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Abstract

Rigorous system-wide aggregated water quality performance indices for water distribution networks are lacking in the
literature due to complexities associated with high dimensional spatial and temporal water quality data. Water quality
considerations unavoidably increase performance evaluation difficulties considerably. The formulation developed in this
article addresses the post-extended period simulation high-dimensional data challenges. A system-wide joint-dynamic-
response approach to water quality evaluation is introduced that accounts for spatial and temporal variations in nodal
demands and the respective time-varying hydraulic and water quality properties of multiple service reservoirs. Effective
comparisons of the water quality response of service reservoirs and their effects were achieved. This includes individual
reservoirs and the combined effects of multiple reservoirs. Service reservoirs and the nodes they supply were particularly
vulnerable from the standpoint of water quality. The role of the network'’s topology considering water quality risks was
revealed also. The correlation between the medians and flow-weighted daily means of the water quality parameters was
very strong (R? >0.994) for the service reservoirs considered. Thus, the median could be useful as a practical performance
surrogate in design optimization procedures. Finally, there seems to be an association between the flow-weighted daily
means and overall hydraulic effectiveness of service reservoirs.

Keywords Service reservoir - Water distribution pipe network - Water quality - Residual chlorine - Disinfection
by-products - Gastrointestinal illness

1 Introduction redundancy-characterized by component failure toler-

ance due to surplus flow carrying capacity and alternative

Service reservoirs in water distribution networks are
vital, as the service providers have a duty to maintain a
continuous and adequate supply of water. Service res-
ervoirs provide extra operational flexibility to cope with
variations in demand and major unexpected failures,
e.g. power outages, pump failures and firefighting [8, p.
120-122]. They increase resilience, hydraulic reliability and

supply paths between the supply and demand nodes [2,
65, 66]. Also, service reservoirs can help achieve economi-
cal designs based on the life cycle costs.

Within the distribution system, service reservoir often
refers to surface or underground storage while water
tower or elevated tank often refers to elevated storage [63,
AWWA 2013]. In this article, tanks and service reservoirs are
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used interchangeably in an inclusive manner for reservoirs,
elevated tanks and stand pipes within the distribution sys-
tem (AWWA 2013). Nevertheless, all the storage facilities
in the benchmark Anytown network considered here are
called tanks.

Service reservoirs influence water quality by increasing
the residence time, i.e. the time of travel from the treat-
ment plant to the node under consideration. Water quality
may deteriorate as a result, due to the loss of disinfectant,
increase in the concentration of disinfection by-products
(DBPs) and microbial re-growth [11, 17, 19]. DBPs, e.g. trih-
alomethanes and haloacetic acids, are produced from the
reactions of chlorine with natural organic compounds
in water [17, 41] and are associated with adverse health
effects [6, 21, 22, 24].

Therefore, to prevent the re-growth of bacteria and
other organisms, enough residual chlorine should be
retained in the distribution system [68, p. 458]. However,
Tinker et al. [67] observed that a disinfectant residual is
not always present in all parts of a distribution system,
and cases of gastrointestinal illness have been linked to
contamination of water in the distribution network in a
number of studies [36, 37, 54].

Attention on the distribution system as a source of
water-borne illness is, therefore, increasing [45, 75]. Pay-
ment et al. [38] reported on the contribution of the distri-
bution system to endemic gastrointestinal disease related
to drinking water. Egorov et al. [14] and Levy et al. [32]
considered the association between the residence time
and incidence of gastrointestinal illness. Hunter et al. [27]
considered the association between events leading to
pressure loss in the distribution system and incidence of
gastrointestinal illness [7, 15, 29, 30]. Bylund et al. [9] stud-
ied the association between gastrointestinal illness and
the factors affecting drinking water quality.

The residence time is sensitive to the location of the
service reservoir and operating policies adopted [16, 20,
63, p. 139]. Edwards and Maher [13] observed that the
location may influence water quality more than modifying
the service reservoir to improve mixing. The conventional
design practice suggests that service reservoirs should
be located close to the areas that have the highest water
demands [34]. However, the competing requirements are
very complex.

Inefficient reservoir design may increase the capital
and operating costs and residence times. Kurek and Ost-
feld [31] used a multi-objective optimization approach
that considered water quality, the operating costs of
pumps and service reservoir sizing costs. However, the
locations of the tanks were not optimized. Basile et al.
[5] developed a multi-criteria approach that did not
incorporate water quality or optimize service reservoir
design. Farmani et al. [16] considered the total design
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and operation cost and locations of the service reservoirs
along with water age and system resilience. Prasad and
Tanyimboh [40] similarly considered the system’s resil-
ience properties including flow entropy [52, 62], but
water quality was not addressed. Siew et al. [58] intro-
duced a novel service reservoir depletion criterion. Sit-
ing of the service reservoirs was optimized but water
quality was not included in the formulation. Prasad [39]
and Atkinson et al. [1] addressed the total cost including
service reservoir location and sizing without considering
water quality in the design optimization phase. Shokoohi
et al. [53] emphasized the need to address water quality
at the design stage, but their optimization model did
not include service reservoirs. Hallmann and Suhl [23]
did not include water quality in their service reservoir
optimization model or the subsequent verification by
simulation.

