
2069 © IWA Publishing 2020 Water Supply | 20.6 | 2020

Downloaded from http
by guest
on 10 April 2024
An optimal design strategy of decentralized storage tank

locations for multi-objective control of initial rainwater

quality

Huifeng Li, Lijun Lu, Xiangfeng Huang , Haidong Shangguan

and Zhongqing Wei
ABSTRACT
In recent years, frequent non-point source pollution has raised serious challenges for urban water

environmental management. The efficiency and cost of water quality storage tanks, which can

prevent and control urban pollution effectively, are significantly affected by their locations. However,

few studies have determined the location of decentralized storage tanks with consideration of the

characteristics of initial rainwater quality, which has led to unsatisfactory or extravagant design.

Therefore, a new design strategy is proposed to optimize the locations of water quality storage tanks

using the InfoWorks ICM model in this study. It includes two basic steps. Firstly, the pollution severity

of each node in the corresponding subcatchment is evaluated and ranked through the matter

element analysis method and analytic hierarchy process. Secondly, all the nodes are precisely sorted

by their excessive multiples using the single factor index method. Its application in the design of the

decentralized storage tank locations in Fuzhou, China, proved that the proposed strategy can reduce

the total volume of decentralized storage tanks to 0.38 times that of a terminal tank. The strategy

presented in this study may also be useful in other research on storage tank design in urban pollution

prevention and control systems.

Key words | analytic hierarchy process (AHP), decentralized storage tank locations, InfoWorks ICM,

initial rainwater, water quality control
HIGHLIGHTS

• The location of a water quality storage tank affects its cost and efficiency of pollution control.

• A quantitative evaluation framework was designed to optimize storage tank locations.

• The matter element analysis method and analytic hierarchy process were used for optimization.

• The single factor index method was employed for accurate pollution sorting of candidate nodes.

• The strategy established can optimize the storage tank design in urban pollution control

systems.
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GRAPHICAL ABSTRACT
INTRODUCTION
Due to rapid urbanization, natural surfaces are increasingly

being replaced by impermeable surface. The corresponding

increase in rainfall runoff has led to urban waterlogging

and water quality deterioration due to the washoff of

urban underlying surfaces. Excessive rainwater runoff carry-

ing large amounts of pollutants eventually drains into the

receiving water through the urban pipe network system,

which results in different levels of pollution in urban water

bodies (Kong et al. ; Peng et al. ). Since 2010,

rainwater runoff pollution in Beijing and Shanghai has

accounted for approximately 12% and 20% of total water

pollution, respectively (Peng et al. ). In the United

States, approximately 60% of river pollution and 50% of

lake pollution are linked to runoff pollution (Jeon et al.

). In Lake Ontario, North America, rainwater runoff

also has a substantial impact on water quality, with 93% of

total suspended solids (TSS), 78% of the biological oxygen

demand (BOD), 66% of total nitrogen (TN), and 45% of

total phosphorus (TP) originating from storm water runoff

(Peng et al. ). Furthermore, due to the first-flush effect,

the initial rainwater carries the majority of pollutants and

has a high pollution load (Fai & Yusop ; Zhang et al.

a). Hence, initial rainwater treatment is crucial in the

control of runoff pollution and improvement of the urban

water environment (Andrés-Doménech et al. ).

Best Management Practices (BMPs), mainly including

storage tanks, water storage ponds, and constructed

wetlands, are effective methods to control rainwater runoff

pollution. Due to the need for much space and complex
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construction of water storage ponds and constructed wet-

lands, they have often been used in places where land

resource is not a restricting factor. They certainly become

unusable in highly urbanized areas where the land resource

is limited. Thus, decentralized storage becomes an ideal

choice to reduce floods and control water pollution in

highly urbanized areas (Bellu et al. ). It has been advo-

cated by many researchers to adopt in order to achieve

effective management of rainwater (Wang et al. ; Lu

et al. ). Relevant studies also show that decentralized

storage is superior to the traditional methods (such as

increasing the pipe diameter), and it is easy to integrate

with the pipe network. In the upper-middle reaches of

highly urbanized areas, using the decentralized storage

method can effectively reduce floods and control water pol-

lution (Ngamalieu-Nengoue et al. ; Wang et al. a).

