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ABSTRACT: The study was undertaken to examine water quality in the distribution network of Kampala City 

by assessing five storage reservoirs and four consumer taps. The aim was to evaluate residual chlorine decay and 

relate it to the risk of recontamination. Physicochemical quality of water in the distribution network was 

temperature 25.6(24.23-28.66) pH 6.6 (6.5-7.1); turbidity 1.9 (0.5-4.5) NTU; colour 17.2 (2.0-54) PtCo, ammonia 

0.02 (0.0-0.05) mgl-1, and Fe2+ 0.005 (0-0.0.08) mgl-1. Residual chlorine decay was significant between the Water 

Treatment Plant (WTP) and the storage tanks (Total Chlorine, F=35.67, P< 0.05; Free Chlorine, F=37.97, P<0.05) 

and consumer taps (P<0.05) and chlorine concentrations were lower that the WHO (2008) recommended levels in 

two reservoirs and most of the community standpipe taps. The findings in this study provide a typical scenario of 

water distribution network in African urban areas and the conditions that increase the risk of recontamination. The 

information generated is important to the scientific community for designing further research to ensure consumer 

safety. The Water Board can use the generated information and recommendations in this study for better planning 

and management of the water distribution network. @JASEM 
 

A major responsibility of Water Boards is to ensure 

that drinking water consumers are supplied water safe 

for human consumption. Drinking water producers 

therefore try to eliminate microorganisms and avoid 

their re-growth in the water distribution network by 

using sedimentation, filtration and sterilisation or 

disinfection. These water treatment methods in 

combination help to achieve the essential objective of 

supplying drinking water free of harmful 

contaminants. In most developing nations there are 

financial constraints in running drinking water 

infrastructure and there is also increasing 

deterioration in the quality of raw water sources. The 

most commonly used method for drinking water 

disinfecting in African countries is chlorine dosing 

and a residual concentration of chlorine is essential 

throughout the water distribution network to prevent 

recontamination.  

 

Factors such as dissolved organic carbon, Fe 
2+

, 

Mn
2+

, NO2
-
, H2S, H2SO3, ammonia, high 

temperatures and also corroded pipes, dead ends, 

long storage time (Gauthier et al., 2000; Heraud et 

al., 1997; Trussell, 1999; WHO, 2008) and poor 

maintenance standards (Clark et al., 1999) are known 

to cause residual chlorine decay in drinking water 

distribution network. The recommended safe residual 

chlorine level of 0.2–0.5mg/l (WHO, 2008) is 

therefore not easily maintained in the distribution 

network and therefore increasing recontamination 

risk. 

 

Kampala city obtains water from Lake Victoria at 

Murchison Bay and the water is treated at three 

conventional water treatment plants (WTP) before 

distribution. Over the years water quality at 

Murchison Bay has deteriorated and has become 

eutrophic (COWI, 2002; NWSC, 1998 and 2000a) 

causing water treatment problems. The problems 

experienced at the three Kampala WTPs have a 

bearing on the quality of drinking water leaving the 

treatment plants and in the entire distribution system. 

It is important to investigate residual chlorine in 

drinking water distribution network and the factors 

that cause chlorine decay in the network. Residual 

chlorine was therefore studied in the Kampala City 

drinking water distribution network to assess 

recontamination risks and the results discussed in this 

paper. 

 

 

MATERIALS AND METHODS 
The study was conducted on the drinking water 

distribution system of Kampala City. Sampling was 

conducted at five Kampala water reservoirs of Gaba 

II (including chlorine contact tank), and four 

consumer taps in central Kampala and the suburbs. 

All the reservoirs (hereafter named: 1, 2 & 3) receive 

water from Gaba II except one (hereafter named: 4) 

that receives water from an older water works at 

Gaba I. The reservoirs were sampled at hourly 

intervals during daytime for three consecutive days 



168 
 

*Corresponding author:  James Okot-Okumu 

 

 

each week. Samples from 0.3 m and 1.5 m depths 

were mixed and used for analyses. Consumer taps 

were first opened to allow 20 litre of water to drain 

before sampling the water. Water for bacteriological 

analyses was collected in 250 ml autoclaved sterile 

glass bottles. Samples for physicochemical analyses 

were collected in 1-litre plastic bottles. All sampling, 

sample treatment and analyses were according to 

APHA (1995). 

