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INTRODUCTION 
 

The importance of providing clean, dependable 
drinking water must not be underestimated. For ex-
ample, water provision plays a fundamental role in 
the majority of the Millennium Development Goals. 
Existing water distribution systems in many cities in 
developing nations are often limited and over-
whelmed by current demand and suffer from spo-
radic funding and maintenance as well as informal 
connections (Black 2004). The majority of nations 
that lack adequate water provision infrastructure are 
in Africa. In Africa and Asia there will be a large in-
crease in the urban population in the next 40 years 
with a rapid rate of growth expected in urban popu-
lations in less developed areas (UN 2008). These 
less developed areas do not have the established wa-
ter infrastructure that is present in Europe and North 
America, which means that an enormous amount of 
water infrastructure will be required in the near fu-
ture. In many cases, the infrastructure will have to be 
retrofitted at considerable expense in cities already 
over spilling into informal settlements with no plan-
ning or provision for utilities.  

Given the importance of satisfactory water provi-
sion to human development and the large scale de-
velopment of water distribution systems in the near 
future, it is important to have robust methods for the  

 
 
planning and implementation of water distribution 
networks that can be adapted easily to suit scale and 
circumstance. The distribution network is inherently 
complex and difficult to design as there is a large 
number of factors to consider, and these factors of-
ten conflict with each other. The cost of a network 
should be minimised, however the reliability of the 
network should not be compromised. Additionally 
the amount of maintenance should be considered -- 
whether to favour a high initial cost with lower 
maintenance costs, or a lower cost network that will 
rely on regular maintenance. What level of service 
should be provided -- water in every household, or a 
single supply point per fifty people, or one hundred?  
Should excess capacity be built in, and if so how 
much? 

Fieldwork was conducted previously to determine 
the data required for the design of the water distribu-
tion network for a peri-urban area in Blantyre in Ma-
lawi (Fig. 1) (Tanyimboh et al. 2008). The present 
work aims to compare two different methods of wa-
ter distribution network design – a heuristic method, 
using systematic trial and error based on maximum 
statistical entropy flows to determine which pipe di-
ameters fulfil the design criteria and a multi-
objective genetic algorithm, a stochastic search pro-
gram which uses the concepts of evolution to pro-
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duce a near-optimum design. In the present work, 
the non-dominated sorting genetic algorithm was 
used to produce designs with the objectives of 
minimising the network cost and maximising the sta-
tistical entropy, which is a surrogate measure for 
network reliability. The analytic hierarchy process 
was used as a multicriteria decision support tool for 
differentiating between alternative design options. 
An attempt was made to formalise the weightings 
used for the three main decision criteria of perform-
ance, economics and social and environmental im-
pact by conducting a survey of senior water engi-
neers based in the UK. 

ANALYTIC HIERARCHY PROCESS 
 
Tanyimboh & Kalungi (2008) described the use of 
the analytic hierarchy process (AHP) to select the 
best option for the upgrading of a water distribution 
network. Goals, criteria, subcriteria and design alter-
natives are arranged in a hierarchical structure simi-
lar to a family tree as shown in Figure 2.  The top 
level consists of the ultimate goal or decision, the 
second level has the criteria by which options or al-
ternatives are evaluated, the third level consists of 
the sub-criteria under each criterion, and the fourth 
level consists of the various design options. 

A new water distribution network will have many 
important and wide ranging effects on a community. 
These must be assessed to ensure that any new net-
work is both necessary and sustainable. Providing a 
community with access to clean, potable water can 
have a huge positive impact on the general health of 
the community. Therefore, it is important that any 
network designed be reliable in terms of its ability to 
supply demand and when presented with alternative 
network designs, the associated consequences of a 
lack of supply at any demand nodes should be con-
sidered. Several measures were used to assess net-
work performance as shown in Figure 2. Afforda-
bility refers to the local community’s ability to pay 
water charges. Acceptability considers the popula-
tion’s desire for a water distribution network and its 
appropriateness. It is envisaged that community wa-
ter kiosks will provide the majority of water supply 
within the study area (Tanyimboh et al. 2008). To 
this end the ability of the community to operate such 
a community water kiosk should be assessed. 

An attempt was made to formalise the weightings 
used for the three main decision criteria of perform-
ance, economics and social and environmental im-
pact by conducting a survey of senior water engi-
neers. The results demonstrate there is a wide range 
of opinion on the importance of each factor in the 
overall decision making process and the question of 

weightings is difficult to answer, particularly in a 
generic form. They also suggest the weightings used 
could vary widely depending on a number of factors.  

All the 17 respondents whose views are summa-
rised in Table 1 were water engineers of consider-
able experience, but there was a discernible differ-
ence between those with direct experience in water 
projects in developing countries and those without.  
Those with the most applicable experience tended to 
place a higher weighting on social and environ-
mental issues and a lower weighting on economics 
than those with less direct experience, who tended to 
weight the three factors more evenly. However both 
sets point to the importance of not underestimating 
the role of social and environmental issues. If AHP 
is to be used as a tool by practising engineers it 
would be important to define precisely what each of 
the sectors includes. 