Studies on the deleterious effects of service reser-
voirs and a clear understanding of the system-wide
response are lacking. Optimization models for water
distribution networks with multiple service reservoirs
have not addressed water quality concerns adequately,
and rigorous comparisons of candidate solutions are
not available [26]. A quantified robust framework [26]
will help to improve: (a) investment decisions [59],(b
operational control [59],and (c) the development of
water quality-based design optimization models [18,
28]. While previous investigations considered the indi-
vidual service reservoirs or demand nodes in isolation,
this article develops and demonstrates the benefits of
a system-oriented approach to the evaluation of water
quality that transcends the single-event regulatory com-
pliance paradigm. Also, water quality considerations
increase the performance evaluation complexity levels
enormously. The system-wide joint-dynamic-response
formulation proposed addresses the challenges associ-
ated with high-dimensional data.

Indeed, the Battle of the Water Networks Il [33]
described vividly the difficulties of high dimensionality and
computational complexity and how they were addressed
variously through: engineering experience,parallel com-
puting; reducing the number of decision variables; reduc-
ing the range of possible values for each decision vari-
able; skeletonizing the network; sequential optimization;
zone-by-zone design; and stage-wise optimization (e.g.
installing backup diesel generators as the final stage of the
design process). The weighted average of the water age at
the demand nodes above a threshold of 48 h was used as a
practical water quality indicator. Even with simplistic or no
water quality considerations the hydraulic design problem
was extremely complex. This illustrates the urgent need for
rigorous and practical methods of water quality evaluation
for decision making and design purposes.
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2 Overview of water quality modelling
of distribution networks

The water quality equations combine the principles of
conservation of mass and reaction kinetics for the reac-
tants under consideration. The first order reaction kinet-
ics approach in EPANET 2 was used herein for illustration
purposes. The system of equations is solved numerically
in EPANET 2 using a discrete volume element method
[42]. However, without loss of generality, it may be
swapped with any suitable alternative as required,
depending on the emphasis of the investigation at
hand, i.e. EPANET-MSX or -PMX, CFD (computational fluid
dynamics), etc. The focus herein is not the water quality
simulation model per se but the system-wide aggrega-
tion of the results to assist with high dimensional data
challenges in decision making and design optimization
models that has not been addressed hitherto.

The reactions of chlorine and THMs (trihalomethanes)
are modelled as in Egs. 1 and 2, respectively, for the bulk
flow, and Eq. 3 for the pipe wall.

dCq /ot = —k,Cy (M
0Cm/ 0t = ky(C, — Coppn) (2)
oC _ ZkafC

ot " Rk, + k) 3)
where C, is the chlorine concentration; k,, is the reaction
rate constant in the bulk flow; t is the time; Cpy, is the
THM concentration; C; is the limiting THM concentration;
k,, is the wall reaction rate constant [Length/Time]; k; is
the radial mass transfer coefficient [Length/Time] that
depends on the molecular diffusivity [Length?/Time] of
the reactive species and the turbulence of the flow [42],
Ris the pipe radius; and Cis the reactant concentration in
the bulk flow.

The equation for transport in a pipe based on advec-
tion is
oC; oG,

—=—u—4r; Vi 4
ot Yox ! @

where C; = C(i, x, t) is the reactant concentration in pipe i
at location x at time t; u; = u(i, t) is the mean flow veloc-
ity in pipe i at time t; and r; = r(C;) is the rate of reaction.
The equation assumes that longitudinal dispersion [69] is
negligible.

Mixing in service reservoirs is assumed to occur under
completely mixed conditions [11]. The mass balance
equation for the sth service reservoir is

aV,C)

— > (QiClx ) = D QpC+r Vs (5)

iel, J€O,

where V, = V(s,t) and C, = C(s,t) are, respectively, the vol-
ume in storage and reactant concentration at time t; /; and
O, represent the links with flow to and from the reservoir,
respectively; and r, = r(C,) is the rate of reaction.

Similarly, mixing at the junctions of the pipes assumes
that mixing is complete and instantaneous. The mass
balance equation for the junctions is

(Z p; + Oe>C(i,x, Do = 3 (ijC(j,x, e ) +Q,C,; Yieo,, Vn
jel, J€l, '
(6)

where j and j, respectively, represent the pipes with flow
entering and leaving node n. |, and O,, respectively, repre-
sent the sets of pipes with flow entering and leaving node
n; L;is the length of pipe j; Qp; is the flow rate in pipe j; Q,
and C, are, respectively, the volumetric flow rate and reac-
tant concentration of any external flow into the network,
at node n.

