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Assessing comprehensive performance of bioﬁlm
formation and water quality in drinking water distribution
systems
Li Liu, Yanyan Liu, Qingqing Lu, Guowei Chen and Gang Wang

ABSTRACT
Environmental ﬂuctuations shape bioﬁlm formation in drinking water distribution systems (DWDSs)
and therefore distributed water quality. Yet the comprehensive performance in response to
complex environmental conditions remains unclear. We investigated bioﬁlm formation and
distributed water quality under various nutrients, including chlorine concentrations and
hydrodynamic conditions. Results showed that environmental ﬂuctuations collectively induced
changes in microbial propagation, which were mostly associated with turbidity variations,
concentrations of total organic carbon, NHþ
4 -N and soluble phosphorus compared to the other
parameters. Fuzzy pattern recognition analysis integrating multiple water quality indicators
revealed that low nutrient availability and addition of mild chlorine at 0.50 mg/L at 0.50 m/s ﬂow
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velocity were the most favorable conditions screened for optimized comprehensive performance,
while nutrient supplements yielded signiﬁcant performance deterioration. These quantitative
estimations offer new insights into advanced understanding of the system performance
responding to often complex environmental ﬂuctuations, essential for optimized design and
practical functioning of DWDSs.
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INTRODUCTION
Quality control of the distributed water in drinking water

the DWDS, yet this remains elusive (Berry et al. ;

distribution systems (DWDSs) is of great importance, as it

Gomes et al. ).

serves as the ﬁnal step for delivering potable water to consu-

The presence of suspended (in bulk water) and bioﬁlm-

mers (Kokare et al. ; Liu et al. ). The DWDS is

embedded (on inner pipe surfaces) microbes in a DWDS has

usually maintained at oligotrophic conditions with speciﬁc

been recognized for several decades to degrade the quality

residual chlorine to minimize bioﬁlm accumulation and

of distributed water (Szewzyk et al. ). Facilitated by

therefore optimized water quality (Simões & Simões ).

large pipeline surface area and self-produced extracellular

In practice, the distributed water often suffers deterioration

polymeric substances, bioﬁlm-embedded microbes often

due to violent environmental ﬂuctuations evoking numerous

account for over 95% of the total biomass in a DWDS

interactions between microbes and their micro-habitats (Liu

(Wang et al. ; Xue et al. ) Such bioﬁlm-embedded

et al. ). Successful performance assessment and a

cells take advantages, including protection against antimi-

mechanistic understanding of the underlying processes are

crobial agents, acquisition of new genetic traits and

crucial for optimized design and practical functioning of

metabolic co-operability, to survive in the often hostile
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environments of a DWDS (Kokare et al. ). Studies have

response to variable environmental conditions, mimicking

revealed that undesirable microbial growth and vigorous

ﬂuctuations of the hydraulic and physico-chemical conditions

bioﬁlm accumulation on the water-pipe material interface

of a DWDS. The environmental conditions investigated

could shape the micro-environments and cause severe

included nutrient availability, chlorine disinfection and hydro-

water quality issues, such as persistence of opportunistic

dynamic conditions. In addition, a fuzzy pattern recognition

pathogens, acceleration of pipe corrosion, and contributions

technique was employed to quantify the collective effects of

to taste, odor and color problems (Lehtola et al. ;

these environmental factors and their ﬂuctuations on regulat-

Chowdhury ).

ing the comprehensive performance of a DWDS.

Microbial activity and the associated water quality status
in a DWDS are usually governed by certain environmental
factors (Lechevallier et al. ; Srinivasan et al. ).

MATERIALS AND METHODS

For instance, elevating ﬂow velocity was found to promote
bioﬁlm development to some extent on the inner surface

The model experimental system

of the pipelines due to the stimulated nutrient transport
and cell activity, as well as numerous interactions facilitating

The experiments were performed in a sealed model DWDS,

the uptake of microbial nutrients (Percival et al. ; Leh-

as illustrated in Figure S1 (Supplementary information,

tola et al. ; Proulx ). Fluctuating ﬂow conditions

available with the online version of this paper). The

cause high level turbidity of the bulk water in a DWDS,

system comprises a 100.0 L plastic tank with a set of

which stimulates resuspension of the attached biomass (Leh-

U-PVC pipes (16 mm inner diameter, ID), with removable

tola et al. ). While chemical disinfectants are known to

pipe sections (16 mm ID) inserted for bioﬁlm sampling.

retard cell activity and propagation rates in both bulk water

The water ﬂow was driven by a centrifugal pump (PUN-

and bioﬁlms of DWDSs (Simões & Simões ), appli-

200EH, Weile) and was adjusted through a ﬂow control

cation of high doses of disinfectants often have negative

valve. The system was disinfected with 70% ethanol for

impacts on the distributed water quality due to the harmful

2 h followed by three rinses with distilled water prior to

by-products released (Wang et al. ). In addition, research

the start of the experiments (Soinia et al. ).

has indicated that sufﬁcient bioavailable carbon and other
life-supporting substrates as well as the balance among

