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Abstract
In France, trihoalomethanes (THM) are regulated and regularly monitored at the
water treatment plant and more recently in the drinking water system. THM
concentrations at tap water depend on many factors like chlorine level, organic
precursor’s concentrations, water temperature, residence time in the network, and
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presence of rechlorination stations. To predict concentrations in the water distri-
bution system using data collected from treated water at the plant (i.e., the entrance
of the distribution system), a first mathematical model was developed in 2009,
from three sites supplied by surface water. Predicted concentrations produced with
this model for five new sites didn’t match with observed concentrations. New
efforts were then made in order to adapt this mathematical model to cover more
types of water. Two formulations have been developed: a first model based on a
minimum of variables and those easily available (from the French national SISE-
Eaux database collecting all data from drinking water regulations) and a second
model that includes more information about the reactivity of the organic matter
with chlorine. The choice of variables and the general shape of the models were
made by dividing the database into two random editions of the couples of data
(75% of the data to build the models/25% to validate them). The validation of both
models (simplified and complete model) was satisfactory, explaining respectively
87% and 88% of the variance, with a good capacity of generalization. The models
developed herein can be used to assess THM concentrations at different points
between the treated water at the plant and the consumer’s tap in a large range of
French water systems supplied by surface waters.

Keywords
Drinking water · Trihalomethanes · Chlorine · Chlorination byproducts ·
Mathematical model · Water distribution system

Introduction

Chlorination of drinking water is widely used around the world to prevent and the
infectious risk conveyed by tap water. In France, its use dates from more than one
century in several large cities. Since 2003, the French authorities have recommended
to extend its use to all water systems regardless of the size of the population served.
In 2007, more than 99% of produced drinking water were disinfected with chlorine
(Davezac et al. 2008).

Because of its oxidizing properties, the chlorine reacts with water organic matter
to form chlorination byproducts (SPC). Nearly 600 SPC are identified to date
(Richardson et al. 2007).

Trihalomethanes (THM) and haloacetic Acids (HAAs) account for between 20%
and 30% of the total mass of the SPC produced generally (Weisel et al. 1999). Drinking
water chlorination in France is mandatory under the national legislation, while regular
inspections of recreational waters are also conducted regularly (Galey et al. 2015).

Water sampling is carried out at the outlet of the treatment stations having a
chlorination step, and in network if the chlorine concentration in the distribution
system exceeds 0.5 mg/L. The formation of SPC depends on the nature of the raw
water, the treatments used to remove the organic matter and the disinfection strategy
(injection points, applied doses, contact time).
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The presence of SPC poses a public health problem due to associated health risks
and the large size of exposed population. Epidemiological studies indicate
anassociation between exposure to SPC, generally assessed by THM measurements
as part of regulatory controls, and the occurrence of bladder cancer (Villanueva et al.
2007). An association between THM exposure and colorectal cancer is also doubtful
(Rahman et al. 2010; Azhar et al. 2015). Suspected effects on reproduction and
development, even if they are widely studied, are still controversial (Grellier et al.
2010; Lewis et al. 2011; Hwang and Jaakkola 2012; Levallois et al. 2012). Exposure
estimation is generally the weak point of epidemiological studies.

THM formation evolves in the water distribution network. Several studies
have showed an increase in THM concentrations by a factor of 2–6 between the
treatment plant exit and periphery of the drinking water distribution system (Mouly
et al. 2010).

A first regression model was constructed based on three production and distribu-
tion sites of drinking water in 2009 (Mouly et al. 2009, 2010) in order to predict
THM concentrations in water systems from measured output data of treatment
plants, with the aim of better estimating the population exposure. Data from five
other production and distribution sites were used for external validation purposes.

The comparison of “2009” model predictions to the data measured on these five
sites did not, however, allow to establish the validity of the model beyond the three
sites considered for its construction.

The aim of the study is therefore to propose two variants of a new regression
modelbased on the analysis of all the data (data from the three sites used for the
establishment of the “2009”model and the five sites used for its external validation),
in order to have a new model with a wider range of application.

A “complete model” using all the variables provided by the operators of the
different sites was constructed, as well as a “simplified model” retaining a minimal
subset of variables, reduced to those that are indispensable, or easily accessible and
routinely produced.