3 Upgrading requirements
and the networks investigated

3.1 Network upgrading requirements considered

The‘Anytown’ network shown in Fig. 1 [73] was considered
for illustration purposes. Table A1 in the Supplementary
Materials shows the nodal demands. The main objective
in the network’s specifications was to provide the most
economical design. The options included cleaning and
lining the existing pipes, laying new pipes, and parallel-
ing existing pipes. Up to two new service reservoirs could
be added. Each node in the network could be considered
a potential location for a new reservoir, except for the
nodes with the existing reservoirs. Three identical pumps
in parallel supply water from the treatment plant; up to
two more could be added. Two existing tanks, called Tank
41E and 42E herein, are at node 14 and 17, respectively.

All tanks were to empty and refill during the daily
operating cycle. The demands included the average-
day, instantaneous peak and three fire-fighting flows.
The minimum residual heads at the demand nodes for
the average-day, instantaneous peak and fire-fighting
flows were 28.12 m, 28.12 m and 14.06 m, respectively.
The instantaneous peak and two-hour fire-fighting flows
would be met with the tanks operating at their low levels
and one pump out of service.
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Fig. 1 Network topology. Exist-
ing tanks 41 and 42 are called
41E and 42E herein. Identifiers
of nodes and pipes are as
indicated

3.2 Brief description of the networks assessed

Four of the best solutions in the literature for the Anytown
network were assessed (Table A2 in the Supplementary
Materials). Walters et al’s [74] solution costs $10.91 million.
It has two new tanks: Tank 5 N at node 5 and Tank 12 N at
node 12. Walters et al. [74] surmised that a more expensive
alternative solution was preferable based on water qual-
ity considerations. Only the solution with a total cost of
$10.91 million was considered here. Prasad’s [39] solution
costs $10.59 million. It has two new tanks: Tank 170 N at
node 9 and Tank 150 N at node 16.

Solution 1 has a total cost of $10.31 million, with a
new tank at node 7 (Tank 7 N). Solution 2 has a total cost
of $10.41 million, with a new tank at node 6 (Tank 6 N).
The new tanks in Solution 1 and 2 are identical except for
their locations and emergency storage fractions [58]. The
emergency storage fraction is the ratio of the emergency
storage volume to the total reservoir capacity. The details
of the pipes and new tanks are in Table A3 and A4, respec-
tively, in the Supplementary Materials.

Walters et al’s solution utilizes only two pumps that oper-
ate continuously for 24 h. Prasad’s solution utilizes three
pumps two of which operate continuously for 24 h while
the third operates for 12 h from 06:00 a.m. to 18:00 p.m.
Solution 1 utilizes three pumps, with two operating continu-
ously for 24 h while the third operates for nine hours from
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09:00 a.m. to 18:00 p.m. Solution 2 utilizes three pumps,
with two operating continuously for 24 h while the third
operates for nine hours from 06:00 a.m. to 03:00 p.m.
Among the above-mentioned solutions, Siew et al’s [58]
approach (Fig. 2) stands out in the literature as it achieved
numerous previously unidentified least-cost designs for
the Anytown and other benchmark problems [57]. Moreo-
ver, it has been shown that, computationally, it is highly
competitive. Thus, Solution 1 and 2 and Prasad [39] are the
best in the literature, based on the hydraulic requirements
and cost. In other words, they are the most competitive
feasible solutions in terms of the total cost. The maximum
difference in cost between these solutions is only 2.6%
and, to date, besides the total cost, it has proved particu-
larly challenging to compare and rate them in a convincing
way from the perspective of water quality. On the other
hand, Walters et al. [74] is ranked fifth in the literature in
terms of the total cost (Table A2) (Supplementary Materi-
als). This solution was chosen because it was thought to
be slightly less competitive, compared to the three best
solutions. Accordingly, it was thought that Walters et al.
[74] had the potential to reveal any inconsistencies in the
results achieved, relative to Prasad and Solution 1 and 2.
Also, the total number of new tanks added and their
locations were considered. Two solutions have two new
tanks (Prasad [39] and Walters et al. [74]) and two solutions
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have one new tank (Solution 1 and 2). The aim was to avoid
an imbalance in the total number of tanks in each solution.

Furthermore, Vamvakeridou-Lyroudia et al. [72] whose
total cost is $10.63 million is the fourth most economical
solution in the literature. It has two new tanks whose loca-
tions are identical to Prasad [39]. Accordingly, Vamvakeri-
dou-Lyroudia et al. [72] was not selected, as Prasad [39] is
less expensive. The difference in cost between these two
solutions is also the smallest, in percentage and absolute
terms, among the five best solutions in the literature, i.e.
$0.04 million.

