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Abstract

b different sub-categories of

fail/&é@ and hydraulic reliability
/

solutions through optimisation of cost ag
Anytown WDS benchmark as a case study.

P

raulic@operation and water quality. In contrast, high

\ trade-off between the two indicators is identified, inferring that
both simultaneously is not possible, and thus a new indicator is

ptimization, Pumps, Water Tanks, Water Quality

Introduction

Water distribution systems (WDS) are designed to provide consumers with a minimum

acceptable level of supply (in terms of pressure, availability and water quality) at all times
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under a range of operating conditions. The degree to which the system is able to achieve this,
under both normal and abnormal conditions, is termed its reliability. An indication of system
reliability can in principle be calculated though the simulation of multiple system states under

an array of different network conditions and configurations (Maier et al. 2001). However,
this is likely to be computationally intensive and infeasible if optimal system solution

direct analysis techniques (Bafios et al. 2011). Ostfeld (2004) and Lansey &g
number of definitions for rellablllty, spanning from S|mple topology o
#

bility reflects the
degree to which the system can continue to quate levels of service under
unplanned events such as component failure pugémalfunction). Hydraulic
reliability reflects how well the system BV
of components or demand variations. Wag

hydraulic reliability are impor

.
i

bn}ﬁhon of indicators, is able to accurately represent both the mechanical

s mentioned a range of reliability indicators have been developed of various degrees of
ophistication. In general, these all give some indication of the ability of a WDS to cope with
changing conditions and are straightforward to calculate so are useful for optimisation studies
that compare the performance of one instance of a network design with another. None are
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62  particularly significant as standalone values. This section presents the definition of the key
63 indicators and their derivatives, together with advantages and disadvantages where known.

64 Resilience Index
65 Todini’s resilience index is a popular surrogate measure within the WDS research fi

66
67
68

69  h,i>hy ;) and is formulated as (Todini 2000):

70

1eIN Qi (hal hri)
(ZIEIN iHi + ijl Y.) (ZleIN ql i

nn Number of supply and demand n
np Number of pumps
IN Set of supply nodes (reservoir/em
Naii Available head at supply node i (kP
hri Required head at supply node i (kPa)
of Demand at node i

Supply at mput

indicator) study and revealed that there was some correlation between each resilience

dicator and hydraulic reliability but that the two newer indicators did not particularly

81  improve on the original. Indeed, with no overall ‘best’ indicator, it was suggested that all of
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these resilience indicators are incapable of fully considering the connectivity of a network
and thus are unable to identify the most critical areas in systems requiring reinforcement.

Entropy
The entropy reliability indicator was first developed by Awumah et al. (1990) and later u

by Tanyimboh & Templeman (1993). It assesses the ‘disorder” of flow around a networ
taking into account the proportions of flow entering individual nodes, thus provid
surrogate measure of network connectivity (number of possible flow path
entropy has been shown to increase a network’s mechanical reliability (Awat

ining its application to more advanced networks (e.g. multiple
ween them (Yassin-Kassab et al. 1999)).

inimum required and observed pressure, formulated as:

I,=min(hg; —hy;);  i=1,..nn (3)
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Farmani et al. (2005) found that increasing the minimum surplus head in addition to the
resilience index can improve the connectivity and thus mechanical reliability. It is not known

if this same conclusion is valid with respect to the entropy indicator.

Performance
Two recent studies have shed some light on the performance of the resilience index

information about network hydraulic behaviour. The resilience index was

simple network test.

Raad et al. (2010) examined the relationship betweensesilience"

entropy, and a combination of resilience index a ntropy. with hydraulic and mechanical

esﬁieﬁge index correlated more
Ny & N
dicators, it was less effective in

ign (Walski 2001). It was

concluded that a combination of resilience i

resilience index alone.

Method

n op @isagoﬁ‘g‘@f'il be used to generate a wide range of comparable

\costs but varying reliability indicator values) based on a

creasing the magnitude of the indicators. Relationships between the

£

he indicator combinations will be used for multi-objective optimisation to generate a
election of cost-benefit trade-off solutions:

A) Cost (CroraL) Vs. Resilience Index (1)
B) Cost vs. Entropy (S)
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C) Cost vs. Resilience Index vs. Minimum Surplus Head (1)
D) Cost vs. Entropy vs. Minimum Surplus Head
E) Cost vs. Resilience Index vs. Entropy

Optimisation analysis for cases A-E will be performed using a WDS hydraulic simulation of
the Anytown network (see below) in EPANET2 (Rossman 2000) coupled with the NSGA
genetic algorithm (Deb et al. 2000).