Feed water and solution preparation

carbon and other limiting nutrients are crucial not only to
microbial growth, but also in the production of microbial

The water used in the experiments was taken from a domestic

extracellular polymeric substances (Chandy & Angles ;

drinking water tap in Hefei, China. To remove residual chlor-

Sutherland ). This subsequently enhanced bioﬁlm estab-

ine, the collected tap water was stored at room temperature

lishment, which eventually accelerated disinfectant decay

(20 ± 2 C) for 24 h to allow residual chlorine to decay

and thus degraded the water quality of the DWDS. Despite

to less than the detection limit (0.01 mg/L) (Fang et al.

these important advances, few efforts have been made to

) with the main characteristics listed in Table S1

quantify the comprehensive systems performance of a

(Supplementary information, available with the online ver-

DWDS (i.e., bioﬁlm accumulation and status of the water

sion of this paper).

W

quality yielded) in response to the often complex and variable

Chlorine stock solutions were prepared with 10.0%

operational conditions. These conditions are crucial for opti-

sodium hypochlorite (100.0 g/L, Guangfu, Shanghai) in ster-

mized design and proper functioning of a DWDS. The new

ile deionized water. Sodium acetate (C2H3NaO2) was used

aspect of this study is to provide some direct insights into

as the carbon (C) source, and a mixture of potassium hydro-

how often complex and violent environmental ﬂuctuations

gen

affect the comprehensive performance of a DWDS.

phosphate (KH2PO4), at a ratio of 1:1, was added as the phos-

phosphate

(K2HPO4)

and

potassium

dihydrogen

We studied the dynamics of early-stage bioﬁlm formation

phorus (P) source (Ndiongue et al. ; Fang et al. ). The

in a model DWDS and the quality of the distributed water in

carbon and phosphorus stock solutions were prepared with
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Removal and resuspension of attached cells

at 121 C for 15 min (Ndiongue et al. ).
W

The collectors of attached cells were dip-rinsed softly with
Experimental setup

sterilized distilled water to remove the loosely attached
cells. A sterilized cotton wool swab was used to remove

To quantify the effects of various environmental conditions on

the bioﬁlm cells on the collectors and then aseptically

the comprehensive performance of DWDSs, four separate

placed into a sterilized tube containing 10.0 mL of phos-

experiments (with various experimental conditions) were per-

phate buffer saline. The attached cells in the tube were

formed at room temperature (20 ± 2 C) for each of the

released into the suspension by shaking for 30 s and sub-

experimental scenarios, with details of the operational con-

sequently sonicated in a sonicator (Shumei, KQ3200E) at

ditions described in the following paragraphs. The effects of

40 kHz for 5 min (Gagnon & Slawson ).

W

ﬂow velocity, chlorine concentration, carbon, and phosphorus
sources were conducted successively as speciﬁed below.

Chemical analyses and enumeration of bacteria

For the ﬂow velocity experimental scenario, pre-prepared water samples were introduced into the pipelines of

Analysis of total organic carbon (TOC) was performed using

the model experimental systems, with ﬂow velocities being

a high temperature combustion method with a Shimadzu

controlled at 0.1, 0.5, 1.0, 1.5 and 2.0 m/s. The initial chlor-

5000 TOC analyzer (Kyoto, Japan). The turbidity was

ine concentration was identically set to 0.5 mg/L at a pH

measured using a portable turbidity meter (STZ-A22C,

value of 7.00 (with sodium bicarbonate solution applied as

Guangming, Wuxi). The N,N-diethyl-p-phenylenediamine

a buffer medium) without any addition of carbon and phos-

method was applied to estimate chlorine concentration in

phorus sources, mimicking the most common scenario

the bulk water via a chlorine colorimeter (SYL-1, Xinrui,

observed in DWDSs.

Shanghai). The total dissolved solids (TDS) was analyzed

Chlorine disinfection experiments were conducted at

with a TDS pen (TM-03), the pH was determined with a

initial chlorine concentrations of 0, 0.5, 1.0, 1.5 and 2.0 mg/L

pH meter (SG68, Mettler Toledo), and the conductivity

with constant ﬂow velocity set at 0.5 m/s, a pH of 7.00 and

was measured with a conductivity meter (DDSJ-308A,

without any addition of carbon and phosphorus sources.

Leici). Nessler’s reagents spectrophotometer was applied

In the experiments for testing the effect of an exogenous

to measure the ammonia nitrogen concentration, and the

carbon source, four dosages of initial sodium acetate (0,

dissolved phosphorus was analyzed with a Mo-Sb Anti-

0.25, 1.00, 2.00 and 3.00 mg C/L) were applied. Flow vel-

spectrophotometer.

ocity in the pipelines was constantly maintained at 0.5 m/s

The spread plate method was applied to estimate the

with a uniform initial chlorine concentration and the pH

heterotrophic plate counts (HPC) for the bulk water, inlet

set to 0.5 mg/L and 7.00, respectively.

tap water and bioﬁlm samples using R2A agar medium.