Materials and Methods

Study Sites

Eight sites were used for model construction and validation. All these sites are fed by
surface or retaining water, and comprise a complete treatment process with a
filtration step on activated carbon or two-layer filtration, and an ozonization step.

There is no prechlorination step in the treatment process. Final disinfection by
chlorine is carried out at the exit of the treatment plant before the distribution of the
water in the network. The data come from various sampling campaigns of analyzes
carried out in different seasons.

During each campaign, a sample was systematically carried out at the outlet of the
treatment plant, downstream of the chlorination step at the treatment plant, and one
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to several samples were taken in different points of the distribution network, before
or after a possible re-chlorination step.

As a result, the complete data used are distributed as follows for the different sites
(Table 1):

Depending on the study site, several sampling points were chosen along the
drinking water system. At each study site, sampling points included one point before
the chlorination step, one point at the treated water at the plant (i.e., at the entrance to
the drinking water network: reference point 0) and several points along the drinking
water network with different residence times (Fig. 1).

Variation Range of the Studied Parameters

Table 2 presents the description of water quality variables and
operating variables, which may influence the formation of THM. The incorporation
of these variables in the “simplified” and “complete” models is given in the table.

The concentration is expressed in molar concentration (μmol.L�1) because the
distribution of individual THM (chloroform, dichlorobromomethane, chlorodibro-
momethane, bromoform) is different depending on site and because the molar mass
is different for each THM. The use of all data in the same model requires translation
of the concentration into molar concentration.

Table 1 Synthesis of sampling campaigns realized on the different study sites

Site
Campaigns
number

Total number of THM values
in network

Hydraulic residence time
(min–max, in hours)

Site 1 3 48 (11–27)

Site 2 3 62 (26�160)

Site 3 3 55 (30–210)

Site 4 4 16 (64–160)

Site 5 7 48 (5–280)

Site 6 7 14 (19–57)

Site 7 7 16 (5–53)

Site 8 2 3 (15–53)

Total 262

Raw
Water

Pplant P0 = reference P1 - Pi

rechlorination

chlorination

Plant

Fig. 1 Diagram of the
sampling points chosen for the
study
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Modelization

The method used to adjust the two models is based on the random division of datain two
subsamples. The first, called the training sample, is made up of 75% of the available data
and it’s used to build the model. The second, called test or validation sample, consists of
the remaining 25% of the data and it’s used to measure the generalization capacity of the
model by comparing its predictions to the observed values.

Explanatory variable is introduced as polynomial functions of 1–3 degrees in
order to take into account the possible nonlinearity of the relationship between the
levels of THM present in the network and the explanatory variables. Different
regression models were then tested with the variables by introducing possible
interactions. These models were assessed by considering:

1. R2: the coefficient of determination which determines the contribution of the
tested variables in the explanation of variability of the response; RMSE: the
residual mean standard error which corresponds to the error making on prediction

2. Assessment of the fit quality of the model by analyzing the graphic distribution of
residues

Table 2 List of variables tested during model construction

Explanatory
variable Description Unit Min Max

Water quality variables (sanitary control parameters)

THM0 THM concentration at the treated water at the plant
(P0)

μg.L�1 1.3 68

μmol.
L�1

0.01 0.5

Cl20 Free residual chlorine at the treated water at the
plant (P0)

mg.L�1 0.05 1.3

Temp0 Water temperature at the plant (P0) �C 7 23

TOC0 Total organic carbon at the treated water at the plant
(P0)

mg.L�1 1.1 4

pH0 pH at treated water at the plant 7.2 8.5

Operating variables

Cl2inj Dose of chlorine injected into the chlorination tank mg.L�1 1.2 6

CTtp Contact time in the chlorination tank at the
treatment plant

Hours 0.5 6.9

RTi Water residence times between a given point in the
system (Pi) and the treated water at the plant (P0)

Hours 4.5 280

RCPi Presence of one rechlorination point upstream of
point i (Pi)

RCPi = 1 if
rechlorination
RCPi = 0 otherwise

Br�0 Bromide ion concentration at treated water at the
plant

mg.L�1 0.003 0.97

Absuv0 UVabsorbance at 254 nm, at the treated water at the
plant

m�1 0.003 0.08
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3. Prediction capacity of the model on data not used for its construction
(validation sample), evaluated on the basis of:
(a) RMSE: root mean square error
(b) Relative error N25: which represents the percentage of predictions with a

relative error less than 25%
(c) Relative error related to uncertainty N5unc: which represents the percentage

of predictions with a relative error less than 5% when uncertainty on
explanatory variables is taking into account

Higher values of N25% and N5unc mean that the model has a great prediction and
generalization capacity.

