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ABSTRACT 5 

6 

The hydraulic reliability of bulk water supply systems can be defined in terms of the failure 7 

frequency of the municipal storage tanks they supply: the system fails when the tank runs dry 8 

and is functional otherwise. Municipal storage tanks are normally sized according to 9 

deterministic guidelines that make allowances for balancing, fire and emergency storage. In this 10 

study, genetic algorithm optimization was used together with stochastic analyses to find the 11 

optimal combination of feeder pipe configuration, feeder pipe capacity and tank capacity for a 12 

given risk of failure. A sensitivity analysis was conducted to determine the factors that have the 13 

greatest impact on the optimal design for an example system. The results showed that the optimal 14 

pipe configuration is a single feeder pipe in most cases, but that two parallel pipes are preferable 15 

for shorter feeder pipes. It was found that it is often cost-effective to trade off a smaller tank size 16 

for a greater feeder pipe capacity. Based on this finding, design guidelines are likely to specify 17 

sub-optimal solutions in many cases.  18 
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 22 

INTRODUCTION 23 

 24 

Bulk water supply systems are usually designed according to deterministic guidelines that 25 

specify minimum tank, and sometimes feeder pipe, design capacities. Since design guidelines 26 

have to accommodate a large range of possible conditions, they invariably have to adopt a 27 

conservative approach, meaning that most systems are potentially over-designed. Design 28 

guidelines cannot take local conditions into account, and do not give the designer much leeway, 29 

for instance to use a smaller tank in a system with a short, high capacity feeder pipe.  30 

 31 

Reliability of engineering systems can be broadly defined as the probability that a system 32 

performs its mission within specified limits for a given period of time in a specified environment 33 

(Cullinane et al. 1992). Farmani et al. (2005) define the reliability of water distribution systems 34 

as the ability of the network to provide consumers with adequate and high-quality supply even 35 

under abnormal conditions. Alternatively, reliability can be defined in terms of network failure, 36 

which is an event in which the network is unable to provide adequate flow or pressure to meet 37 

demand (Goulter, 1992). More specifically, the reliability of a bulk water supply system can be 38 

defined in terms of the reliability of its storage tank, as consumers will only notice a service 39 

interruption if the storage tank has failed (i.e. run dry).  40 

 41 

Various authors have analyzed the reliability of bulk water supply systems using frequency 42 

duration (Hobbs and Beim, 1988), Markov chain (Beim and Hobbs, 1988) and Monte Carlo 43 

(Beim and Hobbs, 1988; Nel and Haarhoff, 1996) approaches. Van Zyl et al. (2008) used a 44 



Monte Carlo analysis model in combination with three generic models for consumer demand, 45 

fire water demand and feeder pipe failures to estimate the failure characteristics of bulk supply 46 

systems, and proposed a reliability-based design criterion of one failure in ten years under 47 

seasonal peak conditions. The stochastic model has also been used to explore the impact of 48 

different water demand parameters on system reliability (van Zyl et al. 2012).  49 

 50 

A major benefit of a risk-based design criterion for bulk supply systems is that the designer can 51 

size system components to suit local conditions, and trade off different components (e.g. feeder 52 

pipe and tank capacities) to find the most cost-effective solution. The aim of this study was to 53 

develop a method to investigate the Pareto-optimal trade-off curve between the failure frequency 54 

and cost of a bulk supply system. This curve can then be used by a designer to select the most 55 

cost-effective system that satisfies the minimum reliability requirement (i.e. maximum failure 56 

frequency) of a given application. The design variables considered in the analyses were storage 57 

tank capacity, feeder pipe diameter and feeder pipe configuration. Although the proposed method 58 

is illustrated using a simple bulk system layout consisting of a tank connected to a source via a 59 

feeder pipe, it can also be applied to more sophisticated systems.  60 

 61 

The next section in the paper describes the methodology used to estimate the optimal trade-off 62 

curve between system failure frequency and cost. This is followed by a discussion of the 63 

application of the model to a simple, but typical bulk supply system. A sensitivity analysis of 64 

various system and stochastic parameters is then presented, giving insight into how these factors 65 

affect the optimal design of bulk supply systems. Finally, conclusions are drawn based on the 66 

application of the model and the sensitivity analyses. 67 



68 

69 

METHODOLOGY 70 

71 

Optimization Model 72 

73 

The aim of the optimization was to minimize the cost and failure frequency (maximize reliability) 74 

of a bulk water supply system by selecting optimal combinations of tank capacity, feeder pipe 75 

configuration and feeder pipe diameter. To illustrate the methodology followed, a simple yet 76 

