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A B S T R A C T   

Chlorine is the most common disinfectant in drinking water distribution practice. World Health 
Organization recommends 0.2–5.0 mg/l of residual chlorine in drinking water. This paper 
analyzed influence of physical and water quality parameters on chlorine decay in drinking water 
distribution. Principal component analysis, directed tree and regression were used to investigate 
influence of these parameters on chlorine from water treatment plant to water consumption 
points. Results show that initial chlorine, electrical conductivity and distance explain 62 % of 
chlorine decay with estimated error of 0.045 mg/l. The decision-tree feature importance scores of 
initial chlorine and electrical conductivity were 0.47 and 0.23 respectively. The combined feature 
importance scores of physical parameters of distance (0.09), pipe diameter (0.06), flow velocity 
(0.03), pressure (0.02) and travel time (0.046) were less than that for initial chlorine concen
tration (0.47) alone. These results show that conventional chlorination at water treatment plants 
removes largely fast inorganic reactants leaving traces of slow organic reactants as the dominant 
secondary contaminants in water distribution system. The key policy recommendation is to use 
water quality parameters more than physical parameters in order to enable water utility man
agers maintain residual chlorine within safe public health standards.   

1. Introduction 

Residual chlorine is the most common disinfectant in drinking water treatment [1] because of its efficacy against pathogenic in
fections, low cost, ease of application, monitoring [2] and extended disinfectant durability compared to other disinfectants [3]. The 
World Health Organization (WHO) recommends a minimum residual chlorine concentration of 0.2–5 mg/l at water consumption 
points to safeguard public health from microbial secondary contamination in treated water supply [4]. During water borne disease 
outbreaks and emergencies, this minimum is increased to 1.0 mg/l at tap stands and 2.0 mg/l at water delivery trucks [5]. These 
residual chlorine specifications during times of no disease outbreaks and times of disease outbreaks and emergencies emphasize the 
importance of monitoring residual chlorine levels at all times of water supply. Item 6 of WHO 2011 WSP (water safety plan) that is 
“Define monitoring of control measures—what limits define acceptable performance and how these are monitored” [6] is relevant for 
monitoring of such residual chlorine levels in water distribution. This WHO 2011 WSP recommended by WHO in 2004 is mandatory in 
Australia, Iceland, New Zealand, Serbia, Switzerland, Uganda and the United Kingdom [6]. 

Both physical and water quality parameters influence residual chlorine decay during water distribution. Physical water parameters 
are pipe length [2,7], pipe diameter [7–9], pipe roughness [2,9], pipe age [2,9] and pipe material [10]. Water quality parameters 
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include initial chlorine concentration [2,7,9,11–16], pH [4,7,12,15,17–22] and turbidity [2,4,7,11–16,18–22]. However, turbidity 
which is commonly used by water utilities as an indicator proxy surrogate for initial chlorine dosage for suspended and colloidal 
organic and inorganic impurities in water [16,21]. This therefore means that turbidity excludes dissolved chlorine reactants [16]. 
Instead, it is advised that a minimum Ct (concentration-time) factor with 30-min contact time is used instead of turbidity [16]. This 
also suggests that after break-point chlorination, the role of fast chlorine reactants which are largely organics is reduced after satis
faction of initial chlorine demand. This has the effect of leaving traces of slow reacting inorganics in water to exert continuous chlorine 
demand. The effect is continuous loss of residual chlorine as treated water is conveyed from treatment plant downstream to con
sumption points. Other water quality parameters are electrical conductivity [7,15,17,18,20,22,23] which together with other water 
quality parameters excluding turbidity account for about 75 % variability in free chlorine decay [16]. This statistic demonstrates the 
significance of electrical conductivity in free chlorine residual decay in water distribution. However, it is suggested that concentrations 
of inorganics less than 0.3 mg/l have insignificant effect on residual chlorine decay [24]. Temperature is another key water quality 
parameter that influences residual chlorine decay [2,4,8,9,12,13,15,16,18–20,25,26]. Temperature varies spatially and temporally 
with residual chlorine decay in water distribution networks [23]. 

The past studies mentioned above did not definitively and quantitatively evaluate influence of physical and water quality pa
rameters of residual chlorine decay in water distribution system. This is a gap worth closing. Therefore, the aim of this paper was to 
investigate the influence of physical and water quality parameters on residual chlorine decay in water distribution system after initial 
treatment of raw water at water treatment plants. Proper understanding and appreciation of the effect of residual chlorine decay 
parameters by water supply utilities and practitioners is important for making appropriate decisions in control and management of 
these parameters to ensure residual chlorine remains within safe limits in drinking water distribution. 