It would also be useful to develop a set of stan-
dard weightings that could be used for specific sce-
narios. Table 2 contains the responses of a water en-
gineer who has worked extensively with the United 
Nations around the world, for specific projects he 
has been involved in. His responses clearly highlight 
differences according to project types. In a refugee 
situation, performance is the critical factor, as the 
importance of getting water to the people overrides 
the likely cost and given the relatively transient na-
ture of a refugee camp, it is less important to address 
social requirements. He explained that he thought 
the economic decision of the end user was more im-
portant than the actual cost of the network, as ulti-
mately if the users do not place a high enough value 
on the project's product, or if they do not perceive a 
sense of ownership in the process, the economics of 
sustaining the project become untenable and the sys-
tem falls into disrepair. This is the reason that for 
longer term development projects, he has placed a 
higher weighting on the economics criterion. 

DESIGN OF THE DISTRIBUTION NETWORK 
 
Blantyre is a city with a population estimated at 
583,000 (2002) within the city boundaries with a 
further 104,000 living in the extended rural area 
served by Blantyre Water Board (BWB). About 85% 
of the total population obtain their daily water re-
quirements from the BWB supply system, while the 
remainder are reliant on alternative sources. Ap-
proximately 70% of the population live in informal 
and unplanned residential areas in semi-rural areas 
located on the peripheries of formal serviced areas 
and in the ‘ribbon development’ areas adjacent to the 
main roads leading to Blantyre City. BWB abstracts 
its water from the Shire River at Walkers Ferry 
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Figure 1.  Study area boundary and existing pipelines 
 
 
where it is also treated. From there it is pumped via 
two 600 mm diameter pipes to Chileka Pumping Sta-
tion, where additional pumps provide the energy to 
transport the water to the storage reservoir at Nyam-
badwe which supplies the whole Blantyre water dis-
tribution network by gravity. Only a small part of the 
study area shown in Figure 1 is currently supplied 
via Blantyre’s water distribution system, with the 
rest of the population being served by boreholes. 

The boreholes are generally quite deep and capped 
at the top and the water quality is generally very 
good. Within the area supplied by the water board 
there also exists a small number of water kiosks op-
erated as businesses (Tanyimboh et al. 2008). 

Two of the layouts in Tanyimboh et al. (2008) are 
shown Figure 3. The design criteria defined by the 
BWB included a minimum residual pressure head of 
10 m at all nodes and maximum static pressure head  



 

 
Figure 2.  AHP representation of problem structure 
�
 
Table 1.  Results of AHP weightings survey 

 Performance (%) Economics (%) Social & Environmental (%) 
Maximum 50 40 70 
Minimum 20 10 30 
Mean 31 30 40 
Standard Deviation 0.081 0.083 0.102 
 
 
Table 2.  AHP weightings for different types of project in the developing world 

 Performance (%) Economics (%) Social & Environmental (%) 
Ntaja Gravity Fed Malawi 20 50 30 
Domasi Gravity Fed Malawi 20 50 30 
Wad Kowli Refugee Camp Sudan 70 20 10 
Cegrane Refugee Camp Macedonia 60 20 20 
Calang Emergency Water Sumatra 20 40 40 

 
 
 
of 90 m. To ascertain the optimal pipe diameters for 
each layout a systematic approach was used by 
Tanyimboh et al. (2008). Pipes were allotted mini-
mum diameters for the whole network. These were 
programmed into EPANET and a simulation carried 
out for the period of greatest demand as defined by 
the peak hour factor. Then the diameters of the pipes 
closest to the source were increased in diameter until 
the nodes immediately downstream of the source 
fulfilled their design requirements. Next the diame-
ters of the pipes downstream of the first set of nodes 
were increased until the second tier of nodes ful-
filled their design criteria. This process was contin-
ued until all nodes fulfilled the design requirements. 
Simulations of fire flows were created at key points 

within the network such as the airport and hospital, 
corresponding to the time of greatest demand to en-
sure the required fire-flow rate could be met. Pres-
sure reducing valves (PRVs) as shown in Figure 3 
were also utilised. 

Genetic algorithms (GAs) are routines that mimic 
the adaptation of natural species as they evolve to 
suit their environment over many generations. Many 
advanced multiobjective genetic algorithms are 
available in the literature. NSGA-II was chosen for 
this study as it has been used successfully in previ-
ous studies. A description of NSGA-II can be found 
in Deb et al. (2002). The various operations involved 
in NSGA-II are described here briefly. Initially, a 
random parent population Pt of size N is created. 
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Figure 3.  Schematics of candidate Layouts 2 and 3 
 
 
The population is then sorted and ranked on the ba-
sis of an individual's non-domination level, and then 
fitness is assigned to each population member based 
on its non-domination level. Binary tournament se-
lection, crossover and mutation are used in the crea-
tion of a child population Ct. Thereafter, the follow-
ing procedure is repeated in every generation until 
the convergence criteria are satisfied. The parent and 
child populations are combined to form a combined 
population Rt = Pt È Ct of size 2N. This way elitism 
is maintained. Then Rt is sorted using the non-
domination algorithm. The sorting procedure classi-
fies the combined population into several non-
dominated fronts, F1, F2, and so on. The new popula-
tion, Pt+1, is formed by selecting solutions from the 
non-dominated fronts, taking one front at a time. The 
population of Pt+1 starts with the solutions in the best 
non-dominated front (F1) and continues with F2, and 
so on until its size is N. The last accepted front may 
contain more solutions than the required number. If 
this is the case then the solutions in more sparsely 
populated regions are selected preferentially over 
those in more crowded regions. 