3.3 Adopted water quality simulation parameters

Based on Seyoum et al. [49] and Carrico and Singer [10],
the bulk and wall reaction rate constants were taken as
k,=0.5/day and k,,=0.1 m/day, respectively. The required
minimum chlorine concentration at the demand nodes
was 0.2 mg/L [76]. Based on Seyoum et al. [49] a con-
stant chlorine concentration of 0.6 mg/L was set at the
treatment plant. The EU and UK drinking water standards
specify a maximum THM concentration of 100 pg/L (EC
1998,HMG 2010) while the maximum concentration in the
US EPA (1996) standard is 80 pg/L. Accordingly, following
Seyoum et al. [49], the limiting concentration of THM in
Eqg. 2 was taken as 100 pg/L. An initial concentration of
zero was assumed for THM at all the demand nodes and
tanks. The hydraulic and water quality time steps were one
minute each. The small hydraulic time step of one minute
was selected to provide confirmation that the solutions
are hydraulically feasible theoretically. The duration of the
extended period simulation (EPS) was 3.0 days. The results
presented here are based on the last 24 h. This is to avoid
any unstable results near the start of the simulations.

3.4 Evaluation of water quality sub-indices based
on flow-weighted arithmetic mean

Given the spatial and diurnal variations in the nodal
demands and water quality, sub-indices for the quality of
water at a location (demand node or service reservoir) and
the entire network for a specified duration are useful, e.g.
as part of a decision support system. Accordingly, aggre-
gation based on the flow-weighted arithmetic mean was
considered herein.

For the nth demand node and sth service reservoir,
the overall water quality sub-indices, I, and I, respec-
tively, based on the flow-weighted arithmetic mean were
obtained as follows.

Nt
ln = W(n, t)C(n, t); W(n’ t) — NQ(A;
= 2e Q1)
a (7a)
w(n,t)y=1 VYneD
t=1
3 V(s t)
I, = 2 w(s, OC(s, 1) wist) = ————
t=1 2 VGt b

Nt
ZW(S,!’)= 1, VseSs
t=1

where the sets D and S comprise the demand nodes
and service reservoirs, respectively, and n, s and t refer to
the demand nodes, service reservoirs and time, respec-
tively; w(n,t) and w(s,t) represent the weights for the
demand nodes and service reservoirs, respective; C(n,t)
and C(s,t) represent water quality properties, e.g. water
age, at the demand nodes and service reservoirs, respec-
tively. N, represents the number of observations. Thus,
for simplicity, t refers to the observation number and cor-
responding time due to the one-to-one mapping. Q(n,t)
and V(s,t) represent the nodal volume flow rates and
volumes of water in the service reservoirs, respectively.

The corresponding formulation for all the demand
nodes in aggregate follows similarly.

N,
- Q(n, 1)
Iy = w(n, t)C(n,t); wnt) = ————;
° g’a;‘ Y 2 om0
nebD
N
> D winn=1
neD t=1

(8a)

where [, is the water quality sub-index for all the
demand nodes taken together.

Also, the sub-index /I for all the service reservoirs in
aggregate is

N,
d V(s,t)
I, = w(s, t)C(s, t); w(s,t) = —————;
! Zs Z T Tet, Vis,t)
seS (8b)
Nt
Z Z w(s,t)=1
ses t=1

Itis worth noting that the demand nodes and service
reservoirs were considered separately. Thus, the set D
that represents the demand nodes does not include the
service reservoirs.
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Table 1 Water quality results of demand nodes

Worst instance

Solution 1 Solution 2 Prasad (2010) Walters et al. (1999)

Value Time Node Value Time Node Value Time Node Value Time Node
Chlorine—min 0.22 0600 7 0.31 2300 9 0.25 0400 9 0.18 0400 5
(mg/L)
THM—max 49.8 0600 7 28.6 1100 6 36.8 0300 16 51.7 0400 5
(ng/L)
Water age—max 30.8 0600 7 19.4 1100 6 25.2 0300 16 34.2 0400 5
(hours)

Flow weighted daily mean

Solution 1 Solution 2 Prasad (2010) Walters et al. (1999)
Chlorine (mg/L) 0.48 0.48 0.49 0.49
THM (pg/L)? 8.53 8.48? 8.10° 7.97°
Water age (hours)  4.17 4.16 3.81 3.84

aSome tanks in the solutions indicated did not have a continuous or sufficient supply of chlorine throughout the 24-h operating cycle

4 Results

Water age, chlorine and THMs were simulated for the
networks in Sect. 3.2. Tables 1, 2 and 3 show the results
for the demand nodes, existing and new tanks, respec-
tively. Table 4 shows the aggregated performance
of the tanks in each network, based on water quality.
The results include the worst instances, medians, flow-
weighted daily means and correlations between the
medians and flow-weighted daily means. The average
durations of the 72-h simulations in EPANET 2 were
2.6 s for water age, 4.6 s for residual chlorine and 4.9 s
for THMs on a laptop (Intel Core TM i5-2430 M, 2.4 GHz
CPU, 8.0 GB RAM). The results obtained are discussed for
the new and existing tanks plus demand nodes in turn.
To add some perspective, a survey of US water utilities
reported average and maximum water ages in distribu-
tion networks of 1.3 days (31.2 h) and 3.0 days (72 h),
respectively (AWWA and AwwaRF 1992).

