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Abstract In recent years, plenty of simulation research about the low impact
development(LID) control effect has emerged, but studies on scheme comparison and evalu-
ation are lacking. In this study, a comprehensive benefit evaluation system for LID, including
environmental, economic, and social benefits, was established on the basis of Analytic
Hierarchy Process(AHP) and urban storm water model. Above all, benefit identification,
quantitative evaluation and scheme comparison of single LID measures were obtained accord-
ing to site investigation, simulated calculation and theoretical analysis. Whereafter, LID
combination plans were designed based on single LID measures with high comprehensive
benefit values, and their comprehensive benefits were evaluated to obtain the optimal plan.
Then, based on well-founded system combined with Storm Water Management Model
(SWMM), the design and optimization of LID were conducted, with a case in Xi’an, China.
It turned out that the preferential order of the LID single measures according to the compre-
hensive benefit was: bio-retention > rain barrels > low-elevation greenbelt > green roofs >
permeable pavement. Five LID combination plans were designed based on bio-retention, rain
barrels, low-elevation greenbelt, and green roofs. Evaluation results showed that plan I (bio-
retention and green roofs) was the optimal LID combination plan.
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1 Introduction

In recent years, global climate change and urbanization development has prompted great
changes in hydrology environment. And, flood control, non-point source pollution control
and comprehensive utilization of water resources are facing new challenges. Low impact
development(LID) has been used in many countries as a new strategy for urban water
environmental protection and sustainable storm water management which was proposed by
Prince George’s County in the 1990s (Davis et al. 2012; Winston et al. 2016). LID is an
effective tool used to manage stormwater at the source with decentralized micro-scale control
measures (Liu et al. 2016). Currently, bio-retention, rain gardens, green roofs, vegetation
swales, permeable pavements, low-elevation greenbelts, and rain barrels are considered main
LID measures. The control effect of LID measures were compared through Storm Water
Management Model(SWMM) simulation (Baek et al. 2015; Villarreal and Annette 2004;
Katherine et al. 2010). Moreover, the LIDs’ areas and locations were determined on the basis
of simulation results (Ghodsi et al. 2016).

However, there are plenty of studies about LID effect simulation except LID plan compar-
ison and benefit evaluation. Optimal selection of LID combination plans is of great importance
in the design and construction of a new city (Jia et al. 2015). The lack of studies in this field
has done lots of problems which resulted in a slower adoption rate for LID. Therefore, it is a
task that brooks no delay to creatively establish a comprehensive benefit evaluation system for
LID on the basis of site investigation, theoretical analysis and simulated calculation. The
system should take LID measure design as the principal thing combining with environmental
benefit, economic benefit, social benefit and other controls, and provides optimal selection of
LID plan in design philosophy, evaluation system and plan optimization. Through these the
design manager is able to fully comprehend the comprehensive benefit of LID, and change the
thought of storm water Management. And then, the difficulty of LID popularization will be
overcome.

This study aims to: (1) establish an evaluation system for comprehensive benefit of LID
single measures and LID combination plans based on analytic hierarchy process (AHP); (2)
apply a paradigm of the Chan River in Xi’an city as the study area and obtain the preferential
order of LID single measures and LID combination plans according to comprehensive benefits
based on the well-founded evaluation system; (3) determine the optimal LID combination
plans suitable for local situation and provide a basis for project planning and design of LID
combination plans.

2 Establishment of an Evaluation System

Based on urban stormwater simulation software (SWMM, InfoWorks-ICM, Mike-Urban.), the
comprehensive benefit of LID measures were evaluated combining with AHP. Then, an
evaluation system for comprehensive benefit of LID was established.

2.1 Regional Assessments of the Study Area

The regional assessments of the study area should be performed before the preliminary design
of LID. The corresponding factors of basic situation about the study area should be effectively
evaluated according to site investigation; these factors include site condition (the boundary of
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site, land use type and Setback Line), terrain topography (slope and exposure), edaphic
conditions (soil type and soil infiltration), and hydrological regime (groundwater condition
and water distance).

2.2 Appropriate LID Measures

Appropriate LID measures were initially set up based on data gathered, which included a
covering feasibility, types of measures, and adoptable area for construction after site investi-
gation. Then, an urban stormwater model of the study area was built.

