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StatiStical approach to the thmS formation proceSS  
in water treatment arrangementS

abstract. Trihalometanes (THMs) are disinfection by products which arise during water chlorina-
tion. The monitoring of THMs is expensive but it is necessary because THMs are harmful to human 
health. We focus on the statistical analysis of THMs formation process in the Raba water treatment 
plant in Kraków. Basing on obtained results of previous water quality analyses in 2000 – 2006, the 
mathematical models describing the level of newly arising THMs were statistically tested. The above 
model takes into consideration changes of water treatment exploitation parameters as well as change-parameters as well as change- as well as change- as change- change-
able raw water quality in Dobczyce reservoir where the water intake is located.
keywords: trihalometanes (THMs), water quality, multiple regression, statistical models.

INtRODuctION

Nowadays increased interest in the applications of statistical tools in technical 
science is observed. Although mathematical statistics and probability calculus are 
well known since the beginning of last century, there are not too many their practical 
applications in water supply systems (excluding reliability theory). This fact was cau-
sed by difficulties which ran into calculations during the analysis of wide data sets 
covering both factors independent and depended on technological process (for exam-
ple in the first group we collect data such as temperature, seasons and water quality 
in the source, while in the second group there are technological parameters of water 
treatment: reduction level, chlorine dose, chlorine demand etc.). Recently statistical 
software has been intensively and successfully developed which effects in numerous 
practicable research. 

Data that are statistically worked out allow to conveniently, strictly and unam-
biguously pass on heuristic observations in the terms of numbers. This fact results in 
precise description of phenomena observed, among all, in technological processes of 
water treatment. Models worked out in this way have not only empirical meaning but 
they can be also transmitted into economical management of water treatment plants.

Current water treatment plants contend with difficulties in disinfection process. 
Namely, during water disinfection using chlorine there appear disinfection by pro-
ducts (DBP), particularly such as trihalometanes. It is connected with the fact that 
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water treatment arrangements are not adjusted to high efficient removal of THMs 
precursors. The concentration of THMs precursors in surface water is high and it 
continuously increases as the result of anthropogenic environment pollution. There-
fore it is very important to adapt just existing water treatment arrangement to chan-
ging conditions of raw water quality, which decreases the risk of too high concentra-
tion of THMs generated in drinking water. It is essential because DBP are generated 
not only in water treatment process but also (mainly) in wide distribution water pipe 
network. The monitoring of DBP concentration in water supply systems follows that 
THMs have carcinogenic and mutagenic character and they are dangerous for hu-
man health [5, 14]. On the other hand, the precise monitoring of THMs is expensive 
so in practice it is limited to indispensable minimal range.

Decreasing water demands in water supply systems, that has been observed in 
last time, result in longer time of water supply to a consumer; this time often exceeds 
a few days. This fact causes a health hazard because of water bacteriology contami-
nation in pipe network. In order to avoid this danger the water chlorination is com-
monly applied in water treatment processes. This technology of water disinfection is 
popular in the whole world because high efficiency and low price of chlorine. On the 
other hand, high chlorine concentration in water determines the arising of significant 
level of disinfection by products such as trihalomethanes, dichloroacetic and trichlo-dichloroacetic and trichlo- and trichlo-
roacetic acids (HAAs species), and other. Haloforms arise also in surface waters to 
which sewage containing chlorine are pumped. Therefore modern technologies of 
water treatment resort to non-chlorination processes [10].

Although DBP arise in not large quantities, they have to be precisely checked in 
the last treated water quality assessment because of their toxic, mutagenic and carci-
nogenic character. Disinfection by products are the result of chemical reaction be-
tween chlorine used in disinfection process and organic compounds that are con-
tained in water. The precursors of THMs are mainly humic acids, chlorophyll, 
metabolism products of zoo- and phytoplankton, aliphatic hydroxyl acids, acids and 
aromatic carboxylic acids. 