frequently used supply system configuration (Fig. 1) was used. The system consists of a source, 77 

storage tank and feeder pipe(s) between the source and tank. Users are supplied from a separate 78 

pipeline connected to the tank. 79 

80 

There are three decision variables in this optimization problem: feeder pipe configuration, feeder 81 

pipe diameter, and tank capacity. Three parallel pipe options (1 pipe, 2 parallel pipes, or 3 82 

parallel pipes) and three interconnection options (0, 1, or 2) exist. Feeder pipe sizes were limited 83 

to commercially available diameters. User-defined upper and lower bounds were used for the 84 

pipe diameter to exclude unrealistic options. Finally the tank capacity was modeled as a 85 

continuous variable between upper and lower bounds selected by the designer. 86 

87 

A gravity system was considered in this study. Thus assuming that the designer has already 88 

selected a location for the source and the tank, the system head (difference in elevation) and the 89 

length of the feeder pipe system was considered known. The flow rate between the source and 90 



the tank was calculated using the Hazen-Williams equation for each combination of pipe 91 

configuration and diameters. 
 

92 

 93 

The flow rate can be expressed as a dimensionless supply ratio, defined as the feeder pipe 94 

capacity over the average demand for the period modeled (typically one week). In this study 95 

simulations were done under seasonal peak demand conditions. The range of supply ratios 96 

investigated was limited between a lower bound of one and an user defined upper bound. A 97 

supply ratio less than one means that the source feeder pipes cannot supply the average demand 98 

and thus the system is infeasible. On the other hand, the highest supply ratios are obtained when 99 

the largest diameters are used in a configuration of three pipes in parallel. At some supply ratio, 100 

these combinations become too expensive to be feasible, and thus can be excluded from the 101 

solution space. 102 

 103 

The lower and upper bound supply ratios were used as a guide to determine which pipe 104 

diameters would be feasible and retained for selection in the optimization run. This resulted in 105 

the use of the following two conditions where a diameter was eliminated if: (1) the supply ratio 106 

for a single pipeline was greater than the upper bound; or (2) the supply ratio was less than one 107 

for three parallel pipes.  108 

 109 

The multi-objective genetic algorithm, NSGA-II (Deb et al. 2002), was used to find the optimal 110 

solutions and produce the Pareto-optimal trade-off curve between the conflicting objectives of 111 

minimizing system cost and minimizing tank failure frequency. In NSGA-II, the initial 112 

population is generated, followed by an evaluation of the objective functions using a cost model 113 



and stochastic analysis method. Until the maximum number of generations is reached, the 114 

algorithm loops through the process of generating a parent, ranking the population, performing 115 

comparison and selection based on nondomination and crowding distance to finally generate a 116 

child population. The Pareto-optimal set was taken as the child population produced in the final 117 

generation of the algorithm.  118 

 119 

Genetic algorithms require a large number of system evaluations, and since each evaluation 120 

requires a computationally expensive stochastic analysis, the duration of a typical optimization 121 

run was found to be impractically long (in the order of 270 hours for 50 generations and a 122 

population of 50). To reduce the simulation time, a compression heuristic was implemented that 123 

fully simulated periods where pipe failure or fire events occurred, but „jumped over‟ intermediate 124 

periods. This allowed the duration of an optimization run to be reduced by 75 % to a manageable 125 

66 hours.  126 

 127 

Cost Model 128 

 129 

The cost model used in this optimization process considered capital costs only. The costs of 130 

components relative to each other are critical for the analysis, rather than the absolute cost values. 131 

Cost functions for pipes and storage tanks were based on the models described by Swamee and 132 

Sharma (2008). The pipe cost function was:  133 

 134 

 0.933324pC LD  (1) 135 

 136 



where Cp is the pipe cost ($), L is the pipe length (m) and D is the pipe diameter (m). 137 

138 

The cost function used for a surface concrete tank was: 139 
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142 

where CR is the service tank cost ($), and VR is the volume of the tank (m
3
). 143 

144 

Various pipe configurations were considered, which included interconnections between pipes in 145 

parallel including valve chambers and shut-off valves on all branches. Chambers are required to 146 

house the necessary valves and pipework. Vlok (2010) developed an equation to represent the 147 

chamber costs, which were adjusted to the same financial basis.  For the interconnection of two 148 

pipes, the cost function of a single chamber, including pipework and valves was: 149 

150 

20.0309 11.161 1773cC D D   (3) 151 

152 

and the cost function of a chamber for the interconnection of three pipes is: 153 