For testing the effect of exogenous phosphorus, exper-

Prior to HPC enumeration, the plates were incubated at

iments were performed at initial phosphorus source

22 C for 7 days. The enumeration of the total cell counts

dosages of 0, 10.0, 30.0, 60.0 and 100.0 μg P/L. The ﬂow vel-

(TCC) was performed using the acridine orange direct

W

ocity inside the pipelines was constantly maintained at

count according to Markku et al. (). Ten (or more)

0.5 m/s, with a uniform initial chlorine concentration and

randomly selected ﬁelds (spots) were counted for each

a pH of 0.5 mg/L and 7.00, respectively.

sample.

For all experimental scenarios, the bioﬁlm and bulk
water samples (three replications for each experiment)

Statistical methods

were collected at 24 h after incubation for estimating the
densities of attached and suspended cells, the quality of

Statistical differences were tested with one-way analysis of

the bulk water and the comprehensive performance of the

variance and the two sided t-test. Differences were con-

DWDS.

sidered signiﬁcant when P < 0.05.
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grade of the sample j (rij) as well as that of the standard feature value of the hth grade with respect to the ith index

The fuzzy pattern recognition analysis, an effective assessment
technique, has been used for the comprehensive interpretation
of water quality and other environmental data (Peng et al. ;
Saadatpour et al. ). This procedure can be viewed as a twofold task consisting of (1) learning common properties of standard sets that characterize a class and (2) deciding if a new
sample belongs to the speciﬁed class by evaluating the related
membership degree matrix (Ghazabfari & Rezaei ; Saadatpour et al. ). In this study, the fuzzy pattern technique
was adopted to recognize the comprehensive performance of
the DWDS as described below:

(sih) was calculated by the linear interpolation:
8
0, yic  xij
>
>
<y x
ic
ij
, yic < xij < yi1 ,
rij ¼
y

y
>
ic
i1
>
:
1, xij  yi1

(1)

and
8
0, yih ¼ yic
>
>
<y 
yih
ic
, yic < yih < yi1 ,
sih ¼
y

yi1
>
ic
>
:
1, yi1 ¼ yih

(2)

(1) Feature matrix construction. Ten characteristic indexes
were selected to represent the dynamics of bioﬁlm for-

where yi1, yih and yic represent the standard feature value

mation and the status of the water quality in the DWDS

of the ﬁrst, hth and cth grade, respectively. Therefore, the

(i.e., turbidity, TOC, NHþ
4 -N, soluble phosphorus, residual

relative membership grade matrix of the sample set,

chlorine, TDS, conductivity, pH, suspended cell concentration and number of bioﬁlm-embedded cells). Let X
denote a feature matrix containing characteristic indexes

R ¼ (rij )m×n as well as that of the standard set
S ¼ (sih )m×c can be achieved.
(4) Relative membership degree determination. The indicators

of the systems performance under a set of speciﬁed exper-

of the systems’ performance play different roles, which can

imental conditions, X ¼ (xij )m×n , where xij is the value of

be speciﬁcally emphasized by varying the weighing coefﬁ-

the indicator i of the sample j, with i ¼ 1, 2, …, m, and

cients. As a consequence, the weighted generalized

j ¼ 1, 2, …, n (m and n are the total numbers of indicators

distance (dhj) between indexes of the sample j and the cor-

and samples, respectively. The values of m and n were 10

responding standard of level h can be calculated as

and 17, respectively in this study).
(2) The classiﬁcation matrix of standard values of the comprehensive performance is expressed as Y ¼ (yih )m×c , where

(
)
p 1=p
m 
X

wi (rij  sih )
,
dhj ¼

(3)

i¼1

yih is the standard feature value of the hth level of indicator
teria, h denotes the standard level, with its value h ¼ 1, 2, …,

where wi is the weighing coefﬁcient of the ith index (with
Pm
i¼1 wi ¼ 1), and p is a distance parameter (Euclidean

c, where c is the number of standard levels (the larger the

distance is adopted, p ¼ 2).

number, the higher the standard level it represents). In

The relative membership degree of sample j at the stan-

this study, the state of the DWDS performance was speci-

dard level h can be determined by solving the following

ﬁed into ﬁve levels (i.e., c ¼ 5), as seen in Table S2

minimization problem (Ghazabfari & Rezaei ; Saa-

(Supplementary information, available with the online ver-

datpour et al. ):

i and can be decided by a general concept of assessment cri-

sion of this paper). The ﬁve levels were: good (h ¼ 1), ﬁne
(h ¼ 2), ordinary (h ¼ 3), poor (h ¼ 4) and bad (h ¼ 5).
(3) Relative membership grade determination. The characteristic indexes were categorized into positive (the bigger the
better) and inverse (the smaller the better) indexes. In this
study, the ten selected characteristic indicators were
classiﬁed as inverse indexes. The relative membership
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h¼aj
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!
c
X
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(
m 
X
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where aj and bj are the minimum and maximum grade

mass transport and excited microbial activity (Percival et al.