%,
WDS with

Case Study: Anytown
The widely used benchmark network Anytown is a reasonably comp
ﬁ“

otvest co@%@ feasible network) but to

allow for additional operational benefit ( i ons6f the surrogate reliability

measures against cost) in order to make tl
(the extent of which is to be determined thr

solutions with differing val

rehabilitation procedures for a given solution are calculated as the

nl
CPIPE = Z mep(DmaZmaAm) (4)
i=

nt
Crang = Z 1Ct(Vt) )
n=
1-a np
Crump = (1 _ a”)ce ] 1EP (6)
i=

1
Where a = —
1+r
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Crorar = Cpipe + Crang + Cpymp (7
nl Number of pipes
Lm Length of pipe m (m)
Cp Unit length cost of pipe to perform action ($/m)
Dn Diameter of pipe m (m)
Znm Pipe zone of pipe m (city or suburbs)
Anm Action for pipe m (clean, duplicate or new)
Vi Total volume of tank t (m°)
Ct Cost of tank t as a function of volume (see CWS for calcula
Ce Unit energy cost ($/kWh) \
Ep Total energy used by pump p over 24h (kWh)
n Investment period (yrs)
r Rate of return (r=12%)

159

( 9 ) Tank 42 [ e \hﬁ ! 1‘-‘ } 5
\ el pd N, |
= I ? :-‘_h—_""‘”'a — d \ '1:11'/
\ 2.0 N Commimes
(1 ,-/ ‘-,n . E \_? !
- -I- \ _Pumping station

__._4[ L e 207 ]
it \NW,

o[

Water treatment
plant

o
N,
&

enchmark Network (Farmani et al. 2005)

t-of constraints used within the study (defining a feasible solution) are presented
le 1, including ensuring existing tanks are used to their full daily operational capacity

addition to satisfying minimum individual nodal pressures for the five operational
enarios (by by changing nodal demand to simulate peak flow and fire-flow conditions).
The variables used for optimisation, associated with the selection of new and duplicate pipes,
170  cleaned pipes, tank properties and pump scheduling, are given in Table 2.
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171  Table 1. Design Constraints

Description Violation Condition
24h normal-day operation Any node < 276kPa
Instantaneous peak demand (1.8 times average demand) Any node < 276kPa
0.158m?*/s (2500gpm) fire flow in node 19, DM of 1.3 at all other nodes Any node < 138kPa

0.095m%s (1500gpm) fire flow in nodes 5,6 & 7, DM of 1.3 at all other nodes  Any node < 138kPa
0.063m?%s (1000gpm) fire flow in nodes 11 & 17, DM of 1.3 at all other nodes  Any node < 138kPa

Existing tanks use their full operational volume < 100%

Tank start level same as tank end level over 24h > 0m

172 Table 2. Design Variables

Description

Tank maximum level relative to attached node

Tank simulation start level

Size of emergency storage (height below minimum
operating tank level)

Diameter for new cylindrical tanks

Level difference for normal day operation tank storag
Locations of new tanks
Do nothing, clean an existing pipe or duplicate it
Assign discrete diameter to new pipe

Pump schedule for each time period

173  Results

174 General Perfér

nimum surplus head

Alternative indicator comparison (Resilience Index vs. Entropy)

.

etwork Costs
xamination of the two-objective (total rehabilitation cost (Eq.7) vs. indicator) trade off

curves produced for cases A and B showed that the maximum resilience index for the
184  Anytown benchmark can be achieved at much lower total cost (CroraL) than that of the

185  maximum entropy. Cost was examined in more detail by breaking it down into components
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(Eq. 4-6). The analysis showed that overall costs (Crora) for both sets of reliability
indicators were strongly correlated (R?=0.998 in both cases) to network pipe cost (Cpipg).

However, for case A, an initial improvement of the resilience index appeared to be achievable

&

by altering pump scheduling and tank properties whilst maintaining consistent piping
expenditure (Fig. 2a). In contrast, case B (entropy) was mostly dependant on pipe ¢

(R?=0.171) with respect to tank cost (Crank) (Fig
is directly related to volume rather than heig or location, which necessitate

additional pumping capacity and thus are ‘ ely ng?ected in operational cost

A @@félso investigated. The results from case A (Fig.

en the resilience index and minimum surplus head
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Fig. 2. Cost breakdown for solutions; Cases A & B (a) Total pipe costs (for new, clean and
duplicated pipes) (b) Pumping energy costs (NPV over 20 years) (c) New tank installation
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" pris&‘n:éﬁesilience Index vs. Entropy
inimum surplus head test, the relationship between the resilience

225  Alternative Indic

nised solutions was also investigated. Fig. 4 indicates no

amination of the trade off between entropy and resilience index for the Anytown network
provides a clearer picture as to the interactions between the two indicators. Case E (where
235  both resilience index and entropy are optimised) in Fig. 4 clearly shows a maximum
236  resilience index after a certain level of entropy (S=3.74) is achieved. This suggests that there
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237 is a considerable trade off between the two if higher entropy is desired. A similar shape can
238  also be noted in Fig. 3b (case D) for entropy and minimum surplus head.
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240 Fig. 4. Entropy vs. Resilience Index Rela

241 Network Layout and Operation
242  This section focuses on identifying the

243
244
245
246

247
248
249
250
251

of pump scheduling and tank operation). Individual solutions
atically from the case A-E pareto-sets with the intention of providing a

n examination of the network layouts, it was noted that networks with mid-value resilience

_ dices (in cases A and C) appear to have duplicated pipes resembling a branched network
257  (Fig. 5a). This most likely ensures additional flow reaches each node with minimum
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258  expenditure. In contrast the high resilience index solutions appear to exhibit additional looped
259  zones reinforcing supply to nodes furthest from the source (Fig. 5a).