First, feasibility analysis was implemented for the selected LID single measures. The
destruction of the study area and the influence of construction on immediate surroundings
were synthetically considered. Second, appropriate LID measures were initially set up accord-
ing to stormwater management targets. Subsequently, the adoptable area was analyzed based
on regional assessment results. The structural features and limiting factors of appropriate LID
measures were considered. Finally, the control effects of LID measures for runoff volume,
peak runoff, and runoff pollution were simulated by building a proper urban stormwater model
(Duan et al. 2016).

2.3 Comprehensive Benefit of the Selected LID Measures

Based on the above parameters, the comprehensive benefits to select LID measures were
evaluated; these benefits include environmental, economic, and social benefits.

2.3.1 Environmental Benefit

The bearing pressure of the urban drainage network could be relieved, and the probability of
urban waterlogging could be decreased (Cipolla et al. 2016). Simultaneously, the receiving
water could be kept away from contamination, and urban non-point pollution would be
effectively controlled. In this section, control effects of a single LID measure were quantita-
tively evaluated based on the urban stormwater model. The main estimation indexes of
environmental benefits include runoff volume reduction, peak discharge reduction, flood peak
retardation time, and reduction of principal pollutants including suspended solids(SS), chem-
ical oxygen demand(COD), total nitrogen(TN) and total phosphorus(TP).

2.3.2 Economic Benefit

Economic benefit was mainly reflected in the following aspects. First, the construction cost of
public infrastructure, the public service industry, and site development were decreased.
Second, the control cost of combined sewerage overflow and deluge was reduced. Third, the
license fees of stormwater discharge were reduced. Finally, the comfort level and land value
were promoted. The costs, operating charges, and maintenance fees of civil construction were
mainly considered in this study because of lacking relevant information (Chui et al. 2016).
Intuitively, the reduction of these three expenses could represent economic benefit. The civil
construction cost covers the initial investment (land cost, construction cost, and installation
cost), design expenses, and additional charges (cost of site investigation, programs, and
design). Operating charges and maintenance fees included the cost of labor, materials, energy,
equipment, and cleaning.
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2.3.3 Social Benefit

Several advantages of LID measures contribute to social benefit. Not only municipal sewage
reuse but also rainfall exploitation and utilization are a great way to save high-quality water
resources, ease imbalance between water supply and demand, and provide abundant water for
the townscape (Aryal et al. 2016). However, the comprehensive utilization of water can
maintain the natural hydrological cycle, increase the underwater recharge, regulate climate,
alleviate the island effect of urban heat, and provide some habitats for birds and insects. From
the public perspective, improved water management could not improve their quality of life and
enhance the publicity and awareness of environment protection. In summary, the social
benefits of LID measures depend on the utilization of rainwater, the value of the townscape,
and its ecological functions in this study.

2.3.4 Evaluation Methodology

Given the complexity of evaluation and the lack of quantitative data, multi-objective decisions
of environmental, economic, and social benefits were evaluated based on AHP by the software
yaahp (Calabrese et al. 2016). The main procedures are presented.

(1) Construction of the hierarchical structure model

The elements contained in unsolved decision problems were analyzed and aggregated
together according to different layers based on their associated impacts and administrative
relationship. The hierarchical structure model including a destination layer, several criterion
layers, and a schematic layer was constructed (Fig. 1a). The destination layer was the intended
target of problem analysis or the ideal result. The criterion layer was composed of various
elements, which covered the intermediate steps for achieving the goal. The schematic layer
provided various measures or plans to achieve the goal.

(2) Construction of the comparison and judgment matrix

At each layer, pairwise comparison of elements was performed with scale quantization. The
comparison and judgment matrix was subsequently constructed. Generally, the importance
between both elements at the same layer was determined under these guidelines. The degrees
of importance are commonly evaluated from 1 to 9 (1 represents that the importance of two
elements was equal; 3, 5, 7 and 9 represents that the former is slightly, obviously, strongly and
extremely more important than the latter respectively; 2, 4, 6 and 8 are the medians of the
above-mentioned adjacent judgments. Of course, if the ratio of the importance between i and j
was aij, then the importance between i and j was aji = 1/aij.).