Fig. 1. Location of Lirima gravity water scheme in eastern Uganda.  
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2. Methods and materials 

The study area, data collection strategy and procedure, data collection instruments and data analysis were as followed. 

2.1. Study area 

This research was conducted on Lirima Gravity Flow Scheme located in Manafwa and Namisinde districts in the Mount Elgon 
region in Eastern Uganda. This gravity scheme is owned and operated by National Water and Sewerage Corporation (NWSC) of Uganda 
which is a government parastatal. Fig. 1 shows the location and water transmission main from NWSC Lirima treatment plant. 

The GPS (Geographical Positioning System) coordinates of the water source and treatment plant of this gravity flow scheme is 36 N 
(Latitude), 0657122 (Northing), 0098196 (Easting) at altitude of 1812 m above sea level. The scheme starts just inside Uganda at the 
Uganda-Kenya border and it traverses 90 Km in the hinterland of the study area. 

2.2. Data collection 

The strategy, procedure and instruments used to collect data for this study were as follows. 

2.2.1. Data sample size and data collection strategy 
Morning and afternoon runs were conducted each day on particular distribution mains. On each run, data was collected at sampling 

Fig. 2. Water demand draw-off points (yard taps) on Lirima gravity water scheme.  
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points at approximate intervals of 800 m-1000 m. This spacing interval was based on the advice of NWSC that closer intervals than this 
may not reveal significant variations in residual chlorine concentrations. This water sampling interval was based on the low initial 
chlorine dose of 0.73–1.00 mg/l at water treatment plant in order to minimize chlorination cost and also minimize formation of 
carcinogenic DBPs (disinfection by-products) that are associated with high chlorine dosage. Data collection was replicated on different 
days to simulate variations in study data. Replication of data on different days was also a strategy to increase sample size of study data. 
A total of 128 datasets were collected. 

2.2.2. Data collection instruments and testing procedure 
Water was sampled at clear water reservoir and break-pressure tank outlets, wash outs and nearest functional yard taps that were 

on direct supply lines from water distribution and transmission mains. The yard water taps from which water was sampled were those 
that were very close to distribution mains within off-sets of less than 5 m as shown in Fig. 2. Horizontal distances and altitudes of these 
physical infrastructure components i.e. clear water reservoirs, break-pressure tank outlets, wash-outs and nearest functional yard taps 
were captured using GARMIN GPSMAP64s hand-held GPI (Geographic positioning instrument). Internal pipe diameters (pipe bores) 
were measured using steel tape measures directly at break-pressure outlets when the outlets were empty. The GPS coordinates were 
used to track the hydraulic paths and gradients of water transmission and distribution pipelines for hydraulic modelling in EPANET. It 
was assumed that water quality parameters at yard taps close to distribution networks would not have varied significantly from the 
water in the nearby distribution lines. Therefore, water in yard taps was considered to be practically representative of water quality 
parameter values. Online tests of residual chlorine, turbidity, temperature and electrical conductivity were done on water samples 
drawn from each water sample point mentioned above. Standard 1 L bottles were used to draw water from break-pressure outlets, wash 
outs and yard taps. Within seconds of sampling water in standard 1 L bottles, a multifunctional Lovibond MD 600 digital meter was 
used to measure water quality parameters of residual chlorine in the range of 0–6 mg/l and turbidity (NTU), A pH and conductivity 901 
digital meter was used to measure online temperature (◦C), pH and electrical conductivity (μS/cm). Test results of these water quality 
parameters were recorded in preprepared notebooks designed to record water qualities at geo-referenced positions in water distri
bution system. 