Rainwater storage tanks can be divided into hydraulic sto-

rage tanks and water quality storage tanks according to

their different treatment objectives. The former mainly aim

to reduce runoff and control flooding, whereas the latter

consider pollution control and water quality improvement

as their main purpose. Most current research pays attention

to the runoff reduction effect, with water quality improve-

ment as an additional benefit (Wang et al. ). Rarely

research focuses on the design of water quality storage

tanks, which has a significant influence on their control

effect on initial rainwater pollution.

Regardless of the type of storage tanks, the efficiency

and cost of them are directly related to many factors, such



Table 1 | Standard limits for surface water environmental quality

Index I (mg/L) II (mg/L) III (mg/L) IV (mg/L) V (mg/L)

NH3-N (0, 0.15] (0.15, 0.5] (0.5, 1.0] (1.0, 1.5] (1.5, 2.0]

COD (0, 15] (0, 15] (15, 20] (20, 30] (30, 40]

TN (0, 0.2] (0.2, 0.5] (0.5, 1.0] (1.0, 1.5] (1.5, 2.0]

TP (0, 0.02] (0.02, 0.1] (0.1, 0.2] (0.2, 0.3] (0.3, 0.4]
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as their location, number and volume. Among them, the

location is the first factor which needs to be considered

during the design of decentralized storage tanks. For hydrau-

lic storage tanks, there are usually two approaches to

determining their locations. One is to place the storage

tanks directly next to the nodes which are identified as the

risky flooding nodes via the designers’ experience. Those

places are usually critical infrastructure, such as power

stations, schools, and train stations (Li et al. ). The

other assumes that all nodes are potential risky nodes and

uses mathematical methods or algorithms to find out the

real flooding nodes (Iglesias-Rey et al. ; Wang et al.

; Li et al. ). Despite those related studies on the

location of hydraulic storage tanks, research on the location

of decentralized storage tanks for initial rainwater control is

still rare. Thus, it is really necessary to set up a feasible sto-

rage tank design strategy to recognize polluted nodes and

achieve effective pollution control.

To assess the implementation effectiveness of storage

tanks, appropriate evaluation indicators are required. In the

study of hydraulic storage tanks, several hydraulic indicators,

such as the flooding coverage area, flood depth, flood dur-

ation, and number of flood nodes, have been used to

evaluate the extent and improvement of waterlogging (Li

et al. ; Duan et al. ; Wang et al. ). For these indi-

cators are closely related, and only slight differences in

simulation results are yielded whether one or several indexes

are used. In other words, it is still reliable to determine the

location of storage tanks even only using one indicator. On

the other hand, TSS or chemical oxygen demand is often

used to determine approximate changes in water quality (St-

Hilaire et al. ; Cheng et al. ; Raei et al. ). However,

whichever of the indicators is used, it cannot comprehensively

reflect the improvement of water quality. Thus, it is necessary

to design a reasonable and comprehensive evaluation index as

the design criterion of the location of storage tanks for the

purpose of water quality improvement.

In order to avoid the limitation in the determination of

location of water quality storage tanks mentioned above, a

new strategy is proposed in this study, which is divided

into the following two steps. (1) The matter element analysis

method and analytic hierarchy process (AHP) are employed

to analyze the comprehensive pollution severity of rainwater

collected by each node in the corresponding subcatchment
://iwa.silverchair.com/ws/article-pdf/20/6/2069/766278/ws020062069.pdf
area and determine the pollution level of each node. (2) The

single factor index method is adopted to obtain comprehensive

excessive multiples of node pollutants. It subsequently obtains

the precise sorting of nodes at the same level and gets the sto-

rage tank layout scheme for pollution reduction. Finally, this

optimal design strategy was applied to a practical case study

to verify its feasibility and effectiveness.
SOFTWARE AND METHOD

Simulation model

InfoWorks ICM (InfoWorks Integrated Catchment) model

was used as the simulation software, which is the first

model of urban drainage networks and river channel

hydraulic water quality in the world.

Pollution-level classification module

Evaluation indicators and criteria for determination

Based on the Environmental Quality Standards for Surface

Waters (GB3838-2002) (SEPA ) (Table 1), four water

quality indicators NH3-N, chemical oxygen demand (COD),

TP, and TN were selected as the analytical indexes of water

quality pollution. The total pollutant control standard of the

four indexes is calculated by Equation (1), which is used as

the criterion for the degree of water quality pollution:

W ¼ CV

106
(1)

where W is the total standard value of the water quality

index (kg); C is the standard concentration value (mg/L)

of the five levels in the Environmental Quality Standards
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for Surface Waters (SEPA ); and V is the average runoff

volume (L) of the corresponding subcatchment area col-

lected per node during the simulation.