(3) Single hierarchical arrangement and consistency check

The single hierarchical arrangement was used to calculate the eigenvector and eigen-
value of the related judgment matrix. That is, the order of weighted values and the vector
of relative importance were determined, such that elements at the same layer were
affected in some elements at the upper layer. Currently, the proper values with its
eigenvector were estimated using eigenvalue method (EM), square root method, sum
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and product method (ANC), and least squares method (LSM). ANC was used in the
present research.

In addition, the logical sense of single hierarchical arrangement could only be proved after
the consistency check. The calculation steps were as follows.

First, the consistency index (CI) was calculated with the following formula.

Fig. 1 (a) Hierarchical structure model. Hierarchical model of (b) environmental benefit, (c) economic benefit
and (d) social benefit in the study area
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CI ¼ λmax−n
n−1

ð1Þ

Where, CI is the consistency index (if CI = 0, the established matrix was a completely
consistent matrix; if CI is close to 0, the consistency of the judging matrix was satisfactory; if
the value of CI is high, the consistency of the judging matrix was worse); n is the only nonzero
characteristic root; λmax is the maximal eigenvalue of the matrix (the higher is λmax than n, the
worse is the consistency of the judging matrix).

Second, the random index (RI) was determined as shown in follows: when the matrix order
are from 1 to 9, RI are 0, 0, 0.52, 0.89, 1.12, 1.24, 1.32, 1.41 and 1.45 respectively.

Third, the consistency ratio (CR) was calculated with the following formula.

CR ¼ CI
RI

ð2Þ

Where, CR is the consistency ratio; CI is the consistency index; RI is the random index.
The consistency check was usually determined by the consistency ratio. When CR > 0.1,

the comparison and judgment matrix did not meet the requirements for consistency. Therefore,
the comparison and judgment matrix would be reconstructed. When CR < 0.1, the preferred
consistency of the comparison and judgment matrix was obtained.

(4) Hierarchical total ranking and consistency check

The order of weight values was finally determined for the relative importance by
which elements at a schematic layer affected some element at the destination layer. The
optimal LID combination plan was selected by considering the merits or defects of each
plan in terms of various elements. Hierarchical total ranking was conducted by calculat-
ing the combination of weigh vectors of each hierarchical element and the objectives,
arranging the calculations from top to bottom, and synthesizing them step by step.
Consequently, the large weight of the total sorts is considered to be the optimal plan.
Finally, checking was performed after hierarchical total ranking in a similar manner as
the previous step.

2.3.5 Comprehensive Benefit

Comprehensive benefit was evaluated using weighted sum method based on the evaluation
of environmental, economic, and social benefits. The formula of weighted sum method
was:

Y i ¼ ∑
n

j¼1
Y ij ð3Þ

Where, Yi is the comprehensive benefit of the ith LID measure; and Yij is the jth quantized
value of the ith LID measure.

High calculated value of the comprehensive benefit led to improved performance of
the LID measure. Finally, the LID measure with a higher comprehensive benefit was
obtained.
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2.4 Comprehensive Benefit of LID Combination Plans

Various LID combination plans were set in practical projects to prevent the fewness of
stormwater management measures (Qin et al. 2013). Therefore, LID single measures with
high benefit value were combined into plans. These plans were then evaluated. The evaluation
method of the comprehensive benefit was similar between LID single measures and combi-
nation plans. The key point was the comprehensive assessment of environmental, economic,
and social benefits. Finally, the optimal LID measure for the study area was obtained when
combined with the calculated results of the comprehensive benefit. A comprehensive benefit
evaluation system for LID of urban stormwater management measures was established based
on the above mentioned method (Fig. 2).

3 Case Study

3.1 Site Description

The area of Xiying Road-Chan River in Xi’an City was selected as study area. The study area is
characterized by East Asian warm temperate continental monsoon climate with four distinctive
seasons. Winter and spring are cold and dry by the influence of northwest airflow. Meanwhile,
summer and autumn are hot and rainy by the influence of southeast airflow. The extent of the
study area is east from Changtian Road and Wanshou Road, west to East Second Ring Road,
south from Xiying Road and Xianning East Road, and north to Changle Road, with a total
catchment area of approximately 802 ha.