154 

20.0473 16.823 1885.3cC D D   (4) 155 

156 

where Cc is the cost of the chamber ($), and D is the pipe diameter (mm).157 

158 



Stochastic Analysis Model 159 

 160 

The stochastic analysis model (van Zyl et al. 2008) measures the reliability of each solution 161 

determined during the optimization run by estimating its tank failure frequency.  162 

 163 

The stochastic analysis method consists of three stochastic unit models for consumer demands, 164 

fire demands and pipe failures. The method involves calculating the consumer and fire demand, 165 

and supply inflow to the tank for each hourly time step using Monte Carlo sampling, which are 166 

then used to update tank levels. If the tank runs dry, a failure is recorded and the results are 167 

logged. This process is repeated until either (1) 5% convergence has been obtained for the failure 168 

frequency results; (2) the failure frequency is less than a minimum failure rate specified by the 169 

designer (e.g. one failure in 100 years); or (3) the run duration exceeds that which is specified by 170 

the designer. To give an idea of a typical value for condition 3, a run duration of 2 million days 171 

was used in the example system.  172 

 173 

In the optimization run, the stochastic analysis was done for the most critical time in the year, i.e. 174 

under seasonal peak conditions. An important assumption of the stochastic analysis is that it is 175 

done at a specific time, typically a week, in the year and design horizon, meaning that long-term 176 

and seasonal variations in parameters are not included in the simulation run. Simulations can be 177 

repeated at different times in the year and design horizon to consider these variations. 178 

 179 

Consumer demand 180 

 181 



Consumer demand was modeled using a generic demand model consisting of an average demand, 182 

day-of-week and hourly patterns, persistence and a random component. First the average daily 183 

demand is calculated, which is then used to calculate the hourly demands. A multiplicative 184 

model models the cyclical patterns and the remainder corresponds to an auto-correlated random 185 

process. The daily demand model is: 186 

 187 

 d ave DOW dD D C    (5) 188 

 189 

where Dd is the simulated average demand in day d, Dave is the average demand for the period 190 

studied, CDOW is a day-of-week demand factor and υd is the daily demand residual function, 191 

described by: 192 

 193 
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      2ln ~ (0, )d DIN   (6) 194 

 195 

where i is a lag counter, m the number of daily autocorrelation lags, i  the daily auto regression 196 

coefficient for lag i and ln d  a white-noise process. The notation 2ln ~ (0, )d DIN   indicates that 197 

the natural logarithms of the residuals are normally and independently distributed with mean 0 198 

and variance 2

D .   199 

 200 

Auto-correlation is used to describe the persistence inherent in the data, i.e. how much the 201 

demand of a current period is affected by previous periods. Both daily and hourly levels of 202 

persistence were included.  203 



204 

A similar model is used to model the hourly demand variation: 205 

206 

h d h hD D C   (7) 207 

208 

where Dh is the average demand for hour h, Dd is the average demand for the current day, Ch is 209 

the hourly demand factor and υh is the hourly demand residual function, described with a similar 210 

equation as the daily demand residuals.  211 

212 

Fire demand 213 

214 

The fire demand model consists of three generic components: occurrence, duration and fire flow. 215 

Fire events were modeled by simulating the times between successive fires using an exponential 216 

distribution. The probability density function of an exponential distribution is: 217 

218 

( ; ) ;tf t e    0t  (8) 219 

220 

where λ is the rate parameter and Δt is the time between successive fire events. 221 

222 

After a fire has occurred, the fire duration and fire flow were both estimated using log-normal 223 

distributions. For the case of fire duration, the probability density function for a log-normal 224 

distribution is: 225 

226 
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 228 

where T is duration of the fire event μ is mean of the logs of the durations, and σ is the standard 229 

deviation of the logs of the durations. 230 

 231 

Pipe failures 232 

 233 

Failures of the water source, purification tanks, pumps and pipes can all cause the interruption of 234 

the supply inflow to the storage tank, although only pipe failures were included in this study. It 235 

was assumed that the supply was not limited by the source (i.e. only by the capacity of the pipes) 236 

and source failures were not considered.  237 

 238 

The pipe failure model consisted of two generic components: occurrence and duration. An 239 

exponential model was used for modeling the time between failure events (Eq. 8) and a 240 

lognormal distribution for the failure duration (Eq. 9). The duration of a supply system failure 241 

represents the time the supply is interrupted and normally corresponds to the time that a pipe 242 

section is isolated by the repair team. 243 

 244 

Only one pipe failure was modeled at a time. The occurrence of two simultaneous pipe failures 245 

was not modeled as the probability of it happening is negligibly small.  246 

 247 

Changing the configuration from a single pipe to parallel pipes increases the reliability of the 248 

bulk water supply system (van Zyl and Haarhoff 1999). For example, for two pipes in parallel 249 



there is always 50% of the flow remaining, while for three pipes in parallel there always two 250 

thirds of the total supply capacity entering the storage tank, if one pipe failure is modeled at a 251 

time. Increasing the number of interconnections between parallel pipes further increases the 252 

reliability of the feeder pipe system. Table 1 indicates how much supply inflow remains for each 253 

configuration when a single pipe failure occurs. 254 

 255 

Compression Heuristic 256 

 257 

A compression heuristic was developed to reduce the time required to run a stochastic analysis. 258 