Pollution-level classification of nodes

Due to the existence of several evaluation indicators, it is

impossible to simply determine the pollution level of each

node. Hence, the matter element analysis method and

AHP are introduced to conduct a comprehensive division

of the pollution degree level under multiple indexes.

According to the principle of the matter element analy-

sis method, the correlation function value between the

indicator vector and the evaluation matrix is obtained by

establishing the index evaluation matrix and normalizing

the indicator vectors (Li et al. ; Wang et al. b). In

this study, the evaluation matrix describes the five levels of

control standard for the total amounts of four types of pollu-

tant, and the index vector describes the total amount of four

types of pollutant sent to each node from the subcatchment

area. Thus, the correlation function values between the four

water quality evaluation indexes and five control standards

can be calculated. The correlation function value indicates

the degree of conformity of the matter-element to be evalu-

ated according to the standard level. The greater its value,

the higher the degree of conformity. Correlation values T

(Xj) can be calculated by Equations (2) and (3):

T (Xj) ¼
�θ(X, X0)

jX0j X ⊂ X0

�θ(X, X0)
θ(X, Xj)� θ(X, X0)

X 6⊂ X0

8>><
>>:

(2)

θ(X, X0) ¼ X�Aþ B
2

����
�����

1
2
(B�A) (3)

where X is the matter-element value of the water pollution

degree in the subcatchment area to be evaluated; X0 is the

value range for classic domain matter elements; Xj is the

value range for section domain matter elements; θ(X, X0)

represents the distance between X to a control standard

interval X0 (X0¼ [A,B], where A and B respectively indicate

the minimum and maximum value of the finite element

interval); and θ is the distance between X and the control

standard interval Xp (Xp¼ [Aj,Bj]).
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AHP is widely used in decision analysis systems as it is

convenient and practical for determining the index weight

(Miguez & Veról ). In this study, it is used to determine

the weight value of four types of water quality index. The

process is as follows: obtain the relative importance, rij, of

four types of evaluation index using the nine scale judgment

matrix (when ri is equally important as rj, rij¼ rji¼ 1; when ri
is slightly more important than rj, rij¼ 3, rji¼ 1/3; when ri is

obviously more important than rj, rij¼ 5, rji¼ 1/5; when ri is

intensively more important than rj, rij¼ 7, rji¼ 1/7; when ri is

extremely more important than rj, rij¼ 9, rji¼ 1/9), then

form the comparison matrix, F (Equation (4)), of evaluation

indicators. Simultaneously, employ the normalization

method to conduct hierarchical single ranking, then obtain

the weight vector W¼(v1, v2, v3, v4)
T, and finally perform

consistency checks. When the consistency ratio CR¼CI/

RI� 0.1, the available feature vector can be considered as

the weight value of each indicator if its degree of inconsis-

tency is within the allowable range and it passes the

consistency test. The operation process of AHP is relatively

cumbersome, so the MATLAB running program of AHP is

written to reduce repetitive operations.

F ¼ (rij) ¼

c1 c2 � � � cn
c1 r11 r12 � � � r1n
c2
..
.

cn

r21 r22 � � �
..
.

rn1

..

.

rn2

� � �
. . .

r2n
..
.

rn3

2
666664

3
777775

(4)

Eventually, to apply the two types of value to Equation

(5), the correlation function value determined by the

matter element analysis method and the weight value

determined by AHP are calculated. Then, in the related

subcatchment area, the comprehensive correlation function

value, T, between the water quality index and the total pol-

lution control standard is calculated:

T ¼ T(X1)v1 þ T (X2)v2 þ T (X3)v3 þ T(X4)v4 (5)

where T(X1), T (X2), T(X3), and T(X4) are the respective cor-

relation function values between four types of water quality

index and total quantity control standards; and v1, v2, v3,

and v4 are the weight values of the four water quality

indexes.
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The matter element analysis method and AHP compre-

hensively consider the pollution degree of the four water

quality assessment indicators and divide the subcatchment

area into corresponding pollution levels according to the

pollution total control standard. Therefore, this approach

provides a more accurate selection basis for the control

object of the storage tanks.
Approach to pollution ranking

As the matter element analysis method and AHP cannot

rank the pollution severity of the nodes at the same level,

this study uses the single factor index method to calculate

the comprehensive excessive multiple N of the pollution

degree in the subcatchment area (Equation (6)). Then, the

subcatchment area at the same level is sorted according to

the water quality pollution degree. The larger the N value,

the more serious the contamination:

N ¼ W
0
1

W1
v1 þW

0
2

W2
v2 þW

0
3

W3
v3 þW

0
4

W4
v4 (6)

whereW
0
1,W

0
2,W

0
3, andW

0
4 indicate the total amounts of the

four water quality indexes (kg) in the subcatchment area;

W1, W2, W3, and W4 are the total control standard values

(kg) of the four water quality indexes; and v1, v2, v3, and

v4 are the weight values of the four water quality indexes.

Through the pollution ranking module, the nodes under

the same pollution level are sorted precisely. When the con-

trol target is set to outfall rainwater to meet the established

water quality standards, the object to be controlled is the

node determined by the quantitative evaluation framework

and where the water pollution level is above the standard.
Design and simulation of the scheme

In order to verify how the runoff at different nodes affects

regional pollution, two schemes for determining the location

of storage tanks are adopted. One is setting decentralized

storage tanks in necessary subcatchment areas which can

directly collect the runoff of each subcatchment area accord-

ing to the pollution ranking of the corresponding nodes.

Thus, improvements of the water quality of the outfall can
://iwa.silverchair.com/ws/article-pdf/20/6/2069/766278/ws020062069.pdf
be assessed with the increase of the quantity of storage

tanks until it meets the treatment aim. The other scheme

is setting terminal storage to collect the incoming water,

which is the traditional approach for intercepting terminal

rainwater. The volumes of storage tanks of both schemes

are determined as follows.

There are three procedures for determining the volume

of the storage tank. Firstly, object selection: selecting the

nodes and outfalls of which the pollution level exceeds

the water quality control criterion (Surface Water Environ-

mental Quality Standard (SEPA )). Secondly, time

period setting: choosing the longest period of time among

the four time periods from the start of the rainfall to

when it accomplishes the target standard value for the

four indicators. Lastly, volume determination: determining

the certain volume of the storage tank as the volume of rain-

water flowing in within the longest time period.

Meanwhile, in order to compare the pollution control

effect between the terminal and decentralized storage tank

with the same volume, another terminal storage tank is set

whose volume is equal to the smallest total volume of the

decentralized tank.
CASE STUDY AND ANALYSIS

Overview of the study area

In this study, a region of Fuzhou in China was used as

the research area, and the model was established by using

InfoWorks ICM. The regional model consists of 301 sub-

catchments, 313 conduits, and 313 inspection nodes,

with a total subcatchment area of 890,000 m2. In addition,

Ditch Meiting at the end of the area drains rainfall into

Ming River.

Model construction

The underlying surface in the area was divided into four

types: roofs, pavements, green spaces, and mountains. A

fixed percentage runoff model was used to analyze the

roads and roofs whereas the Horton model was employed

for the green spaces and mountains. As the confluence

model, the Storm Water Management Model (SWMM)
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was used for all underlying surfaces. The local rainfall inten-

sity formula (Equation (7)) of Fuzhou was adopted to

conduct the simulation analysis on water quality. The peak

rainfall position was 0.398, the rainfall duration was

120 min, the simulation time was 3 h, and the recurrence

period was one year. In this study, two actual rainfall

events were used for calibration of the model, and the rel-

evant parameter values were regulated until the simulation

results agreed with the actual results. The result of hydraulic

model calibration showed that the NSE efficiency coeffi-

cient of terminal outfall flow is 0.89; the result of water

quality model calibration suggested the NSE efficiency coef-

ficient of TN, TP and NH3-N were all higher than 0.86,

except that of terminal outfall COD equaling 0.63.

i ¼ 14:715(1þ 0:633 lgP)

(tþ 11:951)0:724
(7)