Candidate solutions were generated for each lay-
out as shown in Figure 4 using 10 runs of the GA. 
Typical best-compromise solutions were selected 
from the intersection of the vertical and horizontal 
sections of the Pareto-optimal front for comparison 
with the above-mentioned heuristic approach based 
on maximum entropy (ME) flows (Fig. 5). The two 
solutions labelled ‘GA’ were produced by the GA 
while those labelled ‘ME’ are from Tanyimboh et al. 
(2008). Additional details on the GA solutions are 
shown in Table 4. Although the GA was unable to 
reach the maximum entropy values, the designs it 

 
 
 
generated were correspondingly cheaper than those 
from the heuristic approach. The potential advan-
tages of the GA approach include the speed of 
analysis, as it is largely automated, and the relative 
ease of handling larger and more complex network 
designs. Since the heuristic method is largely done 
by hand, large networks can soon become unwieldy. 
This work is still in progress including the AHP 
comparisons. 

CONCLUSIONS 
 

In the present work, the non-dominated sorting ge-
netic algorithm was used to produce designs with the 
objectives of minimising the network cost and 
maximising the statistical entropy, which is a surro-
gate measure for network reliability. The analytic 
hierarchy process is being evaluated as a decision 
support tool for differentiating between alternative 
design options. An attempt was made to formalise 
the weightings used for the three main decision cri-
teria of performance, economics and social and envi-
ronmental impact by conducting a survey of experi-
enced water engineers. The results demonstrate there 
is a wide range of opinion on the importance of each 
factor in the overall decision making process. The 
AHP has thus far been little used in water network 
design. There is a great deal of scope for further 
work into its use in this sector. Specifically, a more 
rigorous investigation into professional opinions on 
criteria weightings would be useful. Using this in-
formation, analysis of case studies and sensitivity 
analyses could lead to the production of set weight-
ings for given scenarios and specifications. This  
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Figure 4.  Pareto optimal fronts for Layout 3 
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Figure 5.  Minimum cost designs for entropy values indicated  
 
 
information could potentially be of great use to wa-
ter network designers and managers. The GA pro-
duced results comparable with those produced by a 
heuristic method based on maximum entropy (ME) 
flows. Although the GA was unable to reach the 
maximum entropy values, the designs it generated 
were cheaper than those from the heuristic approach. 
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Table 4.  Nodal performance data for the ‘compromise’ GA solutions 

Demand  Elevation  Head Required  Residual Head (m) 
Node 

(l/s) (m) (m) Layout 2 Layout 3 

1 1.98 777 787.0 28.8 28 
2 5.62 777.2 787.2 30.2 29.8 
3 4.96 762 772.0 44.2 44.9 
10 1.98 762 772.0 40 41.1 
4 5.62 777 787.0 30.1 29.9 
11 2.16 777 787.0 28.4 27.8 
5 4.96 732 742.0 73.1 73.4 
6 4.96 762 772.0 43.3 43.3 
14 8.66 762 772.0 39 39.9 
13 8.66 747 757.0 53.8 53.1 
12 2.16 762 772.0 31.1 29.2 
7 4.96 747 757.0 58.1 58.3 
8 4.96 732 742.0 64.2 67.3 
16 8.66 732 742.0 67.3 67.6 
15 8.66 746.8 756.8 52.3 52.6 
9 5.46 716 726.0 70.9 74.1 
17 2.16 722 732.0 73.1 73.6 
23 8.66 731 741.0 67.3 67.5 
22 1.98 746.8 756.8 50.5 54.6 
18 2.16 723.9 733.9 60.5 52 
24 8.66 731.5 741.5 66.5 66.6 
25 1.76 716 726.0 66.5 82.8 
19 1.76 716 726.0 58.4 57.1 
28 2.42 732 742.0 62.9 62.4 
21 1.76 701 711.0 21.3 24.7 
27 1.76 671 681.0 50.5 55 
30 2.42 746.8 756.8 45 43.7 
34 1.88 686 696.0 54.4 62.9 
32 2.42 732 742.0 19.2 19.2 
29 1.88 655.3 665.3 79.7 76.4 
33 1.88 686 696.0 50.6 53.3 
35 3.92 685.8 695.8 42.9 42.9 
36 3.92 686 696.0 40.8 40.8 

 
 