levels of sample j, which are acquired by comparing

; Lehtola et al. ). While at higher ﬂow velocity of

the relative membership grades of sample j with each

2.0 m/s, it is deemed possible that considerably increased

row vector of matrix S. Therefore, one gets to uhj

shear forces stimulated the detachment of bioﬁlm cells,

(0  uhj  1) as

which contributed to the increased suspended cell density

8
0,
>
>
>
>
1
>
>
,
>
>
2
>
>
8P
9
>
m 
<



p p
>
>
wi rij  sih >
uhj ¼
<
=
bj >
P
>
i¼1
>
>
>
m




P
> k¼aj >
>
p>
>
>
:
;
wi rij  sik >
>
>
>
i¼1
>
:
1,

and thus reduced bioﬁlm formation (Soinia et al. ). In
h < aj , or h > bj

contrast, ﬂow velocity had a negative effect on suspended

aj  h  bj , dhj ≠ 0

cell populations as shown in Figure 1(b), with the HPC
value gradually decreasing from 2.9 × 103 ± 3.2 × 102 to
:

8.6 ± 2.1 × 102 CFU/mL, when ﬂow velocity was increased
from 0.1 to 1.5 m/s. The suspended cell population was
found to jump from 8.6 ± 2.1 × 102 to 2.2 × 103 ± 2.0 × 102

dhj ¼ 0

CFU/mL when ﬂow velocity was further increased from 1.5
(5)

to 2.0 m/s. Similar trends in the TCC values of both bioﬁlmembedded and suspended cells in response to the variable

(5) Calculation of the level feature value. The level feature
value provides the basis of the comprehensive assessment with the feature vector of grade level (H ) deﬁned
according to Ghazabfari & Rezaei () as

Hj ¼

c
X

ﬂow velocity value were found (Figure 1(a) and 1(b)).
The HPC and TCC proﬁles of bioﬁlm and suspended
cells under various chlorine concentrations are depicted
in Figure 1(c) and 1(d). In the absence of chlorine, the bioﬁlm HPC and TCC were estimated at low values of 2.0 ×
103 ± 4.3 × 102 CFU/cm2

uhj  h,

(6)

and

1.2 × 105 ± 3.8 × 103 cells/

cm2, respectively. Both values rose considerably with
increasing chlorine dosages, which peaked at values of

h¼1

2.7 × 103 ± 7.2 × 102 CFU/cm2

where Hj is the level feature value of sample j.

and

1.9 × 105 ± 3.8 × 103

2

cells/cm , respectively at a chlorine concentration of 1.0
mg/L. Further increase in chlorine dosage resulted in a
continuous decrease in both bioﬁlm HPC and TCC

RESULTS

values

reducing

to

3.0 × 102 ± 5.0 × 101 CFU/cm2

and

4.1 × 104 ± 1.9 × 103 cells/cm2, respectively at chlorine conEffects of various environmental conditions on

centration of 2.0 mg/L (Figure 1(c)). The promoted

suspended microbial growth and bioﬁlm formation

microbial surface accumulation observed under the moderate level of chlorination stress is likely attributed to

The HPC and TCC of bioﬁlm on inner pipe surfaces and in

microbial stress response for survival or adaptation (to bio-

bulk water at 24 h after cultivation were analyzed and the

ﬁlm-embedded

results are shown in Figure 1. Speciﬁcally, a bioﬁlm HPC

conditions (Srinivasan et al. ; Simões & Simões ;

number of 2.0 × 103 ± 6.7 × 102 CFU/cm2 was estimated at

Liu et al. ). However, higher chlorination strength cer-

a ﬂow velocity of 0.1 m/s (Figure 1(a)). A gradually increased

tainly caused inactivation of a large amount of cells,

bioﬁlm HPC number was observed with increasing ﬂow vel-

which is responsible for the considerably reduced surface

3

2

2

life

forms)

encountering

unfavorable

ocity, which peaked to 4.0 × 10 ± 3.5 × 10 CFU/cm at a

aggregation. As expected, both HPC and TCC values of sus-

ﬂow velocity of 1.5 m/s. A further increase in ﬂow velocity

pended cells dropped from 4.0 × 103 ± 4.3 × 102 CFU/mL

to 2.0 m/s resulted in a reduced bioﬁlm HPC value of 1.2 ×

(HPC) and 3.9 × 104 ± 7.6 × 102 cells/mL (TCC) to 3.1 ×

103 ± 3.0 × 102 CFU/cm2 (Figure 1(a)). Our results of

102 ± 9.2 × 101 CFU/mL and 4.9 × 103 ± 5.7 × 102 cells/mL,

enhanced bioﬁlm formation by increasing ﬂow velocity

respectively, when the chlorine concentration was increased

from 0.1 to 1.5 m/s are likely attributed to the facilitated

from 0 to 2.0 mg/L (Figure 1(d)). The negatively associated
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The estimated HPC and TCC values (mean ± s.d., n ¼ 3) of the bioﬁlm on pipe surfaces and of the bulk water at 24 h after cultivation for (a) and (b) ﬂow velocity variation; (c) and
(d) chlorine variation; (e) and (f) carbon addition; and (g) and (h) phosphorus addition experiments.

suspended cell population with chlorine concentration pro-

cells continuously increased from 1.4 × 105 ± 5.6 × 103

vides direct evidence for dose-dependent disinfectant-

to 2.3 × 105 ± 8.3 × 103 cells/cm2 and from 2.0 × 104 ±

induced microbial growth limitation (Wang et al. ).

