5). This could mainly be attributed to not incorporating the
biofilm regrowth dynamics in the EPANET-C module 3, to focusing on the organoleptic
quality variations, and to simplifying the microbial dynamics in its respective conceptual-
mathematical framework. Thus, the processes such as the attachment of the planktonic
bacterial cells to the biofilm layers and the detachment of attached bacterial cells from the
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biofilm layers were not incorporated in the EPANET-C module 3. The contradictions in the
planktonic bacterial cell count estimates by the nine EPANET-C modules also impacted
the predictions of 2,4,6-TCA formation. Clearly, the EPANET-C module 3 overpredicted
the planktonic bacterial cell count and 2,4,6-TCA concentration values as compared to the
other eight modules considered (Supplementary Materials Figure S5). These results shed
light on the advantages and disadvantages of the diverse ways that the microbiological
and organoleptic quality variations in WDS could possibly be evaluated. Altogether, the
results also highlight the flexibility and competence of EPANET-C to simulate the behav-
ior of the numerous contaminants in WDS and to examine the changes in quality of the
delivered water.
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Figure 3. Twenty-four-hour variations in residual chlorine concentrations simulated with EPANET-C
Modules 1, 2, 3, 4, 12, 14, 24, 124, and 1234 at network locations (a) J123, (b) J161, (c) J147, (d) J255,
(e) J131, and (f) Tank 2 of Test network 1.
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Figure 4. Twenty-four-hour variations in planktonic bacterial cell count simulated with EPANET-C
Modules 1, 3, 12, 14, 124, and 1234 at network locations (a) J123, (b) J161, (c) J147, (d) J255, (e) J131,
and (f) Tank 2 of Test network 1.

The 24 h variations in residual chlorine concentration, planktonic bacterial cell count,
TOC concentration, THMs concentration, 2,4,6-TCA concentration, and PFOA concentration
at the six network locations mentioned earlier, which were predicted with the module
1234 of EPANET-C for the three cases (Case 11-13), are shown in Figures 5 and 6 and
Supplementary Materials Figures S6-59.
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Figure 5. Twenty-four-hour variations in (a) residual chlorine concentration, (b) planktonic bacterial
cell count, (¢) TOC concentration, (d) THMs concentration, (e) 2,4,6-TCA concentration, and (f) PFOA
concentration simulated with EPANET-C Module 1234 in Cases 11, 12, and 13 at network location

J123 of Test network 1.
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Figure 6. Twenty-four-hour variations in (a) residual chlorine concentration, (b) planktonic bacterial
cell count, (c) TOC concentration, (d) THMs concentration, (e) 2,4,6-TCA concentration, and (f) PFOA
concentration simulated with EPANET-C Module 1234 in Cases 11, 12, and 13 at network location
J161 of Test network 1.

The results prove the competence of EPANET-C to produce time-series data that can be
used as a standard for assessing the efficacy of WDS performance under different operating
conditions, as considered in the case study here. Altogether, the results indicated that
the operating condition corresponding to a 50% decrease in the chlorine dosing at the
river source (identified as Case 12) was effective in decreasing the chemical contamination
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risks by reducing THM and PFOA formation in the delivered water. However, the simula-
tion outputs also demonstrated the disadvantageous effects of decreased chlorine dosing
(Case 12) on enhanced microbiological and organoleptic quality deterioration via increased
bacterial regrowth and 2,4,6-TCA formation in the different nodes of Test network 1.

Fascinatingly, the modifications suggested in Case 13, which corresponds to TOC load
reduction at the lake source, were found to have no impacts on the delivered water quality
at two (out of six) network locations, i.e., J123 and J131. This can be attributed to the zero
contribution of the lake source in the water demands at J123 and J131. Nonetheless, in the
other four network locations considered (J161, J147, J255, and Tank 2), modified operating
practice suggested that Case 13 was found to be superior to Cases 11 and 12 in reducing
the microbiological and organoleptic quality deterioration. Intriguingly, Case 13 was found
to be a better practice for reducing the THMs formation than Case 11, while the same
was found to be inferior to Case 12 in administering the chlorine-TOC reactions. On the
contrary, Case 13 was inferior to Cases 11 and 12 in governing the chlorine-FA reactions
and the subsequent PFAS contamination of the delivered water.

7.2. Test Network 2

The 24 h profiles of the residual chlorine concentration, planktonic bacterial cell count,
TOC concentration, THMSs concentration, 2,4,6-TCA concentration, and PFOA concentra-
tion, which were predicted at four network locations (J23, J20, J45, and J4) of Test network 2
with the EPANET-C module 1234 for Cases 21-24, are shown in Figures 7 and 8 and Supple-
mentary Materials Figures S10 and S11. In Case 21, the bacterial cell count ranges obtained
at the four nodes—J23, J20, J45, and J4—were 10.4-99.3 CFU/mL, 0.1-82.9 CFU/mL, 0.8-
12.6 CFU/mL, and 0.2-46.7 CFU/mL, respectively. By inducing a booster chlorination
at J30, the average log reductions in bacterial activity at the four benchmark locations
were 4.1, 5.7, 5.2, and 6.0, respectively. However, in Case 23, the average log reductions
in the bacterial activity effectuated by inducing the booster chlorination in Tank 130 at
the four benchmark locations were 0.5, 1.1, 1.5, and 1.4, respectively. Intriguingly, booster
chlorination in Tank 131 (Case 24) failed to introduce any impacts on the bacterial activity at
J23,]20, J45, and J4 (Figures 7 and 8 and Supplementary Materials Figures 510 and S11). As
expected, the reduction in the microbiological activity in Cases 22 and 23 was reflected in
the improvement of the organoleptic quality of the delivered water. The average percentage
of reductions in the 2,4,6-TCA formation at the four locations mentioned earlier in Case 22
were 22.5, 38.5, 58.9, and 42.9%, respectively. Similar reductions in Case 23 were only 3.1,
7.6,10.6, and 7.5, respectively.