The stability of the two models selected was verified by cross-validation on eight
subsamples made randomly from the starting data sample. The work was done with
software R (V2.14.2).

Results

Simplified Model

The search for a simplified model aims to have a predictive tool, using a minimal
subset of easily accessible explanatory variables (present in the SISE-EAUX French
database).

After exploring the relationship between THMi (THM concentration in the distri-
bution network) and the available explanatory variables, the form of the simplified
model is a polynomial form, of 1–3 degrees according to the variables, with a term of
interaction between network rechlorination and water temperature (Table 3).

The fitting quality and predictive performance of this model are as follows:

Construction on the training sample (N = 197)

R2 = 87.15% RMSE = 0.0484 p < 2.2e � 16

Validation on the test sample (N = 65)

RMSE = 0.0625 N25 = 67.7% N5unc = 81.5%

The simplified model adjusts well the observed data. Indeed, the histogram and the
Q-Q plot of the residues show that the distribution of the residues is close to a normal
distribution.Moreover, the residual values do not exhibit any particular tendency (Fig. 2).

Good predictive performances were also observed for the vast majority of the
predictions of the validation sample. Predicted THM values were close to the
observed ones (Fig. 3 – N25 close to 70% and N5unc greater than 80%).

The four observed atypical concentrations between 0.23 and 0.37 μmole.L�1, for
which the simplified model predicts a value around 0.1 μmole.L–1, belong to the
same site (site 7). They were all measured in the spring during the same campaign.
The four sampling points are different, but have a double chlorination in the network
and a residence time RT probably underestimated.
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The form of the relationships observed between levels of THMi present in the
network and each explanatory variable of the simplified model allows to assess the
coherence of the relations with the mechanisms involved (Fig. 4).

A growing relationship is observed between the formation of THMi in the
network and THM0 (THM concentration at the plant outlet), Cl20 (residual chlorine
leaving the plant), RTi (residence time of water at the sample point i), and Temp0
(water temperature) when no rechlorination is used in the network. These results are
in line with expectations.

The bell shape of the relationship with temperature in the presence of network
rechlorination is more difficult to apprehend.

The relationship observed for the higher TOC0 (organic carbon of the distributed
water greater than 3.5 mg.L�1) or high pH (pH > 8.3) have no explanation. The
campaigns associated with these conditions are limited in number and concern only a
few sites.

Complete Model

After exploring the relationship between THMi and the available explanatory vari-
ables, theform of the “complete model” was a polynomial form, of 1–3 degrees

Table 3 Variables of the simplified model obtained using the training sample: coefficients with
their standard error and their degree of significance

Simplified model variables Coefficient Standard deviation Pr(>|t|)

Constant 145.00 40.10 0.0004

THM0 1.25 0.12 < 0.0001

THM0 � THM0 �1.24 0.27 < 0.0001

Cl20 0.08 0.02 < 0.0001

RTi 0.0012 0.0004 0.0025

RTi � RTi �0.000009 0.000003 0.0055

RTi � RTi � RTi 0.00000003 0.00000001 0.0011

pH0 �55.00 15.40 0.0004

pH0 � pH0 6.97 1.96 0.0005

pH0 � pH0 � pH0 �0.29 0.08 0.0005

TOC0 0.11 0.03 0.0004

TOC0 � TOC0 �0.02 0.01 0.0007

RCPi [0 if no, 1 if yes] 0.33 0.08 < 0.0001

Taking into account the interaction

If RCPi = 0 (without rechlorination in the network before the sampling point)

Temp0 �0.01 0.01 0.2870

Temp0 � Temp0 0.0005 0.0003 0.0758

If RCPi = 1 (rechlorination in the network before the sampling point)

Temp0 �0.05 0.01 < 0.0001

Temp0 � Temp0 0.0018 0.0003 < 0.0001
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according to the variable, with a term of interaction between network rechlorination
and water temperature (Table 4). The complete model uses the UV absorbance
(at 254 nm) of water, as well as the variable R which define the chlorine consumption
rate at the plant.