 

In situ determinations included free residual chlorine 

(N,N-diethyl-p-phenylenediamine (DPD) colorimetric 

method), total residual chlorine (N, N-diethyl-p-

phenylenediamine (DPD) colorimetric method), pH 

(microprocessor pH 196T meter) and water 

temperature (WTW LF 96 meter). Parameters that 

were analysed in the laboratory included, turbidity 

(Nephelometric turbidimeter 2100A), colour (Hach 

DR 2010, 455nm), ammonia (Direct Nesslerization, 

Hach DR 2010, at 425nm), total iron (Ferrozine 

method, Hach DR 2010, 260nm), and total coliforms 

(membrane filtration method). 

 

Determination of the rate of decay of residual 

chlorine in the reservoirs were conducted as follows: 

20-litre jerry cans (covered with black plastic sheet) 

for water collection were cleaned and left to stand (24 

hours) full with Vim (calcium hypochlorite, home 

detergent) cleaned thoroughly with distilled water 

and allowed to dry. All chlorine measurements were 

by using the N, N-diethyl-p-phenylenediamine(DPD) 

colorimetric method with a colour comparator. 

Measurement time intervals were initially at 5 

minute, then 10 minute and finally at 30 minute. The 

initial residual chlorine concentration was taken on 

site during sample collection. The decay of free 

residual chlorine was calculated using a first-order 

rate kinetic (Heraud et al., 1997; El-Shafy and 

Grunwald, 2000) given in equation 1 as: 

 

Ct = Coe
-kt

  (1) 

 

Ct = residual chlorine concentration (mg/l) at any 

time (t = residence time); Co = initial residual 

chlorine (mg/l); k = first order decay coefficient 

(1/min).  

 

Physical assessment of the maintenance status of the 

water reservoirs was done by observation. Records of 

rusting, wall cleanliness (absence or presence of 

slimy growth), and water surface cleanliness (floating 

materials, foams, and scum) were made. The 

operation characteristics (filling and emptying of 

reservoirs) were also recorded. Gaba II WTP 

performance was assessed through on site inspection, 

interview of site staff and inspection of the daily 

performance records and annual reports.  

 

RESULTS AND DISCUSSION 
The results of the analysis of water quality in the 

Kampala distribution network are presented in Table 

1. Residual chlorine concentrations in the reservoirs 

were found to increase gradually in the morning 

hours, reaching a peak in the early afternoon and then 

gradually decreasing in the later afternoon hours 

(Figure 1) which is attributed to reservoir filling and 

emptying regime. Figure 2 presents the mean free and 

total residual chlorine in five water tanks/reservoirs 

of Kampala drinking water distribution. Tanks B 

being the nearest to the WTP recorded highest 

residual chlorine levels (0.2-1.0mg1
-1

) that exhibited 

a sharp peak between 12.00 and 13.00hours.  

Reservoir 2 which is 18 kilometres from GabaII 

exhibited residual chlorine levels (0.2-0.5mgl
-1

) with 

gentle response peaking at a later time of around 14 

hours. Reservoir 1 (Free Cl2 = 0.0 and 0.45mgl
-1

) 

which is 9 kilometres from GabaII exhibited zero free 

chlorine levels in the morning hours but exhibited a 

sharp rise in free chlorine levels between 13 and 

16.00 hours. Such chlorine behaviour has been 

recorded by Toshiko et al., (2008) in a study 

simulating chlorine decay in water distribution 

system. Reservoirs 1 and 4  (Table 1) did  not 

maintain acceptable potable water quality based on 

UNBS (1994) and  WHO (2008) standards on many 

occasions and this can be attributed to the 

intermittent water supply to these reservoirs, long 

storage times (>10hrs) and the old age of the two 

reservoirs compared to others. In addition reservoir 4 

is mainly fed by an older WTP at GabaI. These were 

some of the factors that contributed to rapid residual 

chlorine decay and water quality decline including re-

growth and recontamination of water (Table 1, Figure 

3). Free chlorine concentration in the reservoirs were 

related the distance from the WTP in the order Tank 

B<Reservoir1<Reservoir2 (Fig.2) and was influenced 

by factors such as pumping regimes at WTP and the 

reservoir filling and emptying cycles similar to  the 

findings of  Gauthier et al., (2000). Reservoir 

management (e.g. cleanliness) also contributed to 

chlorine loss. The residual chlorine concentration 

pattern in the reservoirs (Figures 1 and 2) are similar 

to other distribution systems (Hart et al., 1992; 