3.0 × 103

to

2.6 × 104 ± 7.8 × 102 cells/mL,

respectively

Carbon addition clearly stimulated both bioﬁlm-

(Figure 1(e) and 1(f)). Similar impacts of phosphorus addi-

embedded and suspended cell propagations, as shown in

tion (with a range of 0 to 100.0 μg P/L) on both bioﬁlm-

Figure 1(e) and 1(f). Speciﬁcally, the estimated bioﬁlm HPC

embedded and suspended HPC and TCC values were

value increased by nearly 8-fold from 2.2 × 103 ± 5.8 × 102

found, except that the inﬂuence of phosphorus addition on

4

3

2

to 1.7 × 10 ± 2.3 × 10 CFU/cm under increasing carbon

the TCC value of suspended cells was less signiﬁcant as

addition from 0 to 3.00 mg C/L. The value for suspended

shown in Figure 1(g) and 1(h). Our results show that addition

HPC roughly increased 5-fold from 2.6 × 103 ± 3.0 × 102 to

of carbon and phosphorus nutrients signiﬁcantly increased

1.3 × 104 ± 1.5 × 103 CFU/mL (Figure 1(e) and 1(f)). When

both bioﬁlm-embedded and suspended cell densities in the

addition of carbon was increased from 0 to 3.00 mg C/L,

bulk water phase, especially for HPC, which mimic the remi-

the TCC values for both bioﬁlm-embedded and suspended

niscence of the above biological principles.
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Effects of various environmental conditions on physical

initial chlorine concentration from 0 to 2.0 mg/L, gradually

and chemical parameters of the distributed water

decreased the TOC values from 1.77 to 1.19 mg/L and from

quality

2.04 to 1.41 mg/L, respectively. Addition of phosphorus
from 0 to 100.0 μg P/L yielded a similar TOC variation

In addition to microbial indicators, physical and chemical

from 1.73 to 1.18 mg/L when compared to the values

parameters of water quality are essential to the comprehen-

obtained for the ﬂow velocity scenarios. Not surprisingly,

sive performance quantiﬁcation of the DWDS. Table 1 lists

a signiﬁcant increase in the TOC value from 1.73 to 3.67

the physical and chemical parameters of the distributed

mg/L was observed upon addition of carbon from 0 to

water quality under various environmental conditions.

3.00 mg C/L (P < 0.05). The NHþ
4 -N and soluble phos-

Speciﬁcally, at low ﬂow velocity of 0.1 m/s, the turbidity

phorus concentrations ﬂuctuated between 0.33 and 0.45

level of the distributed water was estimated as 0.25 NTU,

mg/L and between 16.4 and 32.8 μg/L, respectively when

which gradually increased to 0.52 NTU as the ﬂow velocity

the ﬂow velocity varied from 0.1 to 2.0 m/s. Relatively

was elevated from 0.1 to 1.5 m/s. Further increase in ﬂow

high levels of oscillations were observed for the NHþ
4 -N

velocity to 2.0 m/s caused only a slight reduction of the tur-

(between 0.27 and 0.47 mg/L) and soluble phosphorus

bidity level to 0.44 NTU. The turbidity level slightly

(between 16.3 and 41.2 μg/L) concentrations in response

decreased from 0.37 to 0.25 NTU with the initial increase

to increasing initial chlorine concentration from 0 to

of chlorine concentration from 0 to 2.0 mg/L. In contrast,

2.0 mg/L. Interestingly, an increase in the addition of

the addition of 3.00 mg C/L carbon and 100.0 μg P/L phos-

carbon from 0 to 3.00 mg C/L resulted in clear reductions

phorus signiﬁcantly elevated the turbidity levels from 0.31 to

of NHþ
4 -N concentration from 0.45 to 0.26 mg/L and

0.86 and 0.78 NTU (P < 0.05), respectively. An increase in

soluble phosphorus from 26.1 to 4.7 μg/L, respectively. An

ﬂow velocity from 0.1 to 2.0 m/s and an increase in the

increase in the addition of phosphorus from 0 to

Table 1

|

Estimated physical and chemical parameters (mean ± s.d., n ¼ 3) of the bulk water at 24 h after incubation under various environmental conditions

Scenarios

Physical and chemical indexes
NHþ
4 -N

Soluble P

Residual

(NTU)

TOC (mg/L)

(mg/L)

(μg/L)

Chlorine (mg/L)

TDS (mg/L)

(μS/cm)

pH

Turbidity
Factor

Value

Conductivity

Velocity (m/s)