4.1 Water quality in the new tanks
4.1.1 Water age

The flow-weighted water ages for the new tanks in Solu-
tion 1, 2 and Prasad [39], i.e. Tank 150 N and Tank 170 N,
were 31.4, 31.5, 37.2 and 45.9 h, respectively. The corre-
sponding maximum water ages were 37.5, 39.3, 46.5 and
53.5 h. These results show that the new tanks in Solution
1 and 2 outperformed the new tanks in Prasad (Fig. 3). The
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maximum water age in Solution 2 was probably greater
than Solution 1 because Solution 2 has a larger emergency
storage fraction (Table A3) (Supplementary Materials). Fig-
ure 3 also shows that the maximum water ages in Solution
1 and 2 were lower than in Walters et al. [74],i.e.42.2 hin
Tank 5 N.

4.1.2 Residual chlorine

The lowest chlorine concentrations were 0.23 mg/L for
Solution 1 (14:00-18:00) and 0.22 mg/L for Solution 2
(14:00-15:00). The lowest values in Prasad [39] were
mostly below 0.2 mg/L. In Walters et al. 58% of the con-
centrations in Tank 5 N were below 0.2 mg/L.

4.1.3 Disinfection by-products

The flow weighted THM concentrations of Solution 1, 2
and Prasad (Tank 150 N and 170 N) were 43.8, 43.8, 50.5
and 59.2 ug/L, respectively. In Walters et al. the values
were 49.8 and 28.3 pg/L in Tank 5 N and 12 N, respec-
tively. Tank 12 N is relatively close to the pumping sta-
tion and water treatment works, while Tank 5 N is at the
opposite end of the network. This explains the large dif-
ference between the THM concentrations in favour of
Tank 12 N.
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Table 3 Water quality results of new tanks

Solution 1 Solution 2 Prasad (2010) Walters et al. (1999)
Tank 7N Tank 6 N Tank 150 N Tank 170 N Tank 5N Tank 12N
Value Time Value Time Value Time Value Time Value Time Value Time
Chlorine (mg/L)
Minimum 0.23 14:00-18:00 0.22 14:00-15:00 0.15 18:00 0.09 17:00 0.16 14:00 0.31 15:00
Median 0.25 - 0.26 - 0.19 - 0.1 - 0.19 - 0.38 -
Flow weighted 0.26 - 0.27 - 0.20 - 0.11 - 0.20 - 0.41 -
THM (ug/L)
Maximum 50.7 16:00 53.2 15:00 60.1 18:00 65.5 17:00 564 15:00 43.7 15:00
Median 453 - 452 - 51.3 - 59.3 - 50.7 - 327 -
Flow weighted  43.8 - 43.8 - 50.5 - 59.2 - 49.8 - 283 -
Water age (hours)
Maximum 375 15:00 39.3 18:00 46.5 18:00 53.5 17:00 422 15:00 293 15:00
Median 323 - 321 - 37.1 - 46.9 - 36.2 - 20.8 -
Flow weighted 31.4 - 315 - 37.2 - 459 - 36.1 - 18.5 -
Linear correlation of median vs. flow weighted daily mean
Parameter Chlorine THM Water Age
R 0.999 0.998 0.994
Table 4 Aggregated water quality results of all tanks
Solutions Criteria Flow weighted daily meTank 42E
ans for the tanks individually and collectively?
Tank 41E Tank 41E Tank 7N Network?
Solution 1 Water age (hours) 14.23 24.78 31.39 28.00
Chlorine (mg/L) 04 0.35 0.26 0.30
THM (ug/L) 23.88 36.18 43.78 39.86
Tank 41E Tank 42E Tank 6 N Network
Solution 2 Water age (hours) 11.74 20.75 31.5 27.53
Chlorine (mg/L) 0.39 0.38 0.27 0.30
THM (ug/L) 21.10 31.56 43.81 39.26
Tank 41E Tank 42E Tank 5N Tank 12N Network
Walters et al.(1999) Water age (hours) 60.5 60.5 36.06 18.42 4311
Chlorine (mg/L) 0 0 0.20 0.41 0.15
THM (ug/L) 7136 71.36 49.79 28.34 55.14
Tank 41E Tank 42E Tank 150 N Tank 170 N Network
Prasad (2010) Water age (hours) 11.17 20.65 38.08 45.89 31.37
Chlorine (mg/L) 0.42 0.38 0.20 0.11 0.26
THM (ug/L) 20.66 31.58 50.45 59.18 43.02

#The tank identifiers show the results for individual tanks while “Network” refers to the tanks in aggregate
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Fig.2 Penalty-free multi-
objective genetic algorithm for
Solution 1 and 2 [55]. EPANET-

PDX (pressure-dependent
extension) [56] is embedded

in the genetic algorithm for .
fitness evaluation. EPANET- .
PDX simulates solutions using .

pressure-driven analysis that

Generate random initial population of solutions

Pipe rehabilitation and upgrade
Tank design and siting
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4.2 Water quality in the existing tanks
4.2.1 Water age

The respective flow-weighted water ages of Solution
1, 2, Prasad and Walters et al. for Tank 41E and 42E,
respectively, were: (14.2, 24.8), (11.7, 20.8), (11.8, 20.7)
and (60.5, 60.5) hours. The respective maximum water
ages of Solution 1, 2, Prasad and Walters et al. for Tank
41E and 42E, respectively, were: (22.2, 27.7), (25.7, 27.9),
(20.4, 25.8) and (72.0, 72.0) hours. These results indicate
that Prasad’s existing tanks had the best performance.

generation
reached?