Site condition Terrain topography Edaphic condition Hydrological regime

Regional assessments of study area

Appropriate LID measures

Feasibility Types of measures Adoptable area
for construction

Model
specification

Comprehensive benefit of single LID measure

Environmental benefit Economic benefit Social benefit

Water quantity Water quality Civil construction
cost

Maintenance
charge

Utilization of
rainwater resource

Landscape
value

Ecological
function

Comprehensive benefit of LID combination plans

Environmental benefit Economic benefit Social benefit

The evaluation system for comprehensive benefit of LID

Model calibration and
verification

The optimal LID combination

Water quantity and
quality data

AHP

AHP

The urban
stormwater model

The optimal single LID measures

Fig. 2 Comprehensive performance evaluation system of LID measures
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3.2 Appropriate LID Measures

3.2.1 SWMM Model of the Study Area

SWMM was selected as the urban stormwater management model in this study because the
hydrologic effect, hydraulic characteristics, and water purification could be efficiently simu-
lated in different cases of land utilization (Gironás et al. 2010).

(1) Generalization of the study area

In compliance with the principle of generalization, the study area was divided into 80
sub-catchments, 97 conduits, 97 junctions, and 1 outfall according to the topography and
rainwater pipe network distribution map of the study area. The division results are shown
in Fig. 3. The area of each sub-catchment was between 2.88 and 62 ha. All drainage pipes
in the study area were reinforced concrete circular pipes with a pipe diameter between 500
and 2500 mm.

(2) Model parameters

On the basis of available data and model principle, the land-use types of the study area were
classified as traffic, industrial, commercial, and residential areas. The Horton model was
selected to simulate infiltration, and the maximum and minimum infiltration rates were
respectively 76 mm/h and 3 mm/h. The nonlinear reservoir model was selected to simulate
convergence. The kinematic wave equation and the completely mixed first-order attenuation

Fig. 3 Generalized map of the study area
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equation were selected to simulate water movement in the pipeline transmission system (Li
et al. 2016). SWMM model parameters were calibrated and validated according to the
synchronous rainfall, water quality and quantity monitoring data of four rainfall processes
(20130828, 20131014, 20140613 and 20140830) in the study area. The calibrated values of
average slope, N-Imperv(Manning coefficient of impervious surface), N-Perv(Manning coef-
ficient of pervious surface), Dstore-Imperv(Depression storage of impervious surface), Dstore-
Perv(Depression storage of pervious surface) and Zero-Imperv(area percentage of no depres-
sion storage) are 0.5%, 0.015, 0.1, 0.01 mm, 3 mm and 25% respectively.

3.2.2 LID Measures

The study area was built as a flourishing region; thus, LID measures with large areas could not
be constructed. Bio-retention, green roof, permeable pavement, low-elevation greenbelt, and
rain barrels were selected as appropriate LID measures in this study.

Guideposts of the sponge city and specific conditions of different blocks were considered in
area determination of LID measures. The recommended value of the construction area was
determined based on the assessment standards of the sponge city including Engineering
Technical Code for Rain Utilization in Building and Sub-district (GB 50400–2006), Evalua-
tion Standard of Green Building (GB 50378–2006), Engineering Technical Code for Rain
Utilization of Shenzhen City (SZDB/Z 49–2001), and the Sino-Singapore Tianjin Eco-city
Green Building Evaluation Standard.

3.3 Comprehensive Benefit of Select LID Measures

The comprehensive benefits of LID single measures were evaluated according to their
environmental, economic, and social benefits.

3.3.1 Environmental Benefit

Given bio-retention as an example, the conditions of outflow volume and contaminant in the
study area were simulated before and after the addition of the LID measures.

(1) Simulation settings

The bio-retention was projected in the study area based on SWMM. The construction area
of bio-retention was 66.45 ha, which was 8.2% of the study area. The design parameters of
bio-retention were settled based on the design requirements and recommended values from
SWMM. Meanwhile, the rainfall for one hour with a return period of 2 years was designed
based on the Xi’an City rainfall intensity formula and the Chicago rainfall pattern.

(2) Simulation results

The conditions of the outflow volume and contaminant in the study area were simulated
before and after the addition of bio-retentions once every 2 years (Table 1).