Ozdemir and Ucak 2002; Xin et al., 2003) that is 

attributed to residence time (Table 2) and also 

distance from the WTPs. 

 

The estimated water resident time was from 0.5 to 

over 20 hours for the storage reservoirs (Table 2).
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Table 1: Physicochemical and bacteriological quality of water in the Kampala distribution network 
 

  Temp oC F.Cl2 mg/ T.Cl2 mg/l pH Turb NTU Colour PtCo NH3 mg/l Fe2+ mg/l T.Cols  

CFU/100ml 

Standard   0.2 - 6.5-6.8 5.0 15 - 0.3 0 

Water Treatment  Plant 

Tank A Av 

S.D 

 

ND 

ND 

 

0.71 

0.23 

 

0.97 

0.23 

 

6.6 

0.09 

 

1.8 

1.0 

 

12.4 

13.6 

 

ND 

ND 

 

ND 

ND 

 

0 

0 

Tank B inlet 

 

Av 

S.D 

 

24.84 

0.23 

 

0.65 

0.25 

 

0.85 

0.21 

 

6.6 

0.09 

 

1.8 

1.1 

 

11.2 

4.9 

 

ND 

ND 

 

ND 

ND 

 

0 

0 

Tank B 

Outlet 

Av 

S.D 

 

24.84 

0.22 

 

0.58 

0.27 

 

0.84 

0.20 

 

ND 

ND 

 

ND 

ND 

 

ND 

ND 

 

ND 

ND 

 

ND 

ND 

 

ND 

ND 

Distribution network reservoirs 

 

Reservoir 1 Av 

S.D 

 

25.47 

0.1 

 

0.11 

0.17 

 

0.34 

0.26 

 

6.6 

0.09 

 

1.2 

0.39 

 

13.4 

5.54 

 

0.008 

0.01 

 

0.007 

0.01 

 

0 

0 

 

Reservoir 2 Av 

S.D 

 

25.98 

0.17 

 

0.34 

0.1 

 

0.59 

0.13 

 

6.6 

0.11 

 

1.6 

0.36 

 

20.0 

6.8 

 

0.001 

0.003 

 

0.018 

0.018 

 

0 

0 

 

Reservoir 3 Av 

S.D 

 

25.5 

0.17 

 

0 

0 

 

0.01 

0.02 

 

6.6 

0.12 

 

3.0 

0.64 

 

32.5 

5.36 

 

0.038 

0.008 

 

0.063 

0.017 

 

NA 

NA 

 

Reservoir 4 Av 

S.D 

 

25.34 

0.16 

 

0.19 

0.15 

 

0.4 

0.16 

 

ND 

ND 

 

ND 

ND 

 

ND 

ND 

 

ND 

ND 

 

ND 

ND 

 

3 

2 

 

Community standpipe taps 

 

Tap 1 Av 

S.D 

 

28.66 

0.72 

 

0.57 

0.19 

 

0.78 

0.18 

 

ND 

ND 

 

ND 

ND 

 

ND 

ND 

 

ND 

ND 

 

ND 

ND 

 

48 

15 

 

Tap  2 Av 

S.D 

 

25.36 

0.2 

 

0.07 

0.07 

 

0.2 

0.08 

 

6.5 

0.05 

 

1.3 

0.1 

 

15.3 

3.94 

 

0.035 

0.01 

 

0.063 

0.01 

 

10 

5 

 

Tap 3 Av 

S.D 

 

24.23 

0.73 

 

0.22 

0.12 

 

0.34 

0.09 

 

ND 

ND 

 