2.2.3. Data analysis 
EPANET 2.0 was used to develop hydrologic model from the GPS coordinates picked from water treatment plant, water outlets of 

break-pressure tanks, online wash-outs and other sections of transmission and distribution lines. EPANET 2.0 was further used to 
develop process model of residual chlorine decay from upstream to downstream points within water transmission and distribution 
lines. The influence of both water quality and water system parameters were investigated using three triangulated methods of: (1) 
Pearson’s correlation coefficient at 95 % confidence interval (2) decision tree analysis and random forest ensemble importance scores 
and (3) (a) principal component analysis with Kaiser normalization equamax rotation method with KMO (Kaiser-Meyer-Olkin) 
measure of >0.5 and Bartlett’s sphericity test at 5 % significance level and (b) p-values at 95 % confidence interval and standardized 
beta coefficients of independent variables in backward elimination in ordinary least squares regression models. Regression models 
were tested at 95 % confidence interval, multicollinearity of independent variables in regression models was tested at variable in
flationary factor (VIFs) of less than 5 and Durbin-Watson statistic of 1.26 which falls within the acceptable range of 1–3. Tree-based 
modules of decision tree and random forest were used for feature importance of both physical and water quality parameters. Python 
and IBM SPSS V25 softwares were used to analyse correlation of both physical and water quality parameters with residual chlorine and 
also regression of these parameters on residual chlorine decay. 

3. Results 

We present three results for: (1) correlation between residual chlorine decay parameters with residual chlorine decay, (2) 
importance of these residual chlorine decay parameters in explaining residual chlorine decay and (3) significance test results of these 
residual chlorine decay parameters in explaining residual chlorine decay in drinking water distribution system. 

Table 1 
Descriptive statistics for physical, water quality and hydraulic parameters in water distribution network.  

Water quality, physical and hydraulic parameters count mean std min 25 % 50 % 75 % max 

Residual chlorine (mg/l) 128 0.14 0.07 0.00 0.09 0.14 0.19 0.37 
Distance (Km) 128 2.50 2.2 0.01 0.67 1.71 4.60 7.50 
travel time (min) 128 46.13 42.63 5.00 15.00 30.00 65.00 190.00 
Diameter (mm) 128 108.28 51.92 50.00 80.00 100.00 100.00 250.00 
Turbidity (NTU) 128 0.96 0.77 0.00 0.75 1.07 1.07 5.00 
Electrical Conductivity (μS/cm) 128 70.01 2.53 65.40 68.38 70.01 70.03 78.50 
pH 128 7.53 0.17 6.71 7.48 7.53 7.60 7.83 
Temperature (◦C) 128 23.98 1.06 20.10 23.59 23.98 24.31 27.05 
Pressure (Bar) 128 2.00 1.08 0.00 1.73 2.00 2.00 6.00 
Velocity (m/s) 128 0.04 0.02 0.001 0.02 0.04 0.05 0.10  
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3.1. Univariate and bivariate aanalysis results 

Table 1 shows the descriptive statistics for physical and water quality parameters in water distribution network. and Table 2 
(correlation matrix) shows how physical and water quality parameters related with residual chlorine in water distribution network. 

Table 1 shows that the mean residual chlorine of 0.14 mg/l was below the lower limit of 0.2–0.5 mg/l specified by WHO (2017). 
The pH that ranged from 6.71 to 7.83 were within the acceptable range of 6.5–8.5 as specified by US EAS 12 (Universal Standards of 
East African Standard 12) and Uganda National Bureau of Standards (UNBS, 2014). At water treatment plant and entry into water 
distribution system/network, chlorine dosage (initial chlorine concentration) was in the range of 0.73–1.00 mg/l, turbidity was in the 
range of 0.4–0.99 NTU, electrical conductivity ranged from 95.4 to 151.2 μS/cm, pH ranged from 7.41 to 7.80 and temperature ranged 
from 18.7 to 23.7 ◦C. It is evident from comparison of the range of values of each water quality parameter in water distribution network 
as in Table 1 against the corresponding range of values for each water quality parameter at water treatment plant and entry into water 
distribution system/network that there were reductions. These reductions show that conventional water treatment does not eliminate 
impurities in water fully. Traces of water impurities exert chlorine demand that consume residual chlorine (initial chlorine) as water is 
conveyed downstream to consumers. 

3.2. Results of feature importance of residual chlorine decay parameters 

Fig. 3 (a) and (b) show decision tree and random forest analysis results of importance of physical and water quality parameters in 
influencing residual chlorine decay in water transmission and distribution lines. 

For both decision tree and random forest, initial chlorine and electrical conductivity both of which are water quality residual 
chlorine decay parameters influenced residual chlorine most. For the third most influential parameter, it was diameter (in decision 
tree) and distance in (in random forest). Diameter and distance are physical system residual chlorine decay parameters. 