0.1
0.5
1.0
1.5
2.0

0.25 ± 0.01
0.31 ± 0.03
0.33 ± 0.01
0.52 ± 0.03
0.44 ± 0.01

1.77 ± 0.10
1.73 ± 0.08
1.69 ± 0.08
1.58 ± 0.05
1.19 ± 0.13

0.37 ± 0.11
0.45 ± 0.08
0.43 ± 0.10
0.45 ± 0.12
0.33 ± 0.05

32.8 ± 7.2
26.1 ± 3.1
20.7 ± 2.4
16.4 ± 2.3
30.1 ± 2.2

0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00

114.3 ± 0.6
111.3 ± 0.6
112.7 ± 0.6
113.7 ± 0.6
114.0 ± 1.0

214.3 ± 0.6
211.0 ± 0.0
215.0 ± 0.0
215.7 ± 0.6
216.3 ± 0.6

7.25 ± 0.02
7.26 ± 0.04
7.30 ± 0.05
7.70 ± 0.03
7.66 ± 0.05

Initial chlorine
(mg/L)

0
0.5
1.0
1.5
2.0

0.37 ± 0.02
0.31 ± 0.03
0.28 ± 0.01
0.26 ± 0.01
0.25 ± 0.02

2.04 ± 0.07
1.73 ± 0.08
1.58 ± 0.14
1.47 ± 0.03
1.41 ± 0.05

0.27 ± 0.09
0.45 ± 0.08
0.47 ± 0.11
0.40 ± 0.03
0.24 ± 0.13

20.4 ± 3.1
26.1 ± 3.1
41.2 ± 4.4
31.6 ± 3.8
16.3 ± 3.6

0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.50 ± 0.05
1.00 ± 0.04

111.3 ± 0.6
111.3 ± 0.6
112.0 ± 0.6
113.3 ± 0.6
114.7 ± 0.6

207.0 ± 0.0
211.0 ± 0.0
213.7 ± 0.6
216.0 ± 1.0
219.3 ± 0.6

7.32 ± 0.03
7.26 ± 0.09
7.29 ± 0.05
7.50 ± 0.06
7.73 ± 0.03

Carbon addition
(mg C/L)

0
0.25
1.00
2.00
3.00

0.31 ± 0.03
0.36 ± 0.01
0.77 ± 0.02
0.81 ± 0.02
0.86 ± 0.03

1.73 ± 0.08
1.80 ± 0.04
2.17 ± 0.09
2.81 ± 0.05
3.67 ± 0.09

0.45 ± 0.08
0.42 ± 0.01
0.36 ± 0.01
0.30 ± 0.01
0.26 ± 0.01

26.1 ± 3.1
14.8 ± 1.2
10.2 ± 6.1
5.8 ± 0.8
4.7 ± 3.1

0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00

111.3 ± 0.6
112.0 ± 0.0
112.7 ± 0.6
114.3 ± 0.6
115.3 ± 0.6

211.0 ± 0.0
213.7 ± 0.6
212.7 ± 1.0
214.0 ± 1.5
215.0 ± 2.9

7.26 ± 0.03
7.15 ± 0.05
7.09 ± 0.05
7.13 ± 0.04
7.30 ± 0.06

0.31 ± 0.03
0.36 ± 0.03
0.68 ± 0.03
0.73 ± 0.01
0.78 ± 0.02

1.73 ± 0.08
1.49 ± 0.17
1.26 ± 0.12
1.22 ± 0.02
1.18 ± 0.05

0.45 ± 0.08
0.38 ± 0.02
0.35 ± 0.01
0.29 ± 0.01
0.23 ± 0.03

26.1 ± 3.1
30.3 ± 0.8
40.1 ± 0.6
67.4 ± 2.4
81.4 ± 0.0

0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00
0.00 ± 0.00

111.3 ± 0.6
112.7 ± 0.6
113.0 ± 0.0
113.3 ± 0.6
113.7 ± 0.6

211.0 ± 0.0
212.5 ± 0.6
213.0 ± 0.6
213.0 ± 0.0
214.3 ± 0.6

7.26 ± 0.05
7.36 ± 0.04
7.40 ± 0.09
7.40 ± 0.05
7.20 ± 0.03

Phosphorus
addition (μg
P/L)

0
10.0
30.0
60.0
100.0
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100.0 μg P/L yielded a continuous increase of soluble phos-

fuzzy pattern recognition was employed to quantify the com-

phorus from 26.1 to 81.4 μg/L and a clear decrease in the

prehensive performance of the DWDS in response to

NHþ
4 N

concentration from 0.45 to 0.23 mg/L.

variable experimental conditions. For convenience in calcu-

No detectable residual chlorine nor any minor changes in

lations, the residual chlorine and pH values were converted

the conductivity values were found for all scenarios,

into certain inverse indexes, expressed as the absolute differ-

except for the ones in which the initial chlorine concen-

ence as compared with their reference values (of residual

trations was 1.5 and 2.0 mg/L and the residual chlorine

chlorine of 0.5 mg/L and pH value of 7.00, respectively).

was estimated as 0.50 and 1.00 mg/L, respectively. The

According to the standard values listed in Table S2 (Sup-

environmental ﬂuctuations had little inﬂuence on the TDS

plementary information) and the weight vectors of 0.1, 0.1,

and pH, as seen with small variations in TDS value ranging

0.05, 0.05, 0.1, 0.1, 0.1, 0.1, 0.15, and 0.15 for turbidity,

from 111.3 to 115.3 mg/L and pH value ranging from 7.25 to

TOC, NHþ
4 -N, soluble phosphorus, residual chlorine,

7.73, as observed for all scenarios.