ND 

ND 

 

ND 

ND 

 

ND 

ND 

 

ND 

ND 

 

0 

Tap 4 Av 

S.D 

 

25.9 

0.2 

 

0.05 

0.07 

 

0.15 

0.14 

 

6.5 

0.05 

 

1.5 

0.3 

 

15.8 

6.2 

 

0.017 

0.008 

 

0.005 

0.007 

 

30 

12 

 

Key: Av= average, SD= Standard deviation, F.Cl2 = Free Residual Chlorine; T.Cl2 = Total Residual Chlorine; Turb = Turbidity; 

Temp=temperature;  NA = Not appropriate; ND = Not done. 

 

Residual chlorine concentrations dropped from a 

mean value of 1.0mgl-1 at the WTP to a mean value 

of 0.01mgl-1 at consumer’s outlets. Chlorine decay 

experiment indicated that chlorine was lost from 

water of the reservoirs very rapidly (Fig. 3) with the 

recommended concentrations (WHO, 2008) being 

maintained for 10 hours and complete depletion in 

water from one of the reservoirs (Reservoir 2) in less 

than one day (Figure 3). The equations for the 

simulated chlorine decay in the tanks are: 

i) WTP I: y= 0.9672e
-0.0022x

 (R
2
 = 0.95)                 (2) 

ii)Tank B (outlet): y = 0.8271e
-0.0028x

 (R
2
=0.88)   (3) 

iii)Reservoir: 2y=0.6883e
-0.0025x

 (R
2
 = 0.90)          (4) 

 

Residual chlorine decay coefficient determined for 

water in the Kampala distribution system was 

between 0.002 and 0.003 min
-1

. This indicated high 

rates of chlorine loss in the water distribution 

network compared to other findings from other 

distribution networks (Heraud et al., 1997; Hart et 

al., 1992; Xin et al., 2003) which can be attributed to 

the poorer water quality (e.g. turbidity, colour) and 

age of the network pipes and reservoirs in the 

Kampala water distribution network.  Similar to the 

findings of Gauthier et al., (2000) and Ozdemir & 

Ucak, (2002) water pumping cycles, water use 

demands and tank residence time also influenced the 

rate of chlorine loss in drinking water distribution 

systems. However, inconsistent chlorine dosing, 

inadequate water clarification and filtration were also 

reported (Ecuru, 2002) as important factors 

determining the recoded chlorine concentrations.  
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Table 2: Estimated residence time of water in the reservoirs. 

 

 

Reservoirs 

 

 

Capacity (m3) 

 

Estimate 

residence time 

(Hours) 

 

WTP 

 

1,750* 

 

0.5 

 

Tank B outlet 4,500 0.5-1.5 

 

Reservoir 2 4,500 5.0-7.0 

 

Reservoir 1 4,000 10.0-15.0 

 

Reservoir 4 9,050 >20.0 

* = Contact Tank; WTP = Water Treatment Plant 

 

Using the recorded chlorine decay coefficients for 

Kampala water distribution network, reservoir  

retention time would account for 6% chlorine loss at 

the WTP and 15% at Tank B. Temperature, pH, 

turbidity and colour in the water tanks were relatively 

constant at every sampling location, except in 

Reservoir 4 (Table 1) and within the standards for 

potable water (UNBS, 1994; WHO, 2008). The 

difference in the concentration of chlorine in the 

tanks and reservoirs were significant (p<0.05) as the 

distance increased away from the WTP. 
 

Even though the water quality parameters recorded 

were within the recommended standards (UNBS 

1994; WHO 2008), turbidity of the treated water was 

in most reservoirs ≥0.1NTU which is not good for 

efficient disinfection. Reservoirs 2 and 4 especially 

had unacceptable turbidity and colour as also 

confirmed by the very rapid chlorine decay rates (Fig 

3). 