3.3. Statistical significance test results of residual chlorine decay parameters 

Statistical importance of residual chlorine decay parameters was investigated by principal component analysis and multiple linear 
regression models. Results for each of these are presented as follows. 

3.3.1. Principal component analysis results 
Fig. 4 (scree plot) shows the eigenvalues that measures the variance of each principal component (PC). 
Fig. 4 of the scree plot shows that all of the first three sharp curves are well above Kaiser minimum threshold criterion eigen value of 

one. This means that the first three principal components explain total variation substantially. From the fourth to tenth principal 
components, the gradient of the curve is less steep as the curve approaches the horizontal asymptotically indicating minor contribution 
to total variation in residual chlorine. 

Table 3 shows the three principal component solution analysis results for residual chlorine decay parameters in water distribution 
system. 

Table 3 shows that the KMO (Kaiser-Meyer-Olkin) Measure was 0.51 and Bartlett’s test of sphericity (level of significance) was 
0.005. Therefore, the three-principal component (PC) solution with principal components, PC 1 (initial chlorine), PC 2 (distance) and 
PC 3 (electrical conductivity) satisfy the two tests of KMO (Kaiser-Meyer-Olkin) Measure of >0.5 and Bartlett’s test of sphericity (level 
of significance) of <0.05 required for credible principal component analysis solution. 

3.3.2. Regression models for statistically significant parameters 
A multiple linear regression analysis for all the 10 physical and water quality parameters resulted into four (initial chlorine, 

electrical conductivity, travel time and pH) that were statistically significant. Distance at p-value of 0.089 was marginally statistically 

Table 2 
Correlation matrix of chlorine decay parameters.  

Parameters RC IC dist tt dia tur EC pH temp pre vel 

RC (mg/l) 1           
IC (mg/l) 0.69 1          
Dist (Km) − 0.11 0.30 1         
tt (min) − 0.08 0.31 0.71 1        
Dia (mm) − 0.09 0.20 0.63 0.52 1       
tur (NTU) − 0.02 − 0.07 − 0.03 0.05 0.08 1      
EC (μSiem− 1) − 0.20 − 0.05 − 0.05 − 0.06 − 0.10 − 0.29 1     
pH 0.15 0.11 0.14 0.17 0.12 0.03 − 0.11 1    
temp (◦C) − 0.21 − 0.21 − 0.05 − 0.002 0.05 − 0.10 0.21 − 0.06 1   
pres (Bar) 0.03 0.19 0.31 0.17 0.02 − 0.11 − 0.15 0.17 0.23 1  
vel (m/s) − 0.17 − 0.07 − 0.03 − 0.004 − 0.06 − 0.01 − 0.15 0.20 − 0.001 0.32 1 

Legend. 
RC = residual chlorine, IC = initial chlorine, dist = distance, tur = turbidity, EC = electrical conductivity, temp = temperature, pre = pressure, vel =
velocity, tt = travel time, dia = diameter. 
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insignificant. However, as shown in correlation matrix in Table 2, distance had a stronger Pearson’s correlation coefficient r = 0.11 
than travelling time with Pearson’s correlation coefficient r = 0.08 in relation to final residual chlorine. However, distance and 
travelling time were strongly correlated at Pearson’s correlation coefficient r = 0.71. This means both distance and travelling time 

Fig. 3. Tree-based importance of parameters of residual chlorine decay in water distribution system.  

Fig. 4. Scree plot of eigenvalues against principal components.  
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should not be used together in regression analysis for residual chlorine decay. Therefore, elimination of travelling time that correlated 
weakly with final residual chlorine was necessary to reduce multicollinearity between distance and travel time. Applying this approach 
to all the original 10 parameters resulted into three statistically significant parameters as in Table 4. 

3.3.2.1. Ordinary least squares multi-linear regression model. Ordinary least squares regression model based on initial chlorine, elec
trical conductivity and distance as the three most statistically independent and statistically significant predictors for residual chlorine 
decay in water distribution is summarized in Table 4. 

The multicollinearity for all independent variables were low ranging from 1.005 to 1.105 and their p-values were also all below 0.05 
for statistical significance at 5 % level of significance. The equation for final residual chlorine in water distribution network based on 
these statistically independent and statistically significant water quality and water distribution system parameters is as show1 in 
equation (1): 

Final chlorine=0.415 + 0.548 Initial chlorine – 0.012 distance – 0.005 EC. ……. (1)  

where final chlorine and initial chlorine are measured in mg/l, distance is measured in Km and EC (electrical conductivity) is measured 
in μS. 