TDS, conductivity, pH, bulk HPC and bioﬁlm HPC, respect-

estimated

Based on our results, nutrient availability, chlorine disin-

ively, the comprehensive performance of the DWDS was

fectant and hydrodynamic ﬂuctuations were found not only

speciﬁed into three levels of ‘ﬁne’, ‘ordinary’ and ‘poor’

to affect microbial activity growth, but also to alter the tur-

(Figure 2(a)–2(d)). For the ﬂow velocity variation scenario,

NHþ
4 -N

phosphorus

the system’s performance at a ﬂow velocity less than or

concentrations of distributed water. This in turn conspired

equal to 1.0 m/s was speciﬁed as ‘ﬁne’, with estimated per-

to shape microbial propagation in both the aqueous phase

formance level values ranging between 2.25 and 2.45, and

and in the bioﬁlm of the DWDS. For instance, the stimu-

an ‘ordinary’ performance level for a ﬂow velocity above

lated suspended cell growth as a result of either decreased

1.0 m/s (Figure 2(a)). More speciﬁcally, the optimal system’s

bidity

level,

TOC,

and

soluble

initial chlorine concentration or increased nutrient addition

performance was found to appear at a ﬂow velocity of

was found to be associated with the elevated turbidity level,

0.5 m/s with an estimated level feature value of 2.25. The

consistent with previously reported observations (Lehtola

system’s performance remained ‘ﬁne’ for the entire chlorine

et al. ). The result has no clear correlation between

addition scenario, except for the experimental values in the

the turbidity level and suspending cell density found for

initial chlorine of 2.0 mg/L, which lowered its performance

ﬂow velocity variation scenarios, which is also in agreement

level to ‘ordinary’ (Figure 2(b)). In contrast, the system’s per-

with the ﬁndings of Lehtola et al. (). In addition,

formance level gradually increased from 2.25 to ∼3.50 with

increasing ﬂow velocity or phosphorus supplements resulted

increase in the addition of carbon and phosphorus from 0 to

in enhanced microbial consumption of nutrients, while the

3.00 mg C/L and to 100.0 μg P/L, respectively (Figure 2(c)

application of chlorine dose yielded signiﬁcant inactivation

and 2(d)). The addition of carbon or phosphorus accord-

of both bioﬁlm-embedded and suspended cells that retarded

ingly deﬁned the degrading performance from ‘ﬁne’ (with

microbial propagation (Lechevallier et al. ), thereby

0 addition of carbon and phosphorus) to ‘ordinary’. Of

reducing TOC values.

note, in adding 3.00 mg C/L, the performance level further

Comprehensive performance of bioﬁlm formation and

availability (absence of nutrient supplement) and mild chlor-

bulk water quality status under various experimental

ine addition of 0.5 mg/L at a ﬂow velocity of 0.5 m/s were

conditions

the most favorable conditions for the optimized functioning

degraded to ‘poor’. These results suggested that low nutrient

of the DWDS, while increased carbon and phosphorus
The experimental results presented above offer direct

addition hinder the performance of the system due to cell

insights into how the environmental factors conspire to

propagation and deterioration of the associated water

regulate early-stage bioﬁlm formation and water quality,

quality.

yet such individual parameter assessments provide limited

To quantify the effects of the environmental conditions

information for understanding the comprehensive perform-

and their variations on the system performance of the

ance of the DWDS (Srinivasan et al. ). Therefore, the

DWDS, a relative variation estimator was initialized and
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The system’s performance levels estimated by fuzzy pattern recognition and their relative variation ratios under various (a) and (e) ﬂow velocities; (b) and (f) initial chlorine
concentrations; (c) and (g) carbon additions; and (d) and (h) phosphorus additions.

deﬁned as a ratio of the performance level of a testing scen-

industrial waters (Proulx ). We investigated the impact

ario to that of the control one (of a ﬂow velocity of 0.5 m/s,

of different characteristic indexes by varying their coefﬁ-

and an initial chlorine concentration of 0.5 mg/L without

cients on the assessment of system performance, as

nutrient supplements). As shown in Figure 2(e)–2(h),

depicted (Figure 3). With equal weighing coefﬁcients of tur-

relative variation ratios smaller than 18.6%, although ﬂuctu-

bidity, TOC, NHþ
4 -N, soluble phosphorus, residual chlorine,

ating with increasing ﬂow velocity and initial chlorine

TDS, conductivity, pH, bulk HPC and bioﬁlm HPC, the sys-

concentration, were found for both ﬂow velocity and chlor-

tem’s performance level was estimated as between 1.5 and

ine variation scenarios (Figure 2(e) and 2(f)). Rapid increase

3.5, indicating that the level of DWDS performance was

in the relative variation ratios from 0 to 57.5% and 54.2%

either ‘ﬁne’ or ‘ordinary’ for all scenarios (Figure 3(a)).