During chlorination the quantity of humic substances of high compound mass 
increase, and simultaneously the quantity of humic substances of low compound 
mass decreases. The reaction between chlorine and THMs precursors consists of 
three stages. The first one is characterized by immediate chlorine demand caused by 
organic compounds, the second stage is the reaction with organic compounds in 
which the amount of newly arising THMs linearly depends on the chlorine dose, and 
finally chlorine subsequently added causes small increment of THMs [6, 7, 11].

The oxidation reaction rate of non-organic compounds is greater than the rate 
of organic compounds, so firstly non-organic reducing agents (Fe2+, Mn2+, NO2-) are 
oxidated. Then, after the reaction between chlorine and non-organic compounds, the 
reaction of chlorination by-products formation starts. It is difficult to determine the 
total quantity of THMs that have been formed just after adding the chlorine to water 
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because its reactions with THMs precursors are characterized by small reaction rate. 
Only THMFP (trihalomethane formation potential) determination allows to estimate 
the treated water quality.

In particular, the process of disinfection by products can be considered in the 
statistical depiction [1,7,10,15]. It is one of possible solutions of the process of THMs 
arising, because so far this process is not theoretically recognized. Literature review 
shows that there were only a few attempts made in order to define a mathematical 
model which describes changes of level of THMs formation in time. Models defined 
until now base mainly on data generated during laboratory research in fixed condi-
tions. Only several of them were specified in research conducted in real water distri-
butions systems, however they differ depending on their location.

Ones of the first people who discovered a possibility of determining an amount 
of creating THMs on a basis of quality parameters of water and reaction conditions 
were Amy, Chadik and Chowdhury. In their model predicted concentrations of 
THMFP [µmol/dm3] were expressed as a function of a content of organic compounds 
- TOC [mgC/dm3], UV-254nm, chlorine dose DCl2 [mgCl2/dm3], contact time of water 
and chlorine t [h], the temperature T [°C] and pH as well as concentration of bromide 
Br [mgBr/dm3] in water [1]. The model estimates THMFP by the following formula:

depends on the chlorine dose, and finally chlorine subsequently added causes small increment 

of THMs [6, 7, 11]. 

The oxidation reaction rate of non-organic compounds is greater than the rate of organic 

compounds, so firstly non-organic reducing agents (Fe
2+

, Mn
2+

, NO
2-

) are oxidated. Then, 

after the reaction between chlorine and non-organic compounds, the reaction of chlorination 

by-products formation starts. It is difficult to determine the total quantity of THMs that have 

been formed just after adding the chlorine to water because its reactions with THMs 

precursors are characterized by small reaction rate. Only THMFP (trihalomethane formation 

potential) determination allows to estimate the treated water quality. 

In particular, the process of disinfection by products can be considered in the statistical 

depiction [1,7,10,15]. It is one of possible solutions of the process of THMs arising, because 

so far this process is not theoretically recognized. Literature review shows that there were 

only a few attempts made in order to define a mathematical model which describes changes of 

level of THMs formation in time. Models defined until now base mainly on data generated 

during laboratory research in fixed conditions. Only several of them were specified in 

research conducted in real water distributions systems, however they differ depending on their 

location. 

Ones of the first people who discovered a possibility of determining an amount of creating 

THMs on a basis of quality parameters of water and reaction conditions were Amy, Chadik 

and Chowdhury. In their model predicted concentrations of THMFP [μmol/dm
3
] were 

expressed as a function of a content of organic compounds - TOC [mgC/dm
3
], UV-254nm, 

chlorine dose DCl2 [mgCl2/dm
3
], contact time of water and chlorine t [h], the temperature 

T [°C] and pH as well as concentration of bromide Br [mgBr/dm
3
] in water [1]. The model 

estimates THMFP by the following formula: 

( ) ( ) ( ) ( ) ( ) ( ) 0356,0715,006,1205,0409,0

2

440,0
16,200309,0 += BrpHTtDTOCUVTHMFP Cl

       (1). 

Above model was obtained in laboratory studies and it was based on standard solutions that 

contained humic maters. This is the reason why this model can not be directly applied in a 

real exploitation water supply system; every time it has to be necessarily verified. 