Table 4 further shows that in addition to the variable inflationary factor ranging from 1.005 to 1.105, the Durbin-Watson statistic 
was 1.262. The low VIFs (Variable Inflation Factors) all below 5 and the Durbin-Watson statistic of 1.26 which falls within the 
acceptable range of 1–3 all show low and acceptable (tolerable) multi-collinearity between these three parameters. This means that 
these three statistically significant parameters explain residual chlorine decay in water distribution system well. 

3.3.2.2. Principal component analysis multi-linear regression model. The result for linear regression with principal components as 
predictors of residual chlorine decay in water distribution is summarized in Table 5. 

The resulting principal components’ linear regression model from the three principal components in Table 5 as predictors for final 
residual chlorine in water reticulation is as shown in equation (2). 

Resdual chlorine=0.144 − 0.014 EC − 0.017 length + 0.053 chlorinedose……. (2)  

3.3.3. Influence of physical and water quality parameters on residual chlorine decay 
Table 6 shows the influence of the two broad categories of physical (diameter and distance) and water quality (initial chlorine, 

electrical conductivity, turbidity, pH and temperature) parameters on residual chlorine decay in water distribution system. Hydraulic 
parameters (travel time, pressure and velocity) are also included. 

Table 6 shows that water quality contributes more between 87% and 93 % of residual chlorine decay than influence of physical 
water infrastructure at between 7% and 13 % of residual chlorine decay in water system contribution. 

Table 3 
Three principal component analysis statistics.  

Item No. of Principal Components 
(PCs) 

KMO measure of sampling 
adequacy 

Bartlett’s test of 
sphericity 

PC1 
(%) 

PC2 
(%) 

PC3 
(%) 

PC4 
(%) 

Explained total 
variance 
(%) 

1 2 0.510 0.005 44.06 32.77 NA NA 76.83 
2 3 0.510 0.005 44.06 32.77 23.17 NA 100.00 
3 4 0.547 0.000 23.15 25.26 14.45 12.28 65.14  

Table 4 
Ordinary Least Squares linear regression model for statistically significant variables.  

(a) Model summary 

Model R R Squared Adjusted R Squared Std. Error of the Estimate 
2 0.793c 0.628 0.619 0.0453  

(b) Model coefficients  

Unstandardized coefficients Standardized coefficients  Collinearity statistics 

Predictors B Std. Error Beta t Sig. Tolerance VIF 
Constant 0.415 0.112  3.692 0.0001    

1 initial chlorine 0.548 0.040 0.795 13.761 0.0001 0.906 1.104  
2 distance − 0.012 0.002 − 0.365 − 6.250 0.0001 0.907 1.105  
3 EC − 0.005 0.002 − 0.175 − 3.182 0.0020 0.995 1.005 

Durbin-Watson = 1.262. 
Dependent Variable: final chlorine. 
EC = electrical conductivity. 
Predictors: (1) Constant, (2) initial chlorine, (3) distance, (4) EC. 
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4. Discussion 

Results from section 3.1 and Table 2 (correlation), section 3.2 and Fig. 3 (a) (b) (feature importance) and section 3.3 (statistical 
significance) for residual chlorine decay parameters are discussed under each of the following sections. 

4.1. Correlation of residual chlorine parameters with residual chlorine decay 

This section discusses the relationship and control of physical and water quality parameters with residual chlorine decay in water 
distribution system. 

4.1.1. Correlation of physical and water quality parameters with residual chlorine decay 
Distance in the presence of travel time had p-value of 0.089 and diameter had p-value of 0.700 as physical parameters of residual 

chlorine decay in water transmission and distribution lines. However, Table 2 (correlation matrix) showed strong correlation between 
distance and travel time with Pearson’s correlation coefficient r = 0.71. However, the correlation between distance and residual 
chlorine had Pearson’s correlation coefficient r = - 0.11 and that between travel time and residual chlorine had Pearson’s correlation 
coefficient r = - 0.08. This shows that distance that is better correlated with residual chlorine is a better predictor of residual chlorine 
decay than travel time after dropping travel time. This is illustrated in Table 2 (correlation matrix) in which distance with p-value of 
0.000 was statistically significant as a physical parameter in explaining residual chlorine decay in water transmission and distribution 
lines. 