were found when carbon and phosphorus concentrations

The weighing coefﬁcients of 0.05, 0.05, 0.05, 0.05, 0.05,

were increased from 0 to 3.00 mg C/L and to 100.0 μg P/L,

0.05, 0.05, 0.05, 0.6, and 0.0 enhanced the contribution of

respectively. However, we also observed a relatively

bulk HPC to the system’s performance quantiﬁcation regard-

retarded trend for scenarios of phosphorus addition greater

less of bioﬁlm HPC; the system’s performance dropped from

than 30.0 μg P/L (Figure 2(g) and 2(h)). The results indicated

‘ordinary’ to ‘poor’ for scenarios with carbon addition of

that addition of carbon imposed the most signiﬁcant effects

1.00–3.00 mg C/L and phosphorus addition of 25.0 and

on the comprehensive performance of the DWDS, followed

50.0 μg P/L. For the phosphorus addition scenarios, the per-

by addition of phosphorus. In contrast, ﬂow velocity and

formance level even dropped down to ‘bad’ with the

chlorine disinfection had relatively the least inﬂuence.

addition of 100.0 μg P/L. For all other scenarios, the per-

System performance preferences are often required for

formance was maintained at ‘ordinary’ level (Figure 3(b)).

practical operation of complex DWDSs, e.g. enhanced

The weighing coefﬁcients of 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0,

microbial quality for speciﬁc functions of distributed water

0.0, 0.5, and 0.5 equally emphasized the contributions of

or emphasizing of certain chemical indicators for particular

suspended and bioﬁlm-embedded HPC to the system’s

Downloaded from http://iwaponline.com/ws/article-pdf/17/1/267/410624/ws017010267.pdf
by guest

276

Figure 3

L. Liu et al.

|

|

Assessing comprehensive performance of DWDSs

Water Science & Technology: Water Supply

|

17.1

|

2017

The estimated performance levels under various environmental conditions with different weighing coefﬁcients of (a) W1 ¼ (0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1, 0.1); (b) W2 ¼
(0.05, 0.05, 0.05, 0.05, 0.05, 0.05, 0.05, 0.05, 0.6, 0); (c) W3 ¼ (0, 0, 0, 0, 0, 0, 0, 0, 0.5, 0.5); and (d) W4 ¼ (0, 0, 0, 0, 0, 0, 0, 0, 0, 1).

performance while neglecting all the other parameters; the

except for the scenario with initial chlorine of 2.0 mg/L,

system’s performance was estimated to remain at ‘ﬁne’

which resulted in an improved performance level from

level for all ﬂow velocity and chlorine variation experiments,

‘ﬁne’ to ‘good’ (Figure 3(c)). Similar trends of the system’s
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performance proﬁles were found for the carbon and phos-

supplements resulted in signiﬁcant decline of system

phorus addition experiments (Figure 3(c)) compared with

performance.

those shown in Figure 3(b). The contribution of only bio-

This study provides insights for advanced understanding

ﬁlm-embedded HPC to the system’s performance (i.e., of

of the system performance in response to the complicated

weighing coefﬁcients of 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0,

and variable environmental conditions of the DWDS.

0.0, and 1.0) yielded similar estimation of performance for

With the quantitative estimators, it sheds lights on the

all scenarios as compared with those of Figure 3(c). How-

mechanistic understanding of the environmental factors

ever, a signiﬁcantly improved performance level from ‘ﬁne’

and their ﬂuctuations on shaping early-stage bioﬁlm for-

to ‘good’ was observed for the scenario of ﬂow velocity of

mation and the quality of the water yielded, which are

2.0 m/s and a degraded performance level from ‘poor’ to

crucial for optimized design and proper functioning of com-

‘bad’ was seen for the experiment with carbon addition of

plex DWDSs (Berry et al. ).

3.00 mg C/L (Figure 3(c) and 3(d)). Therefore, the fuzzy pattern recognition analysis suggested that the absence of
nutrient addition and high chorine addition of 2.0 mg/L at
ﬂow velocity of 0.5 m/s were the optimal conditions when
taking into account the weighing emphasis of performance
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CONCLUSIONS
In this study, we investigated bioﬁlm formation and distributed water quality under various environmental conditions
in a model DWDS. The results showed that ﬂow velocity
had opposing inﬂuences on the propagation of the
microbial population in bioﬁlm and bulk water, and the
survival of the bioﬁlm-embedded cells was favored over
suspended counterparts at moderate velocity levels.
Although the presence of chlorine suppressed the proliferation of suspended cells, moderate levels of chlorine
remarkably promoted bioﬁlm formation. Enhanced nutrient supplements favored suspended cell growth and
bioﬁlm formation. In addition, the variations in the propagation of both suspended and bioﬁlm-embedded cells were
mostly related to turbidity levels, concentrations of TOC,
NHþ
4 -N and soluble phosphorus compared to the other
water quality parameters in response to environmental
ﬂuctuations. Comprehensive assessment revealed that oligotrophic conditions with mild chlorine of 0.50 mg/L at
0.50 m/s ﬂow velocity were the most favorable for optimized

functioning

of

the

DWDS,

while
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