4.2.2 Residual chlorine

Figure 4 shows that the chlorine concentrations of Tank
41E in Solution 2 (19:00 and 20:00) and both existing
tanks in Walters et al. (00:00 to 24:00) were unsatisfac-
tory, i.e. C<0.2 mg/L. The rest of the concentrations
were satisfactory. This result for Solution 2 contradicts
Siew et al. [58] and Seyoum et al. [49] who did not inves-
tigate Tank 41E in detail. They focused only on Tank 42E
that, hitherto, had been considered particularly chal-
lenging [39, 72] and for which Solution 2 is better as
Table 2 shows.

SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2021) 3:448 | https://doi.org/10.1007/542452-021-04410-0

80

60

40 E] $

20

8 ¥ .

TI50N TI170N

"L

Water age (hrs)

T6N TN TSN TI2N

o0
S o

(=)
(=]

THM (ug/L)
N
S

=

20
0 T6N T7N TI150N TI170N T5N  TI2N
0.6
S
0.4
£ g
Q
f=1
‘gOZ é] il é é}
o o
00, TN TN TI50N TI7ON TSN _ TI2N

Fig. 3 Water quality of new tanks. T5N, T6N, T7N, etc. denote new
tanks

On the other hand, the medians and flow-weighted
means of water age, chlorine and THMs for Solution 2 are
better than Solution 1 for Tank 42E. This outcome is con-
sistent with Siew et al. [58] in which it was stated that only
approximately 40% of the operational volume of Tank 42E
of Solution 1 was utilized during the average day.

4.2.3 Disinfection by-products

The THM concentrations were consistent with the water
ages; Prasad had the best performance, accordingly.

4.3 Water quality at the demand nodes
4.3.1 Walters et al. solution
The chlorine concentration at demand node 5 had values

of 0.19 mg/L and 0.18 mg/L, at 03:00 and 04:00, respec-
tively. Node 5 is remote relative to the treatment plant.
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Also, the new Tank 5 N, whose chlorine concentration was
less than 0.2 mg/L from 03:00 to 16:00, i.e. 13 h duration,
supplies node 5 directly.

The concentration of chlorine was zero in the existing
tanks throughout the 24 h. However, the concentrations at
all the other demand nodes were satisfactory, even though
the aggregated chlorine concentration of all the tanks
was only 0.15 mg/L (Table 4). The discrepancy between
the tanks and demand nodes indicates that, hydraulically,
the tanks are not well integrated in the network. The nodal
flow-weighted daily means in Table 1 reinforce this idea.
Even though the two existing tanks were full throughout,
which is highly undesirable from a water quality perspec-
tive, the overall water quality for the demand nodes was
the joint best for chlorine, second best for water age and
best for THMs. Thus, the flow-weighted means of the water
quality parameters would appear to provide insights on
the hydraulic connectivity effectiveness of the tanks in a
network, besides the emergency and equalization stor-
age roles.

4.3.2 Solution 1

The chlorine concentrations at demand nodes 5, 7 and
9 were generally lower than the rest of the nodes. These
nodes are remote relative to the treatment plant and have
only two incident pipes. The lower values and larger fluc-
tuations at node 7 are attributable to the new Tank 7 N at
node 7 (Figs. 1, 5). The maximum daily fluctuation in the
chlorine concentration at node 7 was 0.30 mg/L.

4.3.3 Solution 2

The maximum daily fluctuation in the chlorine concentra-
tion was 0.14 mg/L at node 6, due to the new Tank 6 N.
It is interesting that the lowest daily concentration of
0.31 mg/L occurred elsewhere, i.e. at node 9. Node 9 is
remote and has only two incident pipes. The maximum
daily fluctuation of 0.14 mg/L for Solution 2 represents
a reduction of 53.3% relative to Solution 1 whose maxi-
mum fluctuation was 0.30 mg/L. The improvements in
Solution 2 relative to Solution 1 include: (a) a significant
increase in the minimum daily concentration of chlorine
from 0.22 mg/L to 0.31 mg/L, i.e. 40.9%; and (b) a signifi-
cant reduction of 53.3% in the maximum daily fluctuation
of chlorine. These improvements can be attributed to the
innovative reservoir (tank) depletion measure that was
included in Solution 2's formulation.
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4.3.4 Prasad solution