Flow velocity correlated weakly with residual chlorine with Pearson’s correlation coefficient r = 0.17 that is below the minimum 
threshold of 0.4 for consideration of covariance. This could have been due to the low velocities that ranged from 0.001 to 0.10 m/s as in 
Table 1 (descriptive statistics). This is similar to the velocities in the study of [27] that ranged from 0.0 to 0.12 m/s with Reynold’s 
number <2000. The laminar flow could have resulted in steady flow because of little or no valve modulation and changes in pumping 
action in this gravity flow. For velocity to vary significantly to affect residual chlorine decay, there should be pressure variation and 
changes in pumping action [9]. This laminar flow ensured bulk chlorine decay reaction characterized by little or no chlorine mass 
transfer to pipe wall. Therefore, wash-off of wall organic biofilm and exposure of wall bacteria that are active chlorine reactants was 

Table 5 
Details of principal component analysis-based regression model.  

(a) Model summary 

Model R R squared Adjusted R squared Std. error of estimate 

1 0.788b 0.620 0.611 0.04564  

(b) Coefficients 

Model Unstandardized coefficients Standardized coefficients t Sig. Collinearity statistics 

B Std. error Beta Tolerance VIF 

(Constant) 0.144 0.004  35.597 0.001   
electrical_ 

conductivity 
− 0.014 0.004 − 0.189 − 3.423 0.001 1.000 1.000 

distance − 0.017 0.004 − 0.230 − 4.155 0.001 1.000 1.000 
chlorine dose 0.053 0.004 0.729 13.171 0.001 1.000 1.000 

Legend: B = Unstandardized beta coefficient, t = test statistic = (B/std.error), VIF = Variable Inflationary Factor. 
Dependent Variable: residual chlorine. 
Predictors: (Constant), chlorine dose, length, electrical conductivity. 

Table 6 
Importance of physical and water quality parameters on residual chlorine decay in water distribution.  

Item Independent variable Decision tree (Score) Random forest (Score) PCA 
(Loading) 

OLS regression 
p-value, Standardized Beta coefficient 

1 Initial chlorine 0.437 0.470 0.825 0.000, 0.816 
2 distance 0.019 0.093 0.817 0.089, - 0.162 
3 travel time 0.030 0.041 0.734 0.001, - 0.283 
4 diameter 0.119 0.052 0.705 0.700, - 0.028 
5 turbidity 0.004 0.007 0.639 0.849, - 0. 001 
6 electrical conductivity 0.217 0.226 0.439 0.001, - 0. 019 
7 pH 0.015 0.030 0.312 0.004, 0.160 
8 temperature 0.022 0.013 0.748 0.873, 0.010 
9 pressure 0.006 0.056 0.693 0.991, - 0.001 
10 velocity 0.089 0.015 0.602 0.007, - 0.155 

Legend: PCA = Principal Component Analysis, OLS = Ordinary Least Square. 
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most probably minimal [27]. Consequently, there was insignificant and negligible correlation between velocity and residual chlorine 
decay. 

Temperature as measure of thermal energy influences chemical reactions [18,26] and affects all water quality processes [25,26]. 
However, there was little variation in temperature over the study area and during study time. The maximum temperature was ≈27 ◦C, 
minimum temperature was ≈20 ◦C and mean temperature was ≈24 ◦C over a small range of only ≈7 ◦C as shown in Table 1 
(descriptive statistics). Therefore, the insignificant variation in temperature means that there was inadequate thermal energy variation 
to influence residual chlorine decay that is a temperature-dependent process [8]. This agrees with the view that for an independent 
variable (in this case temperature) to influence a dependent variable (in this case residual chlorine decay) in a stimulus-response type 
relation [28], there should be adequate and noticeable variability in the independent variable [28–30]. 

Turbidity and pH were also less influential. Similarly, the insignificant influence of pH that is temperature-dependent [18] could 
have been because of its small variance as shown by the small range of 1.12 in Table 1 (descriptive statistics). This result is consistent 
with finding of [12] that pH is not influential in residual chlorine decay. 