The necessity of wide water pipe networks exploitation causes technical problems connected 

with water distribution as well as difficulties in upkeeping of high water quality standards 

during its supplying to consumers.  

The process of THMs formation depends on many factors such as: temperature, ambient pH, 

the time of reaction, quantity and quality of precursors, a chlorine residual after disinfection 

Above model was obtained in laboratory studies and it was based on standard 
solutions that contained humic maters. This is the reason why this model can not be 
directly applied in a real exploitation water supply system; every time it has to be 
necessarily verified.

The necessity of wide water pipe networks exploitation causes technical prob-
lems connected with water distribution as well as difficulties in upkeeping of high 
water quality standards during its supplying to consumers. 

The process of THMs formation depends on many factors such as: temperature, 
ambient pH, the time of reaction, quantity and quality of precursors, a chlorine re-
sidual after disinfection process. The process of disinfection by products formation 
in drinking water is an enormous danger for water supply system users because the 
reaction proceeds not only in water treatment plant but also in water distribution net-
work. The longer water flows in water pipe network, the greater concentration and 
wider diversity of by products, including THMs. Trihalomethanes form as long as 
one of reaction components (chlorine or organic matter) will be exhausted.

Developing a method which allows to predict the level of THMS formation in 
water treatment plants as well in distribution network is essential because DBP have 
carcinogenic character and, simultaneously, there is no possibility to eliminate their 
formation during chlorinated water supply to consumers. The statistically significant 
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results can be a significant tool employed in managements of exploitation of water 
distribution systems in the aspect of high water quality conservation.

CharaCteriStiCS of kraków water Supply SySteM 
AND RABA WAtER SuPPly ARRANgEmENt 

The actual water supply system of Kraków city has came into being as a result 
of contracting a water-pipe plants, modernization and as well as develop of main 
network, resulting from new housing estate on the suburb. The beginning of Kraków 
system comes most probably on XIII century, when Krakow get a licence of building 
of aqueducts, what is said in documents done by Leszek Czarny. However, the begin-
ning of the present city WSS is 1898, when City Council decided to build new water-
pipe. It was a pumping water-pipe fed with surface water from Bielan with the high-
est daily capacity of 16,000 m3. The official start of operating that water-pipe took 
place 14 February 1901 and was beginning of consequent development of today’s 
city WSS.

The present WSS of Krakow city consists of two extended subsystems: water 
treatment subsystem and water distribution subsystem. The water treatment subsystem 
consist of feed systems, creating separated technological lines operating with respect 
to water from Raba, Rudawa, Dłubna, Sanka and underground water from intake in 
Mistrzejowice. The greatest part of urban water supply is the Raba intake in Dobczyce 
supplying by an average 48% of actual water requirements. In particular, the mean 
production of drinking water in water supply arrangements in Kraków is following: 
77,768 m3/day at WTP Raba, 13,476 m3/day at WTP Bielany, 29,441 m3/day  
at WTP Rudawa, 22,433 m3/day at WTP Dłubnia, 5,141 m3/day at WTP Mistrzejowice 
[9,16].

Actual productivities of water conditioning plants cause that the present urban 
water supply system of Kraków is classified as system with excess that is to say it has 
reserve of productivity on the level 112% of mean daily urban requirement.

At the water supply arrangement of Raba the raw water is drawn from tower-
type water intake from reservoir Dobczyce, which has possibility of water intake 
from a level of the best quality parameters. Then water is pressed inside two pipe-
lines ( 1000 and 1400) to the water conditioning plant (Fig. 1). Untreated coming 
water is oxidizing in the process of preliminary ozonization in contact tank with two 
chambers. Mean dose of ozone during process is in the range 0 – 2 g/m3. Ozone pro-
duced on the spot by system of PCI Ozone, of capacity 30 kgO3/h. After process of 
preliminary ozonization water flow to the separation chamber where is added active 
carbon in dose 0 –2 g/m3 of water and coagulant (PAX) in dose 0 – 40 g/m3. To wa-
ter is added also periodically flocculent Magnaflok in dose 0 – 0.5 g/m3 of water. In 
the next chamber separation of water jet is made into higher and lower [9,16].
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Fig. 1. The technological scheme of WTP Raba