The lowest chlorine concentration of 0.25 mg/L was at
demand node 9. The daily fluctuations at node 9 and 16
that have the new tanks were considerably more than the
other demand nodes. The chlorine concentration in Tank
170 N (at node 9) was below 0.2 mg/L throughout the 24-h

cycle (Fig. 3). Similarly, the chlorine concentration in Tank
150 N (at node 16) was mostly below 0.2 mg/L. However,
the chlorine concentrations at demand node 16 and 9 did
not fall below 0.2 mg/L, as those nodes have alternative
supply paths besides the new tanks. Nevertheless, the low-
est concentrations at demand node 9 and 16 were consid-
erably below the other demand nodes.
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These results illustrate the importance of the reser-
voir location and network topology. Table 1 shows that
the aggregated performance of the demand nodes was
the joint best for chlorine, best for water age and second
best for THMs. However, the combined performance of
the tanks is the second worst in Table 4. This shows the
influence of the tanks is somewhat limited and may be an
indication that, besides storage, the tanks are hydraulically
less integrated and effective compared to Solution 1 and 2.

5 Discussion

The spatial distributions of the water age and concentra-
tions of chlorine and THMs based on the daily demand
node arithmetic means are shown in Fig. 6. They do not
seem to reveal any dominant solutions. The simple arith-
metic mean (US EPA 2006), inherently, lacks robustness,
as any differences in the flows or volumes that the indi-
vidual concentrations pertain to are not considered. This
may be one of the reasons that satisfactory integrated ser-
vice reservoir design optimization models are not avail-
able yet. Huang et al. [26] stated that research on water
quality reliability has generally been very simplistic and
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comprehensive measures and protocols were required.
For example, Atkinson et al. [1] discussed the maximum
and“average system water age” Nevertheless, the demand
node daily arithmetic means appear to indicate possi-
ble performance outliers and gross trends in the system'’s
response (Fig. 6).

The medians and flow-weighted means in Tables 2 and
3 suggest that the previously mentioned weaknesses in
the Walters et al. and Prasad solutions are deep-seated.
Furthermore, Table 4 shows that the tanks in Solution 2
have the best overall performance, followed by Solution 1,
Prasad and Walters et. al. Also, Table 1 shows that Solution
2 has the best water quality at the demand nodes. Thus,
the flow weighted water quality means would appear to
be able to reveal the relative efficiency of the tanks in a
network.

However, Table 2 also shows that the minimum con-
centration of chlorine in Tank 41E in Solution 2 was zero.
Therefore, Solution 2 seems marginally infeasible. Figure 4
supports this observation; the two chlorine concentration
values (out of 24) that are less than 0.2 mg/L are outliers.
Accordingly, Solution 2 seems to be an exemplar of a cost-
effective virtually feasible solution (with respect to water
quality) that could thrive in a penalty-free multi-objective



SN Applied Sciences (2021) 3:448 | https://doi.org/10.1007/s42452-021-04410-0

Research Article

12 -

Water age (hrs)
(o] ©

w
1
I

Nodes

—4— Solution 1 == Solution 2 Prasad = Walters

(a) Water age

o
)

o
)

1

o
N
1

Chlorine (mg/L)

o
w

7
"4
PS

O N o N\
Nodes

—4— Solution 1 == Solution 2 Prasad =—<—Walters

(b) Chlorine concentration

20 4
15
-
3510 -
% i
5 - = 4
~ /
//
O v T T T T T 1
N 3 A Q Ne \o N

Nodes

—4—Solution 1 == Solution 2 Prasad =< Walters

(c) THM concentration

Fig. 6 Daily averages of water quality parameters of demand nodes

evolutionary optimization framework that co-evolves sub-
populations of efficient feasible and infeasible non-dom-
inated solutions [64]. Solution 2, therefore, highlights the
vital need for robust performance indicators that reveal
the intrinsic properties of the system, as a unit, to comple-
ment the regulatory compliance approach based purely

on the worst instances. The above-mentioned penalty-
free evolutionary optimization approach has been shown
to be highly effective, based on the solution quality and
computational efficiency [43, 44, 57]. Overall, Solution 1 is
the best in terms of the hydraulic requirements of nodal
flows and pressures, water quality regulatory compliance
and total cost.

Also, the water quality results achieved are consistent
with the current distribution practice, in which booster
chlorination is employed at the inlets of some reservoirs
(tanks) in some extensive distribution systems [68, p. 458].
Taking all the tanks and demand nodes into considera-
tion, the worst performing nodes overall for the Walters
et al. solution are the two existing tanks (Tank 41E and
42E, Table 2) where the lowest chlorine concentrations
occurred. The lowest chlorine concentration in Prasad’s
solution occurred in Tank 170 N (Table 3). The minimum
chorine concentration in Solution 1 occurred at node 7
(Table 1), where Tank 7 N is located, while the minimum
chlorine concentration in Solution 2 occurred in Tank 41E
(Table 2).