4.1.2. Control of physical and water quality parameters in residual chlorine decay 
Initial chlorine and electrical conductivity are controllable factors. These two water quality parameters can be controlled at water 

treatment plant and within water distribution network. In contrast, distance which is a physical water system parameter is hard to 
control in existing and operational water distribution system. Distance can be controlled and optimized largely during project plan
ning, design and construction and controlled minimally during water infrastructure maintenance. It is hard to alter distance of con
structed and commissioned water distribution scheme because of service disruption, reconstruction costs and related inconveniences. 
Therefore, water quality parameters that contribute as much as 67 % (two-thirds) of residual chlorine decay should be controlled more 
during water distribution operation. For a proposed new project, distance that is hard to control after construction but is responsible 
for a significant 33 % (one-third) of residual chlorine decay should be optimized by careful physical layout alternatives for the shortest 
possible alignment(s). 

Both ordinary least squares regression and principal component analyses showed practically same results for these three statisti
cally significant predictors that explain residual chlorine decay in water distribution, This consistence of results triangulated by 
regression and principal component analyses confirm the importance of initial chlorine, electrical conductivity and distance as the 
dominant parameters that influence residual chlorine decay in gravity water distribution. The consistency of regression and principal 
component analyses in identifying the same three influential parameters of residual chlorine decay in water distribution system 
emphasizes the need and urgency to review and refocus on water treatment strategy in treated water supply practice. 

4.2. Importance of parameters in residual chlorine decay 

In Fig. 4 (a) and (b), both decision tree and random forest respectively had initial chlorine and electrical conductivity as the first 
and second respectively most influential parameters of residual chlorine decay in water distribution network. Similarly, turbidity and 
pressure were the last two least influential parameters in both cases. However, there was difference in the third most influential 
parameter as diameter (in decision tree) and distance (in random forest). From Table 2 (correlation matrix) diameter correlated at 
Person’s correlation coefficient r = 0.09 with final residual chlorine, less strongly than distance that had Person’s correlation coef
ficient r = 0.11 with final residual chlorine. This means that decision tree was poor in ranking some of the parameters. In contrast, 
random forest was consistent with correlation matrix in relating diameter and distance with residual chlorine decay. This could have 
been because a single decision tree is prone to more randomness than random forest in prediction of outcomes. This result confirms the 
superiority of random forests over decision trees because random forests as ensembles of individual decision trees are robust to random 
errors than decision trees [29] especially for large data trees [29]. 

4.3. Statistical significance test results of residual chlorine decay parameters 

We discuss in this section the statistical significance and dimensional reduction for ease of interpretation of parameters of residual 
chlorine decay in water distribution system. 

4.3.1. Influence of physical and water quality parameters in residual chlorine decay 
Table 3 also shows that three principal components explain practically all the total variation in residual chlorine decay. Of these 

three principal components, PC 1 (initial chlorine) and PC 3 (electrical conductivity) were water quality parameters which combined 
to explain approximately (44 % + 23 %) = 67 % (i.e. about two-thirds of total residual chlorine decay). PC 2 (distance) is a physical 
water system parameter that explained approximately 33 % (i.e. about one-third of total residual chlorine decay). This conforms to the 
descriptive and interpretative purpose of principal component analysis in classifying independent variables in terms of their relative 
importance in influencing dependent variables [30]. The disaggregation of residual chlorine parameters into highly influential and less 
influential parameters through sensitivity analysis is also consistent with the approach of [12] in modelling chlorine decay. 

For inferential interpretation that depends on the actual relationships between water quality parameters and residual chlorine 
decay, Table 4 shows that majority influence of water quality parameters (initial chlorine and electrical conductivity) of between 87% 
and 93 % of residual chlorine decay requires more control of water quality during water treatment. The 7%–13 % influence of distance 
which is a physical parameter that is a one-off facility [31]. This means that the design, construction, rehabilitation and replacement of 
water infrastructure asset like water pipeline should be well optimized to minimize residual chlorine loss. 
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4.3.2. Dynamics between disinfectants and disinfectant reactants in water treatment 
Inorganics are fast chlorine reactants compared to organics that are slow chlorine reactants [32]. However, chlorine demand for 

inorganics is smaller than that for organics [33] because up to 80 % of total suspended particles are organics, bacteria and pathogens 
[34]. Therefore, c-t (concentration-time) during contact time in water treatment removes mainly fast and fewer inorganic compounds. 
After chlorine oxidation of faster and fewer inorganic contaminants, oxidation of the slower and dominant organics starts. However, 
wide range of reactants remain in different waters even after treatment [35]. This means that at end of the common 30-min contact 
time, there are more organic contaminants that remain than inorganics to enter water distribution network. Therefore, chloramine 
which is a more stable, more persistent, less reactive and produces less carcinogenic DBPs (disinfection by-products) than chlorine is a 
better secondary disinfectant in water distribution networks [36]. Therefore, chloramine should be the preferred disinfectant to 
oxidize remnants of slow organic pollutants in drinking water in transit to water consumers. 