weaid

260

261 Tha Storage Tank (O=original, N=New)

—— Original Pipe (suburban/city)
-------- Duplicated Pipe (XXmmD=Duplicated pipe diameter)
————— New Pipe (XXmm=New pipe diameter)

V 4

262

264 Fig. 5. Network example layouts for selected solutions (Both approx CroraL= $14.5M) (a)
265 Resilience index solution (C3), (b) Entropy solution (D2).
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266  Examining the networks for cases B and D it is evident that increasing entropy solutions
267  exhibit an even distribution of duplicated pipes and thus a consistently increasing overall
268  system capacity (relative to solution cost) (Fig. 5b). This seems to have a generally negative

269  effect on the maximum water age for the networks (probably due to decreasing network
270  velocity and an increased number of available paths to each node), which is further magnifi
271 with an increased minimum surplus head (case D). '

272
273
274
275
276
277
278

279
280
281
282
283

284

Max Age Solution cost breakdown ($M)
ours) Pipes Tanks Operation Total

Case ID

Al 4.81 0.6 6.00 11.15
A2 6.11 0.59 6.05 12.75
A3 7.62 0.59 6.27 14.47
Bl 5.86 0.63 6.23 12.71
B2 6.22 0.62 6.18 13.01
B3 7.68 0.76 6.12 14.56
B4 9.72 0.78 6.12 16.62
4.74 0.68 6.18 11.62
5.96 0.69 6.17 12.82
7.69 0.68 6.16 14.52
6.36 0.66 6.14 13.14
7.72 0.74 6.20 14.67
8.53 0.71 6.11 15.36
13.0 0.77 6.25 20.06
6.81 0.63 6.13 13.57
7.96 0.59 6.34 14.88
8.69 0.98 6.21 15.88
115 0.98 6.04 19.01

285
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294
295
296 Fig. 6¢). The first hourly time period at which
297 y) occurred was noted and the next pipe in the series

gwed limited correlation to total pipes causing pressure failure over 24h. In contrast, case
__ ions demonstrated a gradual improvement with increasing entropy. This could be
xpléined by the notion that resilience index (case A) considers the average performance of
he network and localised issues (at individual nodes/zones) may not be captured. For
307 increasing entropy, an improvement is unsurprising, as the indicator promotes extra capacity

308  within networks.



Journal of Water Resources Planning and Management

309 A notable improvement in correlation between the indicators and pipes that caused failure
310  over 24h was observed through failure testing of the selected networks both for case C and D.
311  Of these, a considerable improvement was noted in case D, which at the maximum level of

312  entropy resulted in no failures over the 24 hour testing period for any single pipe out of
313  action. Although for this case, the cost of designing to the maximum level of entropy (wl
314  exhibited the best mechanical reliability) was almost double that of the mini
315 feasible network solution. :

316  Case E demonstrated a reasonable compromise for the two sets of indicato <, with
317
318
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Hydraulic Reliability
Hydraulic reliability was evaluated by calculating the maximum average daily demand that a

given WDS solution is able to tolerate whilst maintaining feasible operation. This method is

used to represent a network in the future, when pump scheduling is a low cost option to alter

the hydraulic operation without costly or invasive rehabilitation procedures. For tF
assessment, the pumping is optimised for each systematic change in demand to fi |

network is able to operate feasibly (with respect to minimum pressure and tank®eperatio

in Atkinson
Y

et al.(2011).

. . 4
Results from the analysis showed that both the resilience index and

and B) presented limited correlation with hydraulic reliability. Th

%

dire(f’é‘ly considered within

limited surplus head at underperforming nodes (which

D) a major improvement in correlation with the Q reliability was noted. Case C

solutions revealed a positive relationship agai reliabj/,iét;i%’fy; with the improvement
& F 4

higher than entropy solutions) and

most likely due to the combination of n

wt%k elevations previously attributed

@raining for higher future demands (the

networks were unable to p

when attempting to me ﬁ

at argur/lp?ﬁ 20% demand increase), and thus additional capital

in cj/(d@? to facilitate further demand increase. Case D solutions
orrelation between network cost and hydraulic reliability although it was

ieve similar hydraulic reliability levels in comparison to that observed

1 demand, most likely due to the reduced system head-loss, and therefore more effective

N

peration (Atkinson et al. 2011). It is therefore difficult to distinguish whether case C
D could be deemed more beneficial for improving hydraulic reliability, with the resilience
dex showing a sharp but capped improvement in hydraulic reliability (against cost)
compared to a steady but less constrained improvement as observed within entropy solutions.

o
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Conclusion

A comparison was conducted between two popular WDS reliability indicators. Comparable
WDS solutions, with respect to cost, were generated through optimisation of the Anytown

case study for each indicator (both individually and combined). The resultant solutions were
compared with respect to their ability to tolerate pipe failure (mechanical reliability)
change in demand (hydraulic reliability), along with examination of the technical
hydraulic operation.

there was consid

solutions, it.i
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