Without this, it would have been impractical to include the stochastic analyses runs into a genetic 259 

algorithm optimization routine. In analyzing the computational effort required to perform 260 

stochastic analyses, it was observed that in most time steps, there are no fire or pipe failure 261 

events and only consumer demand plays a role. By doing a pre-run to characterize the behavior 262 

of the system under consumer demand only conditions (i.e. no pipe failures or fire demands), it 263 

was possible to „jump over‟ the periods where no fire or pipe failure events were occurring, thus 264 

speeding up the simulation substantially. 265 

 266 

The compression heuristic fully simulates the critical periods during which there are fire and pipe 267 

failure events in an events run, and constrains the simulation of the consumer demand only 268 

behavior to a pre-run. The pre-run computes discrete failure frequency results for a pre-set table 269 

of supply ratios and tank capacities, which are independent of the component sizes for the trial 270 

solutions in the events run. When a trial solution is analyzed in the events run, its demands 271 

failure frequency is looked up from the table (using interpolation where necessary), and is 272 



combined with the events failure frequency calculated from the events run, to obtain the total 273 

failure frequency of the system. The total failure frequency is used as a measure of the system 274 

reliability. 275 

276 

277 

TRADE-OFF BETWEEN RELIABILITY AND COST 278 

279 

The optimization model was applied to a single bulk water supply system to produce a Pareto-280 

optimal trade-off curve of solutions based on failure frequency and cost. It was applied to an 281 

example system with the configuration shown in Fig. 1.  282 

283 

This example system is described in detail in van Zyl et al. (2008), and thus only the most 284 

important parameters are provided here. The system was analyzed under seasonal peak 285 

conditions, representing the most critical time of the year. The demand model of the system was 286 

based on three small towns in France and the demand pattern had a seasonal peak factor of 1.49. 287 

The system has an average demand of 80 l/s, head difference of 60 m between the source and 288 

tank, feeder pipe length of 10 km and a Hazen-Williams flow coefficient of 120. A fire 289 

frequency of 6 fires/annum and pipe failure rate of 0.2 failures/km/annum were used. 290 

291 

The aim of the optimization was to find the trade-off curve between reliability and cost by 292 

finding the optimal combinations of pipe configuration and size, and tank capacity. Seven pipe 293 

configuration options were allowed, ranging from one pipeline to three pipes in parallel, with up 294 

to two equally spaced interconnections between parallel pipes (Table 1). Feasible pipe diameters 295 



of 227 mm, 286 mm, 322 mm and 363 mm were determined from the range of commercially 296 

available pipe sizes (Raad 2010). Lower and upper bound supply ratio values of 1.0 and 2.0 297 

respectively were used. The resulting supply ratios for each practical combination of pipe 298 

configuration and diameter are summarized in Table 2. The range of the tank capacity was 299 

selected to be 4 h to 16 h of seasonal peak demand for this example system.  This range of tank 300 

capacities is fairly narrow so as to reduce the solution space. However, it was relaxed to allow 301 

larger tanks in if the optimization routine initially selected the maximum allowed tank capacity.  302 

 303 

The multi-objective optimization was carried out for 50 generations for a population size of 50 304 

solutions, which took approximately 69 hours on a 2.66 GHz Intel Core 2 Quad processor. The 305 

resulting trade-off curve between failure frequency and cost is shown in Fig. 2, ranging from low 306 

reliability, low cost solutions on the left of the curve to high reliability, high cost solutions on the 307 

right. A more detailed view of solutions with a failure rate below 1 failure in 8 years is given in 308 