4.3.3. Communalities for principal components of residual chlorine decay parameters 
Although the extracted communalities for the three principal component solution were a perfect 1 (i.e., 100 %), in reality this is not 

the case. This is because PCA solution assumes total variance explained by indicator variables. However, variance attributed to specific 
and error sources invariably occurs. Besides, PCA also assumes orthogonality in transforming correlated variables into linearly un
correlated variables [32,37,38]. Smaller sets of high variance variables are usually hypothesized as uncorrelated [39] although some 
scholars like [39] consider all original variables as mutually correlated before transformation into principal components. This may be 
because of high chances of multicollinearity in large dimensional multivariate data. Multicollinearity complicates analysis for causal 
inference between variables [38]. Therefore, the extracted communalities are near perfect instead of outright perfect. This is evidenced 
by Table 3 for the rotated component matrix of the three principal component solution that had near perfect component loadings of 
0.999 (99.9 %) for electrical conductivity, 0.988 (98.8 %) for distance and 0.988 (98.8 %) for initial chlorine. This supports the 
interpretation of perfect extracted communalities for electrical conductivity, distance and initial chlorine as near perfect extracted 
communalities for residual chlorine decay. 

4.3.4. Parsimony of residual chlorine decay parameters 
The three principal component solution in this study achieved parsimony by data dimensionality compression from the original 

multivariate dataset of 10 variables into three easily interpretable variables that explain almost all variability. This enhances inter
pretation of total variance through graphing and visualization in 3D (three-dimensional) space as advanced by Ref. [40]. Parsimony in 
this study was achieved by the three key variables of (1) initial chlorine with 44 % feature importance, (2) electrical conductivity with 
23 % feature importance and (3) distance from upstream water distribution pipeline point to consumption point with 33 % feature 
importance. Together, these three key variables (initial chlorine, electrical conductivity and distance) explain most of residual chlorine 
decay in water distribution network. 

5. Conclusions 

This study investigated the influence of physical and water quality parameters on residual chlorine decay in gravity water flow 
scheme. Variation of residual chlorine was tracked from entry of treated water into gravity flow distribution system starting at water 
treatment plant to water consumption points downstream. All three methods of random forest, principal component analysis and 
multi-linear regression showed that initial chlorine, electrical conductivity and distance were the three parameters that influence 
residual chlorine decay most in gravity water distribution systems. Water quality parameters (initial chlorine and electrical con
ductivity) which are controllable factors dominate residual chlorine decay with 67 % contribution. Distance which is controllable only 
during design and construction but uncontrollable after construction of a water supply scheme contributes residual chlorine decay at 
33 % contribution. Initial chlorine, electrical conductivity and distance together explain 62 % of residual chlorine decay with of 
estimated error of 0.045 mg/l in gravity water distribution network. After breakpoint chlorination, fast chlorine reactants which are 
mainly dissolved salts should be checked and reduced below their allowed maximum limits to ensure that electrical conductivity of 
treated water that significantly reduces residual chlorine is maintained at minimum during water distribution. Future research on 
analysing water quality after breakpoint chlorination at water treatment plants to assess water quality parameter profile is needed. 
This is important for identifying which controllable water quality parameters remain in treated water after primary treatment at water 
treatment plant before entry into drinking water distribution network. This calls for two-stage analysis in water treatment of: (a) 
conventional water treatment at water treatment plant and (b) pipeline distribution/transmission water quality analyses in drinking 
water supply practice. However, the application of the results of this study is limited to HDPE (high density polyethylene) gravity water 
distribution systems. This is because gravity flow schemes have different hydraulic pressure and velocity distributions compared to 
pressurised water supply systems. Secondly, pipe material and age which are physical parameters of residual chlorine were not 
included because the pipelines of this studied gravity flow scheme were all HPDE and constructed around the same time. Lastly, the 
study was carried out during the months of February and March which was a dry spell. Temperature which is a water quality parameter 
varies seasonally. Therefore, to apply the results all year round even on gravity flow schemes, there is need to carry out similar study 
during rain season. 
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