 

 

 

 

 

 

 

 

 

 

 
                   Fig. 1. .Mean hourly variation of free residual chlorine in three Kampala water distribution tanks 

 

For efficient disinfection turbidity should be < 

0.1NTU. The elevated colour and turbidity can be 

attributed poor conditions in the aged reservoirs that 

may contain rust, scum foams or slime that in turn 

consume chlorine and may support bacterial growth 

increasing the  risk of water recontamination. Tanks 

that have long residence times like Reservoirs 1 and 4 

(Table 2) tended to supply water of higher risk of 

recontamination because of zero or very low residual 

chlorine levels and higher turbidity (Figure 3). For 

such water residual chlorine will be undetectable 

within 1 to 3 days depending on the storage tank 

condition. This means that such reservoirs that 

receive water already low in residual chlorine (about 

0.5mgl
-1

) can only serve safely if continuously filled 

as is being emptied by demand. This problem is even 

exasperated by the intermittent water supply to 

consumers because of frequent pipe bursts, 
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maintenance works and pump failures that cause 

frequent shut downs that all promote residual 

chlorine depletion in the water distribution network. 

Figure 2 illustrates the impact of water age on 

chlorine concentration where the WTP displayed the 

highest residual chlorine concentrations (0.71 mg/L 

Cl2) while Reservoir 1 that is the nearest to the WTP 

in the distribution network displayed intermediate 

concentrations (0.11 mg/L Cl2) and Reservoir 4 that 

is the farthest displayed the lowest concentrations 

(0.0 mg/L Cl2 at times). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.  Mean free and total residual chlorine (with standard error) in the Kampala water distribution tanks 

 

The substantial drop in residual chlorine 

concentrations from the WTP to consumer’s outlets is 

attributed to water turbidity in the water distribution 

system, poor tank storage conditions and network 

operation characteristics (e.g. pumping regimes, pipe 

bursts, maintenance, and other disruptions) and pipe 

age (NWSC, 2000b). Water at community standpipe 

taps (Table 1) had unacceptable levels of chlorine (< 

0.2mg/l) that can be attributed to low chlorine levels 

at the reservoirs and further depletions during 

conveyance in the very old pipes in the network. 

Several factors however influence chlorine decay in 

water distribution network (Gauthier et al.,, 2000; 

Clark et al., 1999; Niquette et al., 2000; Trussell, 

1999; Wen Lu et al., 1999). Some households, for 

instance, receive water at specific times of the day 

only and the water pressure fluctuate very much 

(Ecuru, 2002). With this kind of scenario, it becomes 

difficult to maintain adequate residual chlorine in the 

drinking water distribution network as reported by 

Haas (1999). 

 

To address the chlorine loss problem of the Kampala 

water network frequent studies are required to assess 

water quality (including chemical transformations) 

throughout the distribution system and develop a 

database for planning and management. Research on 

optimising operation including maintenance, pipe 

materials, storage tank materials, optimal storage 

residence time, pumping regimes should be done by 

the water authority.  The aged conducting and storage 

facilities should be gradually phased out with new 

ones. For example pipes of polyvinyl chloride (PVC) 

and polyethylene (PE) materials where free chlorine 

is most effective on re-growths than in iron-based 

pipe materials (Niquette, et al., 2000) could be 

considered in low pressure areas.   
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Fig. 3. Residual chlorine decay over time in three tanks of Kampala water distribution system 

 

In conclusion the risk of recontamination of water in 

distribution network increases with storage time in 

reservoir, age of the reservoir, age of the distribution 

pipes and flow interruptions. To offset the 

recontamination risks we recommend refurbishment 

of the network and that treated water should leave the 

contact tank with residual chlorine level of at least 

1.0mg/l and the chlorine concentration should be 

maintained between 0.2 and 0.5 mg/l throughout the 

water distribution network. Flow interruptions should 

also be attended to efficiently within the shortest time 

period possible. More so during rainy seasons when 

the risks of recontamination are higher concentrations 

of chlorine must be maintained at ≥ 0.5mg/l 

throughout the water distribution system. In case of 

detected undesirable low chlorine levels in the water 

distribution booster chlorination could be applied to 

correct the inadequacy. 

 

Acknowledgements: We extend our sincere gratitude 

to Uganda National Council for Science and 

Technology for sponsoring the study and to National 

Water and Sewerage Corporation, Kampala Uganda 

(Gaba II and Central Laboratory, Bugolobi), for the 

cooperation accorded during the study.   