Fig. 3.  309 

 310 

The leftmost solution in Fig. 2 has the lowest cost of $1,022,800. This was obtained through the 311 

selection of the smallest possible tank capacity of 4 h of seasonal peak demand and a single 227 312 

mm diameter pipeline, resulting in a supply ratio of 0.53. Thus the low cost was achieved at the 313 

expense of the reliability of the solution, as it has a high failure frequency of 357 failures/annum, 314 

roughly equivalent to one failure per day as can be expected for an obviously infeasible supply 315 

ratio lower than 1. 316 

 317 



Distinct gaps are visible in the trade-off curve and are attributed to the discrete nature of the 318 

optimization problem. Minor gaps between solutions simply represent changes in the tank size, 319 

whereas the major gaps between solutions are caused by a (discrete) change in the number of 320 

parallel pipes or pipe diameter. In Fig. 2, Gaps 1, 2 and 4 represent increases in pipe diameter, i.e. 321 

an increase in supply ratio. For example, the solution to the left of the second major gap has a 322 

single 286 mm diameter pipeline with a 0.98 supply ratio, while the solution to the right of the 323 

major gap has a single 323 mm diameter pipeline with a supply ratio of 1.34. It is evident that 324 

increasing the supply ratio significantly improves the reliability of the system.  Similarly, an 325 

increased pipe diameter increases the system cost.  326 

 327 

The cost of a pipeline is a function of its diameter so a clear trend of increasing cost with 328 

increasing pipe diameter is evident. In addition, the cost of pipelines increases with length, which 329 

means that two parallel pipes are double the cost of a single pipeline with the same diameter, 330 

assuming that the pipes are laid in separate trenches. As a result, there is a third distinct gap (Gap 331 

3) in the trade-off curve because of the change in pipe configuration from a single pipeline to 332 

two parallel pipes, i.e. there is a sudden increase in cost from $1.75 million to $2.34 million. For 333 

the example system, the majority of solutions in the trade-off curve, and all solutions below $1.8 334 

million, use a single pipeline instead of parallel pipes.  335 

 336 

Looking more closely at Fig. 3, Gap A illustrates the effect of increasing the diameter of a single 337 

pipeline from 322 mm to 363 mm, and decreasing the tank capacity from 15.9 h to 13.0 h. By 338 

increasing the diameter and thereby the supply ratio from 1.34 to 1.83, and decreasing the tank 339 



capacity, the improvement in reliability is marginal (0.049 to 0.048 failures/annum), whereas an 340 

increase in total system cost is proportionally much greater. 341 

342 

Systems with single pipelines generally have a lower reliability than systems using parallel pipes. 343 

However, for the example system, solutions with single pipelines were able to meet the desired 344 

reliability criterion at substantially lower cost, as illustrated by the crosses in Fig. 3. The solution 345 

closest to the desired reliability of 0.1 failures/annum consists (with failure frequency of 0.1048 346 

failures/annum) of a single pipeline of diameter 322 mm, supply ratio at seasonal peak demand 347 

of 1.34, tank capacity of 14.5 h of seasonal peak demand and a cost of $1.59 million.  348 

349 

It was found that parallel pipe systems are more reliable, yet significantly more expensive than 350 

single pipe systems as shown in Fig. 3. The parallel pipe systems (shown with circles) all consist 351 

of two pipes in parallel. No systems with three pipes in parallel were present in the final solution 352 

set. Pipes in parallel provide additional reliability to the system, as at least half the supply into 353 

the tank remains when there is a pipe outage. The optimal tank sizes for these solutions are 354 

notably smaller than for systems with single pipe configurations.  355 

356 

The rightmost solution in the trade-off curve represents the most reliable, yet most expensive 357 

system at $2.73 million. It consists of two pipes in parallel and no interconnections, with the 358 

largest available pipe diameter of 363 mm, but with the smallest allowable tank capacity of 4 h 359 

of seasonal peak demand. Since the inflow capacity is 3.66 times greater than the seasonal peak, 360 

the storage tank experiences a negligibly small number of failures. The high cost of the system 361 

can be attributed to the fact that the feeder pipe consists of two 363 mm diameter pipes in 362 



parallel, which contributes to 92% of the total system cost. It is nearly twelve times the cost of 363 

the storage tank.  364 

 365 

For the example system with a feeder pipe length of 10 km between the source and the tank, the 366 

cost of the feeder pipes were found to make up 70% to 90% of the total cost of the system.  367 

 368 

 369 

SENSITIVITY ANALYSIS 370 

 371 

Sensitivity Parameters and Trade-off Curves 372 

 373 

A sensitivity analysis was conducted on the example system varying certain individual system 374 