In Equation (7), i represents the rainfall intensity (mm/

min); P is the designed recurrence interval (a); and t is the

rainfall duration (min).
Pollution-level classification and sorting results

When the rainfall was under the condition P¼ 1, the con-

centration of the four water quality indexes of the

rainwater discharged from the outlet first increased then

decreased. Particularly in the early stages of rainfall, it

greatly exceeded the standard value and showed a clear

initial effect (Figure 1). The total amount of the four pollu-

tants collected in each node within 3 h was obtained by

multiplying the corresponding concentration of the four pol-

lutants every 5 min, which is the minimum step of the

simulation in InfoWorks ICM, with the amount of rainwater

in the model, respectively. In order to avoid repeated calcu-

lation, only the rainwater collected from the corresponding

subcatchment area for each node was counted regardless of

the upstream water. Table 2 lists the top ten nodes based on

the amounts of NH3-N, COD, TN, and TP.

With regards to runoff pollution, TSS was shown to be

closely correlated with other pollutants in many previous

studies. The other main contaminants were also removed a

lot when most of the TSS had been removed (Cheng et al.

). However, there were still different results presented
om http://iwa.silverchair.com/ws/article-pdf/20/6/2069/766278/ws020062069.pdf
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in other studies. For example, TSS was poorly correlated

with TP and TN in the runoff of Sydney, Australia (Eka-

nayake et al. ), whereas it was better correlated with

total Kjeldahl nitrogen (TKN) but poorly correlated with

TP in the runoff of Doha, Qatar (Mamoon et al. ).

Zhang et al. (b) found that the COD of the runoff of

Handan, China, was strongly correlated with other pollu-

tants. As shown in Table 2, the difference between the

node ranking for NH3-N and COD in the top ten is small

and the correlation is good, but they are poorly correlated

with TN and TP (such as YS1307, YS122). Therefore, the

removal rate of NH3-N or COD cannot be directly used to

reflect the removal of TN and TP. Therefore, any one of

the indicators cannot indicate the overall water quality

changes. Thus, the four water quality indicators should all

be concerned in order to achieve the target standard

simultaneously. Among these nodes, the four water quality

indicators of YS1313 rank first or second, indicating that

the corresponding subcatchment area has the highest

degree of pollution. Nodes YS1333 and YS1340 also rank

highly, which should be of concern in the subsequent

layout scheme.

For the matter element analysis method, the criteria of

discrimination should be determined. According to the stan-

dard concentration values of the five levels in the Surface

Water Environmental Quality Standard (SEPA ) and

the average runoff of the subcatchment area collected

from each node in the InfoWorks ICM simulation, the

total pollutant control standards of the four indicators, cal-

culated using Equation (1), should be used as the criteria

for determining the severity of water pollution (Table 3).

For the AHP, the significance of the four water quality

indicators should be determined. According to the Statisti-

cal Yearbook (Fuzhou Statistics Bureau ) and the

Water Resources Bulletin (Fujian Provincial Department of

Water Resources ) of Fuzhou City from 2011 to 2015,

the environmental capacities of the four water quality indi-

cators of Ming River exhibit the following order: TP>

TN>COD>NH3-N; thus, the importance of the four

water quality indicators follows the opposite order. To

obtain the comparison matrix F, the nine scale judgment

matrix was adopted. Hierarchical single ranking was per-

formed to obtain CR¼ 0.0806< 0.1, which was consistent

with the consistency test. The weights of the four water



Figure 1 | Time-concentration curves of the water quality index in rainwater from Ditch Meiting: (a) NH3-N, (b) COD, (c) TN, and (d) TP.
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quality indicators are NH3-N: 0.3835, COD: 0.2732, TN:

0.2185, and TP: 0.1248.

F ¼

1
1
2

2 2

2 1 2 2

1
2

1
2

1
1
3

1
2

1
2

3 1

2
6666666664

3
7777777775

The comprehensive correlation function values between

the four water quality indicators of 312 nodes and the six

pollution levels are calculated using the matter element
://iwa.silverchair.com/ws/article-pdf/20/6/2069/766278/ws020062069.pdf
analysis method and AHP, respectively, along with Equation