The higher jet is conveyed water to the technological string of Raba I contain-
ing a system of classic coagulation. The jet in pipeline 1000 flows to coagulation 
building into fast mixers. They are round chambers, where water is bottom let in and 
top let out. The holdup time in mixers is about 1 minute. Next, water flows through 
flocculation chambers (12 pieces), with holdup time 6 – 10 minutes. From swirl 
chambers it flows to 12 after coagulation horizontal settling tanks of capacity  
8,000 m3. Holdup time in settling tanks is about 2.5 h. Then water is steered to rapid 
filters. In the technological process of water conditioning there are 12 sand-gravel 
filters of area 44 m2 each and capacity 6.5-8 m3/h. Sludge from filters washing is 
disposal to sludge thickeners, from where is pumped over to sludge drying bed. To 
minimize aggressiveness of water it is added lime milk in numbers of 0 – 20 g/m3. 
This way treated water goes to reservoir of pure water Raba I (2x3 thousand m3), 
where is in the process of disinfection using gas chlorine. Treated water is pressed 
with pumping engine of capacity 0.25 m3/s to reservoirs in Gorzków, and then to the 
urban water distribution subsystem.

The low jet is steered to the technological string of Raba II that means to sys-
tem of multifunctional devices: accelerators (4 pieces). Nominal capacity of accelera-
tor with 2.5 hour of water holdup is 2,160 m3/h. After the accelerator water is steered 
to 16 rapid filters of area 85 m2 each and capacity 5.5 – 7.5 m3/h. The next stage of 
water treatment is disinfection, which is executed in the pure water reservoir Raba II 
(2x8.5 thousand m3). After disinfection water is pressed with pumps (8 pieces) of 
capacity 0.56 m3/s to reservoirs in Gorzków.

Along water flow route from WTP Raba to Kraków there are localized pure 
water reservoirs in Gorzków of capacity 22.5 thousand m3, from where water gravi-
tationally flows to a pure water reservoirs complex in Siercza (4 x 34 thousands m3 
and 3 x 7.5 thousands m3). Water reservoirs in Siercza operate as straightway and are 
of reserve-balance type. From the reservoirs water gravitationally flows inside pipe-
lines 1000 and 1400 to Kraków, where in the control station in Piaski Wielkie 
regulation of flow and pressure parameters and steering of water distribution to the 
urban water – pipe network take place [16].
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DAtA AND mAthEmAtIcAl mODEl 

During the normal exploitation process, the Kraków Water Company regularly 
controls the parameters of treated water such as chlorine and THM concentrations, 
UV, chemical oxygen demand, pH, temperature, and others. These parameters are 
tested in the water treatment plants as well in different characteristic points of distri-
bution network. Basing on laboratory analyses of water quality made during 2000 – 
2006 by Central Water Quality Laboratory in Kraków a sample (playing the role of 
random sample taken from general population) consisting of 94 cases was obtained. 
However, in most cases there are missing data and finally the set of 58 complete 
cases was statistically worked out.

Water samples at the Raba treatment plant were collected according to the PN-
87/C-04632/01-04 norm. Water samples’ quality was specified according to the fol-
lowing procedures: 
• pH – PN-90/C-04540.01 (multifunction apparatus inoLab MultiLevel1), 
• temperature – PN-77/C-04584 (mercury thermometer), 
• chlorine – PN-ISO 7393-2:1997 (photometer PC Compact Chlor), 
• absorbance UV254 – PN-84/C-05472 (spectrophotometer HACH DR 4000U),
• COD – PB-NJL-W-15 (spectrofotometer HACH DR 4000U), 
• TOC - PN-EN-1484-1999 (analyzer TOC 5050  Shimadzu), 
• THM - 75-PB-NJL-W-06 (gas chromatograph HP-5890GC/5970MSD).