The simulation settings of green roofs, permeable pavement, low-elevation greenbelt, and
rain barrels were determined using the same method. The construction areas were 71.88,
90.12, 66.45, and 71.88 ha, which accounted for 9.6%, 11.1%, 8.2%, and 9.6% of the study
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area respectively. The design parameters of these LID single measures were settled based on
the design requirements and recommended values from SWMM. The construction area of low-
elevation greenbelts was set to be the same as that of bio-retention to compare the regulation
effects among LID single measures, and the construction area of the rain barrels was the same
as that of the green roofs. The conditions of the outflow volume and contaminant in the study
area were simulated before and after the addition of LID measures once every 2 years
(Table 1).

(3) Environmental benefit was evaluated by AHP

First, the hierarchical structure model was constructed based on the evaluation methodol-
ogy of environmental benefit (Fig. 1b). Second, the comparison and judgment matrix was
constructed. Comparison as well as judgment matrix and its assignment were constructed
based on the environmental benefits of the select LID measures in Tables 1 and 2. Third, the
single hierarchical arrangement and consistency were checked while the results of the weight

Table 1 Environmental benefit of designate LID measures

LID measures Volume reduction Pollution reduction

Peak
flow

Peak flow
arrival time

Total runoff
amount

COD SS TN TP

Bio-retention 36.46% 9 min 38.79% 28.32% 34.46% 36.10% 33.68%
Green roofs 24.56% 5 min 29.92% 19.06% 22.94% 24.61% 22.61%
Permeable pavement 18.37% 3 min 22.62% 13.31% 16.01% 17.44% 15.85%
Low-elevation greenbelt 26.39% 6 min 30.00% 19.61% 23.74% 25.38% 23.34%
Rain barrels 6.01% 0 min 11.27% 5.34% 6.17% 6.99% 6.24%

Table 2 Comparison and judgment matrix of environmental benefit indexes

A B1 B2 B1 C1 C2 C3 B2 C4 C5 C6 C7 C1 D1 D2 D3 D4 D5

B1 1 1 C1 1 2 3 C4 1 1 1 1 D1 1 2 3 2 6
B2 1 1 C2 1/2 1 2 C5 1 1 1 1 D2 1/2 1 2 1/2 4

C3 1/3 1/2 1 C6 1 1 1 1 D3 1/3 1/2 1 1 3
C7 1 1 1 1 D4 1/2 2 1 1 5

D5 1/6 1/4 1/3 1/5 1
C2 D1 D2 D3 D4 D5 C3 D1 D2 D3 D4 D5 C4 D1 D2 D3 D4 D5
D1 1 2 3 2 4 D1 1 3 4 3 6 D1 1 2 4 2 6
D2 1/2 1 2 1 3 D2 1/3 1 2 1/2 4 D2 1/2 1 2 1 4
D3 1/3 1/2 1 1/2 2 D3 1/4 1/2 1 1/3 2 D3 1/4 1/2 1 1/2 3
D4 1/2 1 2 1 3 D4 1/3 2 3 1 4 D4 1/2 1 2 1 4
D5 1/4 1/3 1/2 1/3 1 D5 1/6 1/4 1/2 1/4 1 D5 1/6 1/4 1/3 4 1
C5 D1 D2 D3 D4 D5 C6 D1 D2 D3 D4 D5 C7 D1 D2 D3 D4 D5
D1 1 3 4 3 6 D1 1 3 2 1 6 D1 1 3 5 3 7
D2 1/3 1 2 1 3 D2 1/3 1 2 1 4 D2 1/3 1 2 1 4
D3 1/4 1/2 1 1/2 2 D3 1/2 1/2 1 1/2 3 D3 1/5 1/2 1 1/3 3
D4 1/3 1 2 1 4 D4 1 1 2 1 4 D4 1/3 1 3 1 4
D5 1/6 1/3 1/2 1/4 1 D5 1/6 1/4 1/3 1/4 1 D5 1/7 1/4 1/3 1/4 1

A - environmental benefit; B1- water quantity control; B2- water quality control; C1- total runoff amount; C2 -
peak runoff reduction; C3 - peak flow arrival time retardation; C4 - reduction rate of TN; C5 - reduction rate of
TP; C6 - reduction rate of COD; C7 - Reduction rate of SS; D1 - bio-retention; D2 - green roofs; D3 - permeable
pavement; D4 - low-elevation greenbelt; D5 - rain barrels
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vector and the inspection were calculated (Table 3). The calculations showed that all consis-
tency ratios(CRs) in Table 3 were less than 0.1. In other words, the results conformed to the
requirements of the consistency check. Finally, the hierarchical total ranking and consistency
were checked. Hierarchical total ranking was conducted based on the consequences of single
hierarchical arrangement. The results are presented in Table 4.