 

 

 

 

 

 

 

 

 

 

 

REFERENCES 
American Public Health Association (APHA) (1995). 

Standard Methods for the Examination of Water and 

Wastewater 19th Edition, Washington DC. 

 

Clark R.M., Rizzo G.S., Belknap J.A., and Cochrane C., 

(1999). Water Quality and the Replacement and 

Repair of Drinking Water Infrastructure: the 

Washington D.C case Study, J. Water SRT - Aqua. 48 

(3): 106-114. 

 

COWI Consulting Engineers and Planners (2002). 

Integrated water quality/limnology study for Lake 

Victoria. Lake Victoria Environmental Management 

Project, Draft Final Report. 

 

Ecuru, J., (2002). Residual Chlorine decay in the piped 

drinking water distribution system of Kampala. M.Sc. 

Thesis. Makerere University. Kampala. Uganda. 

 

El-Shafy M. ABD and Grunwald A. (2000). THM 

Formation in Water Supply in South Bohemia, Czech 

Republic, Water Res. 34 (13): 3453 - 3459. 

 

Gauthier,V.; Besner M-G; Barbeau, B; Millette, R and 

Prèvost, M. (2000). Storage tank management to 

improve drinking water quality: Case study. 

J.Water.Resour.Plng. and Mgmt.126(4): 221-228. 

 

Haas C. N, (1999). Benefits of Employing a Disinfection 

Residual, J. Water SR –Aqua. 48 (1): 11-15. 

 

Hart F.L., Wheeler W.A., and Daly W.J. (1992). Chlorine 

residual distribution in a municipal network. Paper 

NEWWA Computer Symposium. November. 

 

Heraud J, Kiene L, Detay M, and Levi Y, (1997), 

Optimized Modeling of Chlorine Residual in a 

Drinking Water Distribution System with a 



173 
 

*Corresponding author:  James Okot-Okumu 

 

 

Combination of On-line Sensors, J. Water SRT – 

Aqua. 46 (2): 59-70. 

 

National Water and Sewerage Corporation (NWSC). 

(1998). New Gaba 2 Water Treatment Plant: Facts 

and Figures at a Glance (Unpublished). 

 

National Water and Sewerage Corporation (NWSC), 

(2000a), Annual Water Quality Monitoring Reports, 

(1998/1999 and 1999/2000). 

 

National Water and Sewerage Corporation (NWSC), 

(2000b). Pipe Ages - Kampala, (Unpublished) 

Niquette P, Servais P and Savoir R., (2000). Impact of Pipe 

Materials on Densities of Fixed Bacterial Biomass in a 

Drinking Water Distribution System. Water Res. 34 

(6): 1952-1956. 

 

Ozdemir O.N., and Ucak A., (2002). Simulation of chlorine 

decay in drinking-water distribution system. J. 

Environ. Eng., 128(1): 31-39. 

 

 Toshiko N., Tomohiro F., Katsuhiko T. (2008).  Residual 

Chlorine Decay Simulation in Water Distribution 

System. The 7th International Symposium on Water 

Supply Technology, Yokohama, Japan    

 

Trussell, R.R., (1999). An Overview of Disinfectant 

Residuals in Drinking Water Distribution Systems, J. 

Water SRT – Aqua. 48 (1): 2-10. 

 

Uganda National Bureau of Standards (UNBS), (1994). 

Standard Specification for Drinking (Potable) Water, 

First Edition, Kampala. 6 pp. 

 

Wen Lu, L. Kiene and Y. Levi, (1999). Chlorine Demand 

of Biofilms in Water Distribution Systems, Water Res. 

33 (3): 827-835. 

 

World Health Organization (WHO). (2008). Guidelines for 

Drinking-Water Quality [electronic source]: 

incorporation  1st and 2nd addenda, Vol.1. 3rd  ed. 

 

Xin, L., Da-ming, G., Jing-yao, Q., Ukita, M., Hong-bin, 

Z., (2003). Modeling of residual chlorine in water 

distribution system. J. Environ. Sci., 15(1): 136-144 

 

 

 
 

 