(supply pipe length and system head) and stochastic parameters (peak hourly demand, fire rate, 375 

pipe failure rate and failure duration) between low and high values. Low and high values were 376 

selected based on literature and accepted values in practice. The low, typical and high values for 377 

each parameter are summarized in Table 3.  378 

 379 

For each parameter the optimal trade-off curves for high and low values could be compared to 380 

the base system by plotting them on a single set of axes. As an example, the trade-off curves for 381 

the available head parameters are shown in Fig. 4. The available head has a significant effect on 382 

the design, since a higher available head means that more energy is available for friction pipe 383 

losses and thus smaller diameters can be used. Thus the figure shows that the trade-off curve for 384 



the 30 m head system shifted to the right and the curve for the 120 m head system shifted to the 385 

left of the curve for the typical system.  386 

 387 

Impact on Optimal Design 388 

 389 

To allow a comparison of all the sensitivity analysis runs, a design system was selected based on 390 

the solution closest to a failure rate of one failure in 10 years under seasonal peak conditions. 391 

These solutions are summarized in Table 4.  392 

 393 

The cost and reliability of existing design guidelines are included in the table. It was assumed 394 

that the system is designed for a 20 year design horizon and that the water demand grows at 3% 395 

p.a. Thus the water supply system is designed to handle a demand of 80 l/s in 20 years time, and 396 

the „current‟ average demand can be calculated back as 44.3 l/s. 397 

 398 

A typical tank size for residential areas in the U.S. is 52 h of annual average daily demand 399 

(AADD) (van Zyl et al. 2008), or 35 h seasonal of peak demand for the example system. It was 400 

assumed that the feeder pipe is sized for the peak day of the year and a 20 year design horizon, 401 

i.e. 1.14 times the seasonal peak demand at the end of the design horizon. Assuming a 402 

continuous range of pipe sizes to get the theoretical minimum feeder pipe diameter gives a single 403 

303 mm pipe.  Stochastic analysis of this system at the design horizon resulted in a very reliable 404 

system with a failure frequency of 0.0006 failures/annum (1 failure every 1 700 years) under 405 

seasonal peak conditions, at a cost of $1,840,992. 406 

 407 



South African design guidelines specify that the capacity of the feeder pipe should be at least 1.5 408 

times AADD (essentially equal to seasonal peak demand for the example system), and the tank 409 

capacity should be 49 h of AADD (i.e. 32 h of seasonal peak demand) (van Zyl et al. 2008). If 410 

the system was designed according to these guidelines, it would then require a theoretical 289 411 

mm diameter feeder pipe. A system satisfying these requirements at the design horizon has a cost 412 

of $1,755,589 and an unacceptably high failure frequency of 57 failures/annum under seasonal 413 

peak conditions. 414 

415 

These examples show how design guidelines may result in overly expensive and sometimes even 416 

unreliable systems. It is recognized that tanks that are designed according to these guidelines do 417 

not fail all the time in practice. An explanation for this is that failure frequency is highly 418 

sensitive to the supply ratio (van Zyl et al. 2012), thus for the rest of the year where seasonal 419 

demand is lower, the tank is very reliable. The same goes for early performance in a long design 420 

horizon. 421 

422 

Cost Comparison of Optimal Systems 423 

424 

Fig. 5 illustrates the proportions contributed by the individual system components to the total 425 

cost for each optimal solution. Changing the system and stochastic parameters generally does not 426 

have a significant impact on the relative costs. The feeder pipe consistently makes up 427 

approximately 70% of the total cost, with the storage tank making up the balance. The only 428 

exception is for the two solutions where the pipe length was varied. For a short pipe length, the 429 



tank cost (62% of the total) outweighs the pipe cost (38%); while in the case of the long pipe 430 

length, the pipe cost makes up nearly all (97%) of the total cost. 431 

 432 

The impact that each sensitivity parameter has on the system cost is shown in a spider graph in 433 

Fig. 6. It is clear that the supply pipe length dominates the optimal solutions produced. A longer 434 

pipe length does not only result in a higher direct system cost, but also indirectly increases the 435 

system cost through a greater failure frequency on the feeder pipe. Further analysis of the pipe 436 

length results showed that a bulk system with a short pipe length is more economical if it has a 437 

parallel pipe configuration with a small tank, whereas a system with a longer pipe length is more 438 

economical if it has a single pipe configuration and a larger tank size.  439 

 440 

Excluding pipe length from Fig. 6 shows the effect of the other parameters more clearly in Fig. 7. 441 

Besides pipe length, the most significant factors are the available head and the average pipe 442 

failure duration. In comparison, the fire rate, pipe failure rate and peak hourly factor have small 443 

impacts on the design. Interestingly fire demand had the lowest impact of all the parameters.  444 