The CR of C layer was 0.0147, and the CR of D layer(Environmental benefit) was 0.0159.
The calculations showed that all CRs were less than 0.1. In other words, the results conformed
to the requirements of the consistency check. The preferential order of LID single measures
based on the environmental benefit was: bio-retention > low-elevation greenbelt > green roofs
> permeable pavement > rain barrels.

3.3.2 Economic Benefit

The hierarchical structure model of economic benefit was constructed (Fig. 1c). The
comparison and judgment matrix were also constructed based on the civil construction
cost and maintenance charge of these five LID single measures. Hierarchical total
ranking was conducted based on the consequences of single hierarchical arrangement
(Table 5).

The CR of C layer(Economic benefit) was 0.0355, which is less than 0.1. Hence, the results
conformed to the requirements of consistency checks. The preferential order of LID single
measures based on economic benefit was as follows: rain barrels > low-elevation greenbelt >
green roofs > permeable pavement > bio-retention.

Table 3 Calculated weight vector and inspection results of environmental benefit evaluation

A Single
ordering
weight
value

B1 Single
ordering
weight
value

B2 Single
ordering
weight
value

C1 Single
ordering
weight
value

C2 Single
ordering
weight
value

B1 0.5 C1 0.5396 C4 0.25 D1 0.3845 D1 0.375
B2 0.5 C2 0.297 C5 0.25 D2 0.2157 D2 0.2154
λmax 2 C3 0.1634 C6 0.25 D3 0.1239 D3 0.1208
CI 0 λmax 3.0092 C7 0.25 D4 0.2255 D4 0.2154
CR 0 CI 0.0046 λmax 4 D5 0.0504 D5 0.0735

CR 0.0088 CI 0 λmax 5.0369 λmax 5.0331
CR 0 CI 0.0092 CI 0.0083

CR 0.0082 CR 0.0074
C3 Single

ordering
weight
value

C4 Single
ordering
weight
value

C5 Single
ordering
weight
value

C6 Single
ordering
weight
value

C7 Single
ordering
weight
value

D1 0.4534 D1 0.4039 D1 0.4632 D1 0.3456 D1 0.4759
D2 0.1639 D2 0.2139 D2 0.1816 D2 0.2054 D2 0.1833
D3 0.0941 D3 0.116 D3 0.1043 D3 0.1387 D3 0.095
D4 0.2345 D4 0.2139 D4 0.1924 D4 0.2559 D4 0.1987
D5 0.0541 D5 0.0522 D5 0.0585 D5 0.0544 D5 0.0471
λmax 5.1241 λmax 5.0392 λmax 5.0491 λmax 5.1378 λmax 5.1021
CI 0.0310 CI 0.0098 CI 0.0123 CI 0.0344 CI 0.0255
CR 0.0277 CR 0.0088 CR 0.011 CR 0.0308 CR 0.0228

λmax is the maximal eigenvalue of matrix; CI is the consistency index; and CR is the consistency ratio
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3.3.3 Social Benefit

The social benefit of LID measures depends on the utilization of rainwater, the value of
the townscape, and its ecological function. The hierarchical structure model for eco-
nomic benefit was constructed (Fig. 1d). The social benefits of the selected LID
measures were divided into the following classes for evaluation: nothing, low, lower,
medium, higher, and high. The comparison and judgment matrix and assignment was
constructed based on the social benefit of the selected LID measures. Hierarchical total
ranking was conducted based on the consequences of single hierarchical arrangement
(Table 5).

The CR of C layer(Social benefit) was 0.0149, which is less than 0.1. Hence, the results
conformed to the requirements of the consistency check. The preferential order of LID single
measures based on social benefit was: rain barrels > bio-retention > green roofs > low-
elevation greenbelt > permeable pavement.

3.3.4 Comprehensive Benefit

Weighted sum method was adopted to evaluate the comprehensive benefit of these five LID
measures. Comprehensive efficiency value was calculated by summation of index weights
(Table 5). The preferential order of LID single measures based on the comprehensive benefit
was: bio-retention > rain barrels > low-elevation greenbelt > green roofs > permeable
pavement.