Solution 1 and 2 have the least expensive new tanks in
the literature (Table A2) (Supplementary Materials). It is,
therefore, reasonable to attribute at least part of the water
quality weaknesses of other solutions to the built-in, albeit
hidden, surplus capacity of the new tanks. Located in an
area of relatively high demand and diametrically opposite
to the water treatment works, the new tanks in Solution
1 and 2 would likely improve the hydraulic capacity reli-
ability also. The reason is that the water would be sup-
plied from two opposite ends of the network. The fore-
going observation notwithstanding, aspects relating to
hydraulic capacity reliability and failure tolerance were not
considered as they fall outside the scope of the research
reported here.

Also, it is thought that the criterion that promoted
reservoir depletion also improved the cost effectiveness
by removing surplus capacity [58]. This is an indication
that the novel reservoir design methodology developed
by Siew et al. [58] is highly effective. The operating water
levels in the new tanks in Solution 1 and 2 were 5.80 m
and 6.42 m respectively, compared to 4.32 m and 4.69 m,
respectively, in Tank 150 N and 170 N in Prasad [39], for
example. This aspect was not investigated, and additional
research that includes the flow patterns in the tanks is
worth considering in future.

Several minor inconsistencies in the simulation results
were observed, which may be due to the single-species
water quality simulation approach used. Thus, the worst
instances based on water age, THM and chlorine did not
coincide always. For example, an apparent phase shift of
one hour for Tank 5 N could be because the results repre-
sent independent single-species simulations. The apparent
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anomaly could be addressed easily using a multi-species
simulation model [61], for example, EPANET-MSX (multi-
species extension) [50]. However, the CPU (central process-
ing unit) simulation times would increase significantly [47,
48].

Furthermore, a disadvantage of the EPANET 2 THM
model used in the research is that the limiting value of
the THM concentration should be provided in advance
at the data input or initialization stage (e.g. the nodal
chlorine concentrations were all set to zero to initiate the
water quality simulations). A maximum THM concentra-
tion of 100 pg/L was assumed herein, based on the EU
and UK drinking water standards (EC 1998; HMG 2010). It
was observed that the THM concentrations in the tanks did
not exceed 100 pg/L. Sohn et al. [60] proposed an alterna-
tive THM model that does not require a limiting concentra-
tion, which could be used instead, as in e.g. Seyoum and
Tanyimboh [46].

Similarly, while the advection-reaction simulation
model employed here neglects longitudinal dispersion, it
can be substituted readily, if necessary. The methodology
developed is generic and any suitable reaction kinetics
approach besides the first order model in EPANET 2 may
be used instead. An appraisal of various reaction kinet-
ics approaches considering multiple species (including
six species of haloacetic acids) is available in Seyoum and
Tanyimboh [48] in which EPANET 2 achieved consistently
good results.

6 Conclusions

A system-wide joint-dynamic-response approach to
water quality evaluation in distribution networks with
multiple service reservoirs was developed to account for
the temporal and spatial variations in the nodal demands
together with hydraulic and water-quality response of
each service reservoir. More meaningful and instructive
comparisons were thus achieved. This includes compari-
sons between different service reservoirs in individual
solutions and across multiple solutions, and similarly the
overall performance of competing solutions.

The results revealed that the correlation between the
medians and flow-weighted daily means of the water
quality parameters was very strong (R?>0.994), for the
14 (fourteen) service reservoirs in the networks consid-
ered. Therefore, subject to further verification, it seems
that the median could be useful as a practical perfor-
mance surrogate in design optimization algorithms.
Also, the results would appear to indicate that the flow-
weighted daily means of the water quality parameters
could help provide additional insights on the hydraulic
integration and effectiveness of the service reservoirs
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in a network, besides the emergency and equalization
storage roles.

Nodal demands are non-deterministic in practice and
the hyperplane that separates the system performance
space into the safe and failure zones cannot be ascer-
tained reliably from purely deterministic simulations [77].
There is, therefore, a need for robust performance indi-
cators that reflect the system’s underlying performance,
to underpin those essential investigations that transcend
routine regulatory compliance. There are significant differ-
ences in the four alternative networks considered, includ-
ing the number of service reservoirs and their capacities,
locations, modes of operation and operating water levels.
Furthermore, comparisons of entirely different networks
or distribution systems may be required in certain circum-
stances, for example, for investment planning purposes.
Rigorous comparisons of high-dimensional water quality
results would be required, as demonstrated here.

Finally, it was observed that the new service reservoir
design methodology in Siew et al. [58] yields tanks that
are both economical and hydraulically efficient. It is thus
recommended for further evaluation including the explicit
use of water quality design objectives. While the discus-
sion herein considered only three water quality param-
eters and four Pareto-optimal candidate solutions for
illustration purposes, the population size of the candidate
solutions requiring fitness evaluations in each generation
in an evolutionary optimization framework could be thou-
sands or more, in an optimization problem having multiple
service reservoirs and thousands of demand nodes. This is
the thrust of the next phase of the research.
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