Interestingly, an entirely different picture was obtained in terms of THM and PFOA
formation in Cases 22 and 23. Although the practice of booster chlorination at both the
nodes J30 (Case 22) and Tank 130 (Case 23) effectuated in increasing the DBP formation
within the WDS, the average THM concentration at the four benchmark network locations
in Case 22 was found to be about 17.4, 10.7, 27.2, and 5.4 times as that in Case 23. Likewise,
the average PFOA concentration in the four benchmark network locations in Case 22 was
about 14.6, 10.6, 36.7, and 6 times that in Case 23.

In sum, these results demonstrate the advantages of improving the microbiological and
organoleptic quality, and the disadvantages of introducing chemical contamination risks by
inducing booster chlorination at node J30 as compared to Tank 130 and 131. Furthermore,
the results validate the applicability of EPANET-C in simulating intentional contamination
events (booster chlorination) in WDS and in producing time-series data for the evaluation
of WDS performance under non-chlorinated and chlorinated operating conditions.
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Figure 7. Twenty-four-hour variations in (a) residual chlorine concentration, (b) planktonic bacterial
cell count, (c) TOC concentration, (d) THMs concentration, (e) 2,4,6-TCA concentration, and (f) PFOA
concentration simulated with EPANET-C Module 1234 in Cases 21, 22, 23, and 24 at network location
J23 of Test network 2.
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Figure 8. Twenty-four-hour variations in (a) residual chlorine concentration, (b) planktonic bacterial
cell count, (c¢) TOC concentration, (d) THMs concentration, (e) 2,4,6-TCA concentration, and (f) PFOA
concentration simulated with EPANET-C Module 1234 in Cases 21, 22, 23, and 24 at network location
J20 of Test network 2.

8. Limitations of the Study and Future Scope

The proposed WDS contamination tool, EPANET-C, employs the computing environ-
ment of EPANET-EPANET-MSX. Therefore, it is afflicted with the numerical disadvantages
of the default Lagrangian transport algorithm of EPANET and EPANET-MSX. Additionally,
EPANET-C treats the contaminant transport within distribution pipes as a purely advective
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process, and thus, its suitability under dispersion-dominated flow conditions [70] needs to
be re-ascertained. The MSRT modules of EPANET-C attempt to provide a broad picture of
the bacterial interactions within WDS. Thus, to overcome the uncertainties related mainly to
the heterogeneity of the microbial community within distribution pipes, EPANET-C chose
a common bacterial strain (Pseudomonas) to simplify the interpretations of microbiological
interactions in WDS. However, Pseudomonas cannot be recommended as the prototypical
organism, and thus, EPANET-C overlooks the stochasticity corresponding to the microbial
interactions within the WDS domain. The kinetic models defining the bioconversion of
2,4,6-TCP were adopted from the literature [33] to explain 2,4,6-TCA formation in WDS.
However, due to the paucity of data, the effects of enzymatic synthesis, methyl donor
distribution in the water, pipe material, water chemistry, and temperature on the micro-
bial O-methylation mechanism effectuating the formation of 2,4,6-TCA were neglected.
Hence, the kinetic model expressions require re-examination. The conceptual models of
EPANET-C MSRT modules portray the multi-species reactions at a macroscopic scale and
neglect the formation of intermediates and by-products. For this reason, the impacts of
water chemistry on multi-species reactions and the ensuing implications go unaccounted
for. Altogether, EPANET-C has limitations in explicitly portraying the stochasticity cor-
responding to WDS water quality variations. Therefore, future work should be aimed at
addressing this problem.

9. Conclusions

This paper presented the development of a computer-based ‘umbrella” WDS con-
tamination simulation tool, EPANET-C, to aid the water supply managers in examining
WDS performance under different operating scenarios. EPANET-C functions as an ad-
vanced extension of the EPANET-EPANET-MSX modeling. It uses function directories to
integrate all the vital information relating to MSRT modeling in order to carry out WDS
water quality analysis. In this way, EPANET-C bypasses the complications involved in
the conceptual and mathematical modeling stages of MSRT modeling. EPANET-C also
simplifies the execution of EPANET-EPANET-MSX by providing a simple command-line
MATLAB interface equipped with an exhaustive set of instructions. In this way the users,
even those lacking programming expertise, are enabled to execute WDS hydraulic and
water quality modeling.

The applicability of EPANET-C was demonstrated by simulating the water quality
variations in two well-tested benchmark WDS under different operating scenarios. The
simulation outcomes established the potential of EPANET-C to generate time-series in-
formation regarding the WDS water quality parameter disparities, which can be used as
yardsticks to evaluate WDS management strategies. Forthcoming works will expand on the
EPANET-C capability in order to integrate the uncertainty in the knowledge about the mech-
anisms concerning water quality in WDS. Above and beyond, further reacting constituents
and multi-species exchanges will be added to alter the conceptual-mathematical framework
in order to improve the EPANET-C capability of simulating the formation, transmission,
and health risks of several other conventional and non-conventional WDS contaminants.
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