R ¼ Cl2inj � Cl20
� �

CTtp

The fitting quality and predictive performance of this model are as follows
(Figs. 5 and 6):

Construction on the training sample (N = 197)

R2 = 88.45% RMSE = 0.0467 p < 2.2e-16

Validation on the test sample (N = 65)

RMSE = 0.0563 N25 = 67.7% N5unc = 86.1%

Fig. 2 Adjustment quality of the simplified model (training sample): histogram and Q-Q
residue plot, residues as a function of predicted values and comparison between predicted and
observed values
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The forms of relations between THM concentrations present in the network and
the explanatory variables used in the complete model are similar to those observed
for the simplified model (not shown).

Conclusion

The model built in 2009 (Mouly et al. 2009) using data from three production and
water distribution sites have not been validated on the new data collected from other
sites. The quality of the water produced by the three initial sites was fairly similar,
with THM concentration ranging from 10 to nearly 90 μg/L.

A new modeling was then undertaken, using data from eight sites: the three sites
used for the construction of the 2009 model, and the five new sites. All these sites are

Table 4 Variables of the complete model, obtained using the training sample: coefficients with
their standard error and their degree of significance

Complete model variables Coefficient Standard deviation Pr(>|t|)

Constant 139.00 40.10 0.00

THM0 1.30 0.13 < 0.0001

THM0 � THM0 �1.55 0.31 < 0.0001

Cl20 0.06 0.02 0.00

RT 0.00 0.00 0.01

RTi � RTi 0.00 0.00 0.02

RTi � RTi � RTi 0.00 0.00 0.01

pH0 �53.20 15.40 0.00

pH0 � pH0 6.79 1.96 0.00

pH0 � pH0 � pH0 �0.29 0.08 0.00

TOC0 0.14 0.04 0.00

TOC0 � TOC0 �0.03 0.01 0.00

Rcpi [0 if non, 1 if yes] 0.26 0.07 0.00

R �0.10 0.03 0.00

R � R 0.03 0.01 0.03

R � R � R 0.00 0.00 0.17

Absuv0 4.23 2.43 0.08

Absuv0 � Absuv0 �107.00 59.20 0.07

Absuv0 � Absuv0 � Absuv0 825.00 432.00 0.06

Taking into account the interaction

If RCPi = 0 (without rechlorination in the network before the sampling point)

Temp0 �0.02 0.01 0.04

Temp0 � Temp0 0.00 0.00 0.01

If RCPi = 1 (with rechlorination in the network before the sampling point)

Temp0 �0.05 0.01 < 0.0001

Temp0 � Temp0 0.00 0.00 < 0.0001
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fed by surface water and include a complete water treatment process with ozonation
and filtration steps.

Two models were then built. The first is called “simplified.” It was built based on
variables usually available from the sanitary control French basis and other indis-
pensable variables as hydraulic residence time of water in the distribution network.

The second model is called “complete.” It is constructed from all the available
variables. Compared to the “Simplified” model, it includes variables that better
characterize the reactivity of organic matter to chlorine as UV absorbance and the
rate of chlorine consumption in the plant.

The performances of these two models are very similar, with a slight impro-
vement when moving from the simplified model to the complete
model (increase of R2 from 87.15% to 88.45% and N5unc increase from 81.5% to
86.1%).

The field of application of these models seems to cover surface water and French
conditions water treatments, for a wide range of THM concentration levels at the
outlet of the treatment plant (between 1.3 and 68 μg/L).

The overall validity of the “simplified” and “complete” models leads us to
propose their use to estimate THM content in a distribution network.
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Many difficulties were met during this work in collecting entry data especially
for hydraulic residence time data. Several sites initially proposed to contribute to
the modeling work were not selected due to lack of exact data on relevant
variables.

The use of these two models to predict a THM level at a point of a water
distribution network is possible and easy to do under Excel

®

, providing data avail-
ability of explanatory variables. These models can be used to determine levels of
THM concentrations at different points of the same network, and help identify the
most critical areas, close to the regulatory standard for example.

The two models were not validated on waters and treatment processes other than
thoseused for their construction. It would be interesting to have other datasets of new
sites, in particular with underground water, in order to verify their ability to be
generalized.
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