 445 

Trade-off between Feeder Pipe and Tank Capacities 446 

  447 

Finally, since the vast majority of optimal solutions used a single feeder pipe,  it is interesting to 448 

compare the remaining two variables of pipe diameter (expressed as supply ratio) and tank 449 

capacity for the design solutions as shown in Fig. 8. The results of different parameters are 450 

connected with lines to assist with reading of the graph. 451 

 452 



An interesting feature of the figure is that the supply ratio in the optimal solutions only once 453 

drops below 1.3 ( for an available head of 30 m), and then only slightly. This solution has a 454 

single 363 mm pipeline resulting in a supply ratio of 1.26 and a tank capacity of 16 h. A previous 455 

study (van Zyl et al. 2012) showed that at a supply ratio lower than 1.3, the required tank 456 

capacity and cost increase at a higher rate for the example system, which may explain the 457 

observed behavior.  458 

 459 

At the beginning of the design horizon the supply ratios for the US and SA guideline-based 460 

systems would be 2.06 and 1.82 respectively, which is significantly larger than any of the 461 

optimal solutions in the sensitivity analysis (see Fig. 8). However, by the end of the design 462 

horizon they have noticeably smaller supply ratios than the optimal solutions, while still having 463 

considerably larger storage tank capacities. This shows that conventional design guidelines may 464 

be sub-optimal and that larger feeder capacities combined with smaller tanks may provide more 465 

cost-effective solutions in many cases.  466 

 467 

 468 

CONCLUSIONS 469 

 470 

This project dealt with the design optimization of bulk water supply systems using a multi-471 

objective genetic algorithm. The optimization was aimed at minimizing both cost and failure 472 

frequency (i.e. maximizing the reliability) of the bulk system by selecting the optimal 473 

combinations of tank capacity, and feeder pipe configuration and size.  474 

 475 



A multi-objective GA optimization technique was used to determine an optimal trade-off curve 476 

between reliability and system cost. The system reliability was defined in terms of the tank 477 

failure frequency; using a stochastic analysis technique that modeled user demand, fire demand 478 

and feeder pipe failure events. To allow the stochastic analyses to be included in the GA in a 479 

practical manner, a compression heuristic technique was implemented to reduce the 480 

computational effort required. The analyses were done for seasonal peak conditions, thereby 481 

estimating the reliability of the system at the most critical time in the year. It was assumed that 482 

the capacity of the supply to the tank is only limited by the feeder pipe(s), and by the capacity of 483 

the source. 484 

485 

The method was applied to a simple, but commonly used bulk water supply configuration to 486 

illustrate the resulting Pareto-optimal trade-off curve between system cost and reliability. A 487 

sensitivity analysis was performed to investigate the effects of changing selected model 488 

parameters to typical low and high values. Optimal designs were then selected based on an 489 

allowable failure rate of one failure in ten years under seasonal peak conditions. The results 490 

showed that the length of the feeder pipe dominated the optimal system cost. Other factors that 491 

affected the cost of the optimal system (in order of declining importance) were the supply pipe 492 

length, available head, peak hourly factor, failure duration, failure frequency and fire frequency. 493 

A single feeder pipe was found to be optimal, except in the case of short pipe lengths (below 1 494 

km), where two parallel pipes with a smaller tank was found to be more cost-effective.  495 

496 

The results showed that it was often more economical to use a larger supply mains capacity 497 

rather than a larger tank: none of the optimal solutions for the example system had a supply ratio 498 



less than 1.26. In contrast, both the US and South African design guidelines specified small 499 

supply ratios and large tanks. This indicates that conventional design guidelines may be sub-500 

optimal and that larger feeder capacities combined with smaller tanks may provide more cost-501 

effective solutions in many cases.  502 
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Table 1. Summary of remaining supply inflow to the storage tank as a percentage for 

each pipe configuration 

Pipe Configuration Description Flow capacity during failure (%) 

1 Single pipe, no interconnections 0.0 

2 2 parallel pipes, no interconnections 50.0 

3 3 parallel pipes, no interconnections 66.7 

4 2 parallel pipes, 1 interconnection 63.7 

5 3 parallel pipes, 1 interconnection 78.7 

6 2 parallel pipes, 2 interconnections 71.3 

7 3 parallel pipes, 2 interconnections 84.3 

http://www.editorialmanager.com/jrnwreng/download.aspx?id=98540&guid=2e263f63-ba9a-4f8a-b210-e0898efcf5e4&scheme=1


Table 2. Supply ratios for different combinations of pipe configuration and diameter 

Diameter Configuration 

(m) 1 pipe 2 pipes 3 pipes 

0.227 0.5330 1.0660 1.5990 

0.286 0.9787 1.9573 2.9360 

0.322 1.3367 2.6735 4.0102 

0.363 1.8321 3.6641 5.4962 

http://www.editorialmanager.com/jrnwreng/download.aspx?id=98541&guid=9b3689d3-d050-4055-9f45-93f42aff1eec&scheme=1