(5). The greater correlation function value at a certain level

indicates the higher compatibility between the contami-

nation degree and the pollution level, which can be used

to classify the pollution grade. The results of the 312

nodes demonstrated that there were 267 nodes at level I,

19 at level II, nine at level III, seven at level IV, one at

level V, and nine at level VI (Table 3). As the matter element

analysis method and AHP cannot rank the contamination

degree for each node at the same level, the single factor

index method is introduced and the weight values in the

two methods are additionally used to calculate the compre-

hensive multiple N (Equation (6)). The aim of this process is



Table 3 | Total pollutant control standards of the four indicators

Indicator Level I (kg) Level II (kg) Level III (kg) Level IV (kg) Level V (kg) Level VI (kg)

COD (0, 5] (5, 5.5] (5.5, 6.5] (6.5, 10] (10, 13] >13

NH3-N (0, 0.05] (0.05, 0.2] (0.2, 0.35] (0.35, 0.5] (0.5, 0.7] >0.7

TP (0, 0.007] (0.007, 0.035] (0.035, 0.065] (0.065, 0.1] (0.1, 0.13] >0.13

TN (0, 0.07] (0.07, 0.2] (0.2, 0.35] (0.35, 0.5] (0.5, 0.7] >0.7

Table 4 | Comprehensive correlation function values and over-standard multiples for the level VI nodes

Node ID

Comprehensive correlation function value Over-standard multiple

Level I Level II Level III Level IV Level V Level VI NH3-N COD TN TP
Comprehensive over-standard
multiple N

YS1313 �0.963 �0.963 �0.963 �0.961 �0.960 0.040 23.534 7.052 28.078 20.631 19.662

YS1340 �0.632 �0.627 �0.620 �0.613 �0.605 0.185 7.397 7.851 7.043 5.026 7.148

YS1333 �0.593 �0.586 �0.577 �0.566 �0.553 0.211 8.561 6.792 3.985 3.307 6.422

YS305 �0.387 �0.518 �0.595 �0.609 �0.599 0.047 11.215 6.017 0.068 1.252 6.116

YS348 �0.465 �0.442 �0.409 �0.346 �0.265 0.040 2.471 1.123 1.999 1.276 1.851

YS339 �0.462 �0.438 �0.403 �0.335 �0.245 0.035 2.381 1.035 2.008 1.277 1.794

YS1258 �0.303 �0.479 �0.438 �0.508 �0.514 �0.229 3.147 1.712 0.029 0.349 1.725

YS1307 �0.308 �0.474 �0.458 �0.510 �0.505 �0.249 2.795 1.519 0.025 0.307 1.531

YS122 �0.332 �0.481 �0.485 �0.512 �0.493 �0.270 2.478 1.320 0.012 0.264 1.347

Table 2 | Total amount of rainwater contaminants collected from different nodes

Node ID

NH3-N COD TN TP

Amount (kg) Ranking Amount (kg) Ranking Amount (kg) Ranking Amount (kg) Ranking

YS1313 16.4740 1 91.6788 2 19.6542 1 2.6821 1

YS305 7.8503 2 78.2156 4 0.0476 45 0.1627 6

YS1333 5.9929 3 88.2953 3 2.7894 3 0.4299 3

YS1340 5.1782 4 102.0655 1 4.9300 2 0.6534 2

YS1258 2.2030 5 22.2564 5 0.0202 54 0.0453 13

YS1307 1.9566 6 19.7445 6 0.0174 57 0.0399 15

YS122 1.7346 7 17.1602 7 0.0082 60 0.0344 16

YS348 1.7296 8 14.6004 8 1.3992 5 0.1659 5

YS339 1.6667 9 13.4593 9 1.4056 4 0.1660 4

YS355 1.4744 10 11.3041 10 1.0180 6 0.1123 7

YS281 0.6833 14 5.7861 21 0.4889 7 0.0595 9

YS342 0.7997 12 7.1369 13 0.4875 8 0.0613 8

YS347 0.7291 13 6.4827 17 0.4594 9 0.0572 10

YS178 0.6301 18 5.0698 29 0.4438 10 0.0495 12
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to accurately rank the severity of water pollution at the same

pollution level (Table 4).

This research aims to control the rainwater discharged

from the outfall to meet the class V standard for water quality

by installing rainwater storage tanks to collect the initial rain-

water in the subcatchment area. According to the ranking

results obtained by the matter element analysis method and

AHP, the level VI nodes are selected as the control objects

for the collecting and processing of the initial rainwater.
Node ranking analysis

To verify the correctness of the ranking of level VI nodes, an

equal volume (1,400 m3) storage tank was installed on the

nine level VI nodes to collect rainwater in the correspond-

ing subcatchment area. The ratios of peak concentration

value of the outfall to the class V standard concentration

value for the four water quality indicators were used to

examine the impact of the storage tank locations on pol-

lution reduction (Figure 2).