The main aim of presented research was to obtain a formula which approxi-
mates the value of THMS concentration basing on input parameters. One of possible 
and frequently employed methods is the least square method [3, 13]. In general, if  
y denotes a dependent variable that has to be explained and ŷ denotes its estimate, 
then ŷ should be such that the sum of squares of errors is minimal, i.e.
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In above equations x1, x2, K, xk  are observed independent (explanatory) vari-
ables and a0, a1, a2, K, ak are coefficients that minimize (2) and they have to be found. 
Some authors try other forms of prediction [10]. The approximation of dependent 
variable by a linear combination of independent variables (multiple regression mod-
el) is a fruitful way because there are advanced statistical tools that allow to say how 
good is obtained model. 

Of course there is the difference between observed and estimated values of de-
pendent variable. This difference depends on the sample so it is a random variable. 
For reliable statistical inference about the model obtained from the multiple regres-
sion the following assumption about the error term should be satisfied [3]: (i) the er-
ror has the expected value equal to zero, (ii) the variance of error is the same for all 
values of independent variables, (iii) the values of error are independent, (iv) the er-
ror is normally distributed random variable.

Above assumptions imply that, for the given values of independent variables, 
the dependent variable is also normally distributed random variable with the same 
variance as error term. 

In just described research the logarithmic structure given by (4) was considered 
because results previously obtained for various choices of variables in (3) were not 
satisfactory (they were not statistically significant). It is necessary to remember that 
one can employ results obtained in next section if all variables are expressed in the 
same units as ones that were taken in the research (for other units the model coeffi-
cients have to be converted). In all calculation and results following notations are 
used: T – temperature of water in distribution subsystem [°C], pH [dimensionless], 
UV [cm-1], COD – chemical oxygen demand [mgO2/dm3], TOC – total organic car-
bon [mgC/dm3], TD_Cl2 - the total chlorine dose [mgCl2/dm3], R_Cl2 – residual chlo-
rine [mgCl2/dm3], C_Cl2 – chlorine consumption [mgCl2/dm3], THM – the concen-
tration of trihalomethanes [µg/dm3].

RESultS

In order to summarize data detailed descriptive statistics of independent and 
dependent variables were calculated. Both water quality and technological parame-
ters were taken into consideration (Table 1). The next stage is the comparison of cor-
relation coefficients between all variables. Correlation coefficients are presented in 
Table 2. There was also introduced a new heuristic variable – the ratio of UV and 
TOC – which better characterizes the quantity as well as specificity of the structure 
of organic compounds that are THMs precursors. 

There is average correlation between residual chlorine in water which is forced 
to the system and the concentration of THMs. However, the low correlation was ob-
served between THMs and chlorine dose or chlorine used to disinfection (in any 
case these correlation coefficients are not statistically significant). It can be explained 
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by short contact time between disinfectant and organic compounds as well as low 
concentration of THMs precursors in raw water. At WTP Raba chlorine is applied 
first and foremost in order to protect water against secondary microbiological con-
tamination. It is important to apply greater doses of disinfectant at WTP for the sake 
of long water transit in WDS which causes increased risk of greater concentration of 
THMs in WSS. Moreover, there is high linear dependence between THMs and tem-
perature and this is confirmed by observations – usually in the greater temperature 
more THMs arise (hence there is positive correlation coefficient). Next, the content 
of organic mass (described by COD, TOC and UV) probably influence on the chlo-
rine usage rather than THMs formation. If the fraction of THMs precursors in not 
large then oxidized organic compounds are generated and they quickly mask the 
process of THMs formation. Simultaneously, newly introduced variable  is high-
ly correlated with THMs and has positive correlation coefficient 0.52.

table 1. Descriptive statistics of water quality and technological parameters 

table 2. Correlation matrix for considered variables
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On the other hand, it was noticed that dependent variable THM was not nor-
mally distributed – at the significance level 050,=α 0,05 the Kolmogorov-Smirnov and 

2χ tests indicated that the null hypothesis about normal distribution had to been re-
jected. However the transformation lnTHM is normally distributed (Fig. 2) and hence 
the logarithmic structure (4) is considered in further research. 