Table 4 Results of hierarchical total ranking of environmental benefit evaluation

C layer General ranking weight value D layer General ranking weight value

C1 0.2698 D1 0.4076
C2 0.1485 D2 0.2016
C3 0.0817 D3 0.1158
C4 0.1250 D4 0.2196
C5 0.1250 D5 0.0554
C6 0.1250
C7 0.1250

Table 5 Comprehensive efficiency value (General ranking weight value) of LID measures

LID measures Environmental
benefit
(D layer)

Economic benefit
(C layer)

Social benefit
(C layer)

Comprehensive
benefit

Bio-retention 0.4076 0.0609 0.2968 0.7653
Green roofs 0.2016 0.1443 0.2186 0.5645
Permeable pavement 0.1158 0.087 0.0868 0.2896
Low-elevation greenbelt 0.2196 0.3175 0.0900 0.6271
Rain barrels 0.0554 0.3904 0.3079 0.7537
Plan I 0.3814 0.0435 0.2946 0.7195
Plan II 0.0899 0.0786 0.2989 0.4674
Plan III 0.1644 0.2329 0.1429 0.5402
Plan IV 0.0516 0.4851 0.1389 0.6756
Plan V 0.3137 0.1599 0.1247 0.5983
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3.4 Comprehensive Benefit of LID Combination Plans

According to the evaluation of LID single measures based on comprehensive benefits, the
permeable pavement was eliminated for constructing LID combination plans because its
comprehensive benefit was the lowest among the five LID single measures. Therefore, the
five LID combination plans were composed of bio-retention, green roof, low-elevation
greenbelt, or rain barrels.

Plan I: Bio-retention + Green roofs
Plan II: Bio-retention + Rain barrels
Plan III: Green roofs + Low-elevation greenbelt
Plan IV: Low-elevation greenbelt + Rain barrels
Plan V: Green roofs + Low-elevation greenbelt + Rain barrels

Based on the same method for evaluating the comprehensive benefit of LID single
measures, the comprehensive benefits of these five LID combination plans were obtained
(Table 5). The results showed that the preferential order of LID combination plans was: Plan I
>Plan IV > Plan V > Plan III > Plan II. Although the economic benefit of Plan I was relatively
low, the environmental and social benefits were high. Overall, Plan I (bio-retention and green
roofs) was the optimal LID combination plan. For Plan IV, the environmental benefit was
relatively low, but economic and social benefits were high.

4 Conclusions and Recommendations

The SWMM model of the Chan River study area was constructed based on the well-founded
evaluation system.

The preferential order of LID single measures based on the comprehensive benefit was: bio-
retention > rain barrels > low-elevation greenbelt > green roofs > permeable pavement. Five
LID combination plans were designed with bio-retention, rain barrels, low-elevation greenbelt,
and green roofs. These combinations are Plan I (Bio-retention + Green roofs), Plan II (Bio-
retention + Rain barrels), Plan III (Green roofs + Low-elevation greenbelt), Plan IV (Low-
elevation greenbelt + Rain barrels), and Plan V (Green roofs + Low-elevation greenbelt + Rain
barrels).

For the environmental benefit of LID combination plans, the preferential order was: Plan I
> Plan V > Plan III > Plan II > Plan IV. For the economic benefit of LID combination plans,
the preferential order was: Plan IV > Plan III > Plan V > Plan II > Plan I. For the social benefit
of LID combination plans, the preferential order was: Plan II > Plan I > Plan III > Plan
IV > Plan V. In conclusion, for the comprehensive benefit of LID combination plans, the
preferential order was: Plan I > Plan IV > Plan V > Plan III > Plan II. Plan I (bio-retention and
green roofs) was the optimal LID combination plan. Although economic benefit of Plan I was
relatively low, its environmental and social benefits were high. Overall, Plan I (bio-retention
and green roofs) was the optimal LID combination plan. For Plan IV, the environmental benefit
was relatively low, but the economic and social benefits were high.

Therefore, future studies should: (1) step up efforts of rainfall synchronous monitoring and
data collection and provide a basis for establishment of an urban stormwater management
model; (2) improve the evaluation system by considering various factors; (3) quickly build the
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database of the engineering economic cost of LID measures for different regions in China and
reasonably provide a basis for design cost accounting of LID measures in urban stormwater
management.
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