When the ratio is less than 1, it means thewater quality of

thewater fromDitchMeiting reaches the class V standard. As

shown in Figure 2, all the ratios were significantly decreased

when the storage tank was installed at a node with a higher
Figure 2 | Verification of the validity of the level VI node ranking, showing the peak concentrati

volume (1,400 m3) storage tank is installed at the level VI nodes and the water qua

://iwa.silverchair.com/ws/article-pdf/20/6/2069/766278/ws020062069.pdf
pollution degree, which indicated that the location of the

storage tank has a particularly significant impact on the col-

lection of pollutants. When the storage tank was installed at

nodeYS1313,which has the highest pollution level in the sub-

catchment area, the water quality of the outfall was

significantly improved. Moreover, when only one storage

tank was installed, no matter where it was located, the four

water quality indicators of the regional outfall could not

reach the class V standard of surface water. The results indi-

cated that the quantitative evaluation framework can obtain

a valid and reasonable ranking of the pollution degree of

nodes and can provide the basis for the location selection

and design of decentralized storage tanks.
Discussion of simulation results

According to the volumetric design method in the section

above on ‘Design and simulation of the scheme’, the time

period for collecting water and the design volume of the sto-

rage tank are obtained for each level VI node and Ditch

Meiting (Table 5). The simulation results performed by Info-

Works ICM were statistically analyzed (Table 6).

The decentralized storage tanks are sequentially

arranged by their volumes from the highest to lowest
on value/class V standard concentration value according to storage tank location. An equal

lity change of Ditch Meiting is simulated.



Table 5 | Set volume of storage tanks

Node ID YS1313 YS1340 YS1333 YS305 YS348 YS339 YS1258 YS1307 YS122 Ditch Meiting

Collection time (min) 300 55 60 60 60 60 50 45 50 60

Volume (m3) 531.66 661.18 1,341.66 1,151.29 144.00 102.89 259.69 197.52 211.77 11,080.75

Table 6 | Simulation plan results for storage tanks

Scheme Quantity of storage tank Total volume (m3)

Peak concentration of Ditch Meiting
(mg/L)

Peak concentration/class V standard
value of Ditch Meiting

NH3-N COD TN TP NH3-N COD TN TP

Initial 0 0 3.679 60.000 4.026 0.531 1.840 1.500 2.013 1.328

Decentralized storage 1 531.66 2.474 54.800 2.647 0.236 1.237 1.370 1.324 0.590
2 1,192.84 2.063 44.114 2.186 0.216 1.032 1.103 1.093 0.540
3 2,534.50 2.090 42.821 2.286 0.223 1.045 1.071 1.143 0.558
4 3,685.79 2.164 42.229 2.414 0.234 1.082 1.056 1.207 0.585
5 3,829.79 2.075 41.059 2.211 0.163 1.038 1.026 1.106 0.408
6 3,932.68 1.957 41.367 2.094 0.171 0.979 1.034 1.047 0.428
7 4,192.37 1.861 39.200 1.975 0.172 0.931 0.980 0.988 0.430
8 4,389.89 1.840 36.19 1.966 0.173 0.920 0.905 0.983 0.433
9 4,601.66 1.840 36.058 1.962 0.175 0.920 0.901 0.981 0.438

Terminal storage 1 4,192.37 1.549 52.419 2.394 0.356 0.775 1.310 1.197 0.890
1 11,080.75 0.877 32.286 1.264 0.197 0.439 0.807 0.632 0.493

Figure 3 | Peak concentration value/class V standard concentration value according to

the number of storage tanks, showing changes in the four water quality indi-

cators of outfall water with an increasing number of storage tanks. In

decentralized storage, when the number of storage tanks is seven, eight or

nine, the indicators can simultaneously reach the class V standard for water

quality. Installing the tank in the first seven of the level VI nodes is the most

cost-effective solution.
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pollution level (Figure 3); as the number of storage tanks

increases, the concentration of pollutants in the outfall is

continuously reduced. When the number of storage tanks

is one, which is placed at the most polluted node

(YS1313), the reduction ratios of the four water quality indi-

cators in Ditch Meiting are the largest. Notably, TP reaches

the class V standard for water quality, indicating a marked

pollution reduction effect. The indicators of NH3-N, COD,

TN, and TP reach the class V standard for water quality

when the number of storage tanks is six, seven, seven and

one, respectively. Therefore, if seven or more storage tanks

are used, the outfall water can reach the class V standard

for water quality. Considering no obvious pollution

reduction is achieved by using more storage tanks, the pro-

ject which set up seven tanks near the first seven of the

level VI nodes is the optimal solution.