Fig. 2.  Graphical interpretation of the null hypothesis verification for normal distribution of variable 
lnTHM

Finally, the following variables ln R_Cl2, ln pH, ln T, h   and ln THM were 
taken into consideration. Their correlation coefficients of these transformed vari-
ables are shown in Table 3. For the variables the following equation was obtained:

(5)

In equation (5) the free term and coefficient in ln pH are not statistically sig-
nificant (they have too large standard deviations) while other coefficients are statisti-
cally significant. A few attempts to regression model with different sets of indepen-
dent variables resulted in the equation with all coefficients statistically significant:

(6)

In (6) the variable ln pH is deleted because its correlation with ln THM is the 
least one as well as its variability was small – therefore the model can be applied if 
Ph 4.08.7 ±=pH . Its influence on dependent variable is of course contained in the 
free term.

For model (6) the value of F-test is 17.895 (which corresponds to p-value less 
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dent variables and ln THM. The differences between observed and predicted values 
of ln THM are small and they are contained in interval 73.0;05.1−-1,05;0.7373.0;05.1− . They are ap-
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R2=0,5792, R2
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For the last model errors are greater but in most cases they do not exceed 20% of acceptable 

THMs concentrations in treated water (the mean is 0.853 μg/dm
3
, standard deviation is 3.373, 

absolute values are between 5.61 and 8.85 μg/dm
3
). 

 

5. Final remarks 

The model predicting the concentration of THMs in water treatment plant Raba fits 

observation data to a large extent. There is quite good multiple coefficient of determination 

for suggested model. Thus the model would be a valuable tool for exploitation management of 

water supply systems because it can be used to predict the risk of occurrence of THMs’ 

critical concentrations in treated water. Although described results are statistically significant, 

they were obtained from a sample consisting of 58 cases. Therefore it is justified to continue 

such research in full range of water quality analysis – it will allow to accomplish estimates 

closer to real values. 

For the last model errors are greater but in most cases they do not exceed 20% 
of acceptable THMs concentrations in treated water (the mean is 0.853 µg/dm3, stan-
dard deviation is 3.373, absolute values are between 5.61 and 8.85 µg/dm3).

table 3. Correlation matrix for transformed variables considered in the regression model

Fig. 3. Residual from regression model (6)

FINAl REmARkS

The model predicting the concentration of THMs in water treatment plant Raba 
fits observation data to a large extent. There is quite good multiple coefficient of de-
termination for suggested model. Thus the model would be a valuable tool for explo-
itation management of water supply systems because it can be used to predict the 
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risk of occurrence of THMs’ critical concentrations in treated water. Although de-
scribed results are statistically significant, they were obtained from a sample consi-
sting of 58 cases. Therefore it is justified to continue such research in full range of 
water quality analysis – it will allow to accomplish estimates closer to real values.
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proceS powStawania thm w zakładzie uzdatniania wody 
w ujĘciu StatyStycznym

Streszczenie. Trihalometany (THM) są ubocznymi produktami dezynfekcji, powstającymi podczas 
chlorowania wody. Badanie stężenia THM jest drogie i jednocześnie konieczne ze względu na szko-
dliwość tych związków dla zdrowia człowieka. Niniejsza praca jest poświęcona analizie statystycz-
nej procesu powstawania THM w Zakładzie Uzdatniania Wody Raba w Krakowie. Na podstawie 
wcześniejszych badań jakości wody, przeprowadzonych w latach 2000-2006, zbudowano i testowa-
no statystyczne modele opisujące poziom nowo powstałych THM. W modelach tych uwzględniono 
zarówno zmiany parametrów eksploatacji w zakładzie uzdatniania wody, jak i zmieniającą się  
w czasie jakość wody surowej w zbiorniku Dobczyce, skąd zasilany jest układ technologiczny pro-
dukcji wody.
Słowa kluczowe: trihalometany (THM), jakość wody, regresja wieloraka, modele statystyczne.