Table 3 Sensitivity analysis parameters 

Sensitivity Parameter Low Typical High 

Length (km) 1 10 100 

Available head (m) 30 60 120 

Hourly demand pattern: Peak factor 1.25 1.49 1.75 

Fire rate (fires/a) 0 6 24 

Pipe failure rate (failure/km/a) 0.1 0.2 0.5 

Average failure duration (h) 3 4.5 9 

http://www.editorialmanager.com/jrnwreng/download.aspx?id=98542&guid=3d8cce23-ca70-42ab-b914-6f524d985fd2&scheme=1


Table 4. Near optimal solutions satisfying design criterion for each sensitivity parameter 

Description No. of pipes 

Feeder pipe 

Diameter 

(mm) 

Supply 

ratio 

Tank 

capacity 

(h) 

Capital 

Cost 

($) 

Failure frequency

(failures/annum)# 
Comment 

Base 1/0 322 1.34 14.5 1,592,064 0.1048 Typical system and stochastic parameters 

Length - low 2/0 182 2.07 4.1 347,101 0.0664 L = 1 km 

Length - high 1/0 574 1.76 18.0 19,829,228 0.0954 L = 100 km 

Head - low 1/0 363 1.26 16.0 1,752,161 0.1030 H = 30 m 

Head - high 1/0 286 1.42 13.7 1,458,424 0.0829 H = 120 m 

Demand - low 1/0 322 1.34 12.1 1,545,695 0.0952 Hourly peak factor = 1.25 

Demand - high 1/0 363 1.83 14.0 1,715,773 0.0744 Hourly peak factor = 1.75 

Fire rate - low 1/0 322 1.34 14.5 1,590,506 0.1056 No fires 

Fire rate - high 1/0 322 1.34 14.0 1,618,858 0.1079 Fire rate = 24 fires/annum 

Pipe failure rate - low 1/0 322 1.34 13.6 1,575,040 0.1068 Failure rate = 0.1 failures/km/annum 

Pipe failure rate - high 1/0 363 1.83 13.5 1,705,892 0.1026 Failure rate = 0.5 failures/km/annum 

Failure duration - low 1/0 322 1.34 13.5 1,571,882 0.0945 Ave. failure duration = 3 h 

Failure duration - high 1/0 363 1.83 21.5 1,844,648 0.0980 Ave. failure duration = 9 h 

US guidelines 1/0 303 1.14 35.0 1,840,992 0.0006 

SA guidelines 1/0 289 1.01 32.0 1,755,589 0.3100 

# the solutions selected are those with failure rates closest to one failure in 10 years 

http://www.editorialmanager.com/jrnwreng/download.aspx?id=98543&guid=fe0ddb1d-be2b-4a3e-b613-42fb69887859&scheme=1


Fig. 1. Example system layout 

http://www.editorialmanager.com/jrnwreng/download.aspx?id=98547&guid=7b11a4ce-b156-49a5-bf6c-52ef92735b4d&scheme=1


Fig. 2. Trade-off curve of optimal solutions for the test system (under seasonal peak 

conditions) 

Gap 1 

Gap 2 

Gap 3 Gap 4 

http://www.editorialmanager.com/jrnwreng/download.aspx?id=98545&guid=781f4661-63af-4adc-b1cd-320ff638eaa1&scheme=1


Fig. 3. Trade-off curve of optimal solutions for the example system with less than one 

failure in 8 years 

Gap A 

http://www.editorialmanager.com/jrnwreng/download.aspx?id=98548&guid=3f50fcae-229b-477a-9589-d97b05fb9d6c&scheme=1


Fig. 4. Trade-off curves for systems with different heads 

http://www.editorialmanager.com/jrnwreng/download.aspx?id=98549&guid=d7a3841c-f688-4355-adb0-462b555bad48&scheme=1


Fig. 5. Relative costs of individual components for each optimal solution 
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Fig. 6. Impact of sensitivity parameters on system cost 

1.E+05

1.E+06

1.E+07

1.E+08

Low Base High

S
y

st
e

m
 c

o
st

 (
$

) 
(l

o
g

 s
ca

le
)

Length Head PHF

Fire rate Pipe failure rate Pipe failure duration

http://www.editorialmanager.com/jrnwreng/download.aspx?id=98551&guid=2457ed2d-d4c0-41ff-86ce-c54cb3a402f2&scheme=1


Fig. 7. Impact of sensitivity parameters on system cost (excluding length) 
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Fig. 8. Optimal combinations of supply ratio and tank capacity for different system 

configurations 
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