Regarding terminal storage, when the volume of the

storage tank is equal to the total volume of the seven

decentralized storage tanks in the optimal solution

(4,192.37 m3), only NH3-N and TP reach the class V standard.

When the volume of the terminal storage tank is 11,080.75 m3
om http://iwa.silverchair.com/ws/article-pdf/20/6/2069/766278/ws020062069.pdf
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the fourwater quality indicators reach the classV standard and

the optimization effect is rather apparent. However, as shown

in Table 6, the total volume of decentralized storage tanks in

the optimal solution is only 0.38 times that of the terminal sto-

rage, which can significantly cut down the construction cost.

As a traditional rainwater treatment method, terminal storage

has a certain effect on pollution control and the reduction of

the terminal peak; however, there are specific restrictions on

the control effect in the upstream and middle river (Mani

et al. ). The design of the storage tank should not only

avoid upstream floods, but also comprehensively consider

downstream pollution control and the construction costs of

the facilities. Therefore, it is difficult for traditional terminal

storage to achieve better control effects and meet quality

requirements. Storage tank layout should be considered

more for the overall area, not just for the terminal discharge

area (Wang et al. a). Decentralized storage can manage

the local peak value and pollution by setting the storage

tanks at near positions, achieving overall regional compliance

andhigher cost-effectiveness under the sameconstruction con-

ditions as terminal storage (Liu et al. ). As the first step in

the design of the scheme, storage tank locations directly affect

the subsequent optimization. Therefore, a rational design and

optimized layout of decentralized storage is key to current

urban water control.

In storage tank design, site selection is typically the first

step in optimization, which can be determined through land

use, laws and regulations, and capital budgets (Wang et al.

). Nevertheless, different layouts will result in different

control effects (Cunha et al. ). Flooding nodes are typi-

cally considered as locations for hydraulic storage tanks

(Mani et al. ), whereas no studies have attempted to

determine polluted nodes for water quality storage tanks.

Consequently, NH3-N, COD, TN, and TP were selected as

indicators of water quality and the matter element analysis

method and AHP were used to classify the comprehensive

pollution degree of the nodes and obtain the candidate

nodes requiring control. Additionally, the single factor

index method was employed for accurate pollution sorting

of candidate nodes of the same level and to obtain the pre-

ferred tank layout. According to the results of this study,

our approach results in the storage tank being installed at

the preferred position that leads to the four water quality

indicators of the outfall rainwater reaching the set target.
://iwa.silverchair.com/ws/article-pdf/20/6/2069/766278/ws020062069.pdf
Moreover, the cost-effectiveness of this scheme is better

than that of the traditional terminal storage scheme.

To summarize, the storage tank layout scheme deter-

mined by the proposed strategy exhibits higher pollutant

removal efficiency and can greatly reduce the investment

costs of the storage tanks. This approach has been proved

suitable for optimizing the location of storage tanks with

the purpose of pollution reduction and cost saving.
CONCLUSIONS

Previous research on decentralized storage tank locations

has rarely considered the characteristics of initial rainwater

quality, which has led to unsatisfactory storage tank

locations. This study proposed an optimal design strategy

with consideration of multi-objective control. A pollution-

level classification module was employed to divide all

nodes into different pollution levels and a sorting module

was adopted to comprehensively rank the pollution degree

of the nodes at the same level. This strategy was then applied

to a practical case study in Fuzhou, China. The application

results confirmed that storage tanks using this design strat-

egy can effectively reduce pollutants and are more

economical than a terminal storage tank. The strategy

approached in this paper is applicable to the optimization

of storage tank design for the purpose of pollution

reduction. Subsequent research will further optimize the

control method of the storage tank to make it more efficient.
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