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Abstract: Flooding has been reported more often than in the past in most cities of China in recent
years. In response, China’s State Council has urged the 36 largest cities to update the preparedness to
handle the 50-year rainfall, which would be a massive project with large investments. We propose
a staged optimization design for updating urban drainage that is not only a flexible option against
environmental changes, but also an effective way to reduce the cost of the project. The staged
cost optimization model involving the hydraulic model was developed in Fuzhou City, China.
This model was established to minimize the total present costs, including intervention costs and
flooding costs, with full consideration of the constraints of specific local conditions. The results
show that considerable financial savings could be achieved by a staged design rather than the
implement-once scheme. The model’s sensitivities to four data parameters were analyzed, including
rainfall increase rate, flood unit cost, storage unit cost, and discount rate. The results confirm the
applicability and robustness of the model for updating drainage systems to meet the requirements.
The findings of this study may have important implications on urban flood management in the cities
of developing countries with limited construction investments.

Keywords: urban flood management; urban drainage systems; staged optimization model;
optimization design; sensitivity analysis; China

1. Introduction

The observation of increased urban flooding events has become a serious issue in many parts
of the world [1–3]. In China, the urban flooding events caused great economic damage and some
casualties have been widely reported in recent years [4–6]. Only in 2012, many mega-cities such
as Beijing, Shanghai, Wuhan, Guangzhou, Shenzhen, Chongqing and Nanjing, experienced serious
flooding, particularly the July 2012 flood disaster in Beijing City killing 79 people and causing the loss
of at least 10 billion Yuan [4,7,8]. From 2008 to 2010, 62 percent of 351 cities surveyed in China suffered
flooding events, and among them 137 cities experienced flooding three times according to the statistics
released by China’s government [4,9].

In response to the increased flooding events, there is an urgent need for efficient action in flooding
management by the government of China. In 2013, the State Council of China released guidelines to
improve urban infrastructure, in which one of the tasks was to boost infrastructure for urban flood
fighting [10,11]. Following the guidelines, the drainage systems in the cities should be upgraded to
handle heavy rains and prevent flood events triggered by extensive rainfall. Specifically, a relatively
complete drainage system should be updated to handle a 50-year rainfall in about 15 years in the
36 largest cities, including four of the largest municipalities and capital cities. The local governments
in China often ignore the development of infrastructure like drainage systems in their pursuit of
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economic growth, which results in the frequent flooding event reported even during moderate rains
(24-h rainfall between 10.0–24.9 mm). In fact, the current drainage systems in 70% of the cities of
China are not able to handle a five-year rainfall event [9,12]. This means that upgrading the drainage
system in China’s cities to handle a 50-year rainfall event would be a massive project with large
investments. Thus, reduction of the cost of the project is a key concern and could significantly benefit
these cities. An optimization design for updating urban drainage is an effective way to reduce the cost
of the project.

Many studies have been dedicated to the optimal design of drainage facilities. There are
two optimal models within drainage facility design: (1) The hydrology and hydrodynamic model [13,14];
and (2) the probabilistic cost-effective model [15]. Recently, some researchers have developed the
multi-objective optimal design of drainage facilities incorporating the hydraulic model with the
cost-effective model [16–18]. These models are developed with typical multi-objective optimal design
situations such as the minimum flooding risk and cost, and common hydraulic constraints such
as runoff volume and peak flow rate. However, for some of China’s cities with special objectives
and constraints like local design principles, these models may be invalid [19,20]. Moreover, these
previous studies focused on a small scale such as a community, to optimize the drainage facility
design at the initial stages. This study, however, takes the whole urban area into consideration for
the optimization of drainage facilities with special objectives and local design criteria. Furthermore,
environmental change (climate change or urban expansion), which has an important impact on urban
drainage, has not been taken into account in the optimal design in many previous studies [21–24].
Environmental change would increase the uncertainty of the design of urban drainage mainly because
it is difficult to accurately predict the change [25–27]. Several researchers have attempted to develop
some approaches against the uncertainties due to climate change in the design of urban drainage, such
as the Real In Options (RIO) analysis [26], systematic assessment using new urban planning tools [27],
and staged design [28]. Thus, to keep options open against uncertainty due to climate change for
decision makers or managers, a staged optimization design is employed to update urban drainage
systems. The staged design of urban drainage systems refers to developing drainage systems by stages,
rather than implement-once schemes.

To prevent flooding, traditional drainage infrastructures, such as channels and pumps, have been
employed in many cities of China. It is undeniable that the traditional infrastructure helps to drain
floodwater. However, they may lead to an increase in impermeable areas, and are not as efficient
in reducing the flood risk in some cities [29]. The sustainable urban drainage system (SUDS), using
techniques as detention ponds and simulations can have better control of water drainage [30,31]. Thus,
some techniques of SUDS would be proposed to be involved in the development of drainage systems
in China’s cities. Certainly, considering the insufficiency of flooding control capacity in most cities of
China, the traditional drainage infrastructures, like pumps, would also be involved in the update of
the urban drainage system.

The purpose of this work is to propose a staged optimization design method for upgrading
urban drainage systems to reduce frequent flooding in China’s cities. This design method not only
has significant flexibility for urban flood management to adapt to the changing environment, but
also provides an approach to saving costs while updating drainage systems. In Section 2, the staged
optimization model is introduced for urban flood management, incorporating economic tools and
the urban flood inundation model. A case study of Fuzhou City is taken as an example to illustrate
the proposed model under the constraints of different practical and local conditions, as described in
Section 3. This section also reports the model’s sensitivities to four data parameters, including rainfall
increase rate, flood unit cost, storage unit cost, and discount rate. In Section 4 the discussion presented
and in Section 5 conclusions are drawn.
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2. Methodology

2.1. Staged Cost Optimization Model

The staged approach in the development of urban drainage is recommended and refers to
developing drainage systems in stages (implemented at regular time periods), rather than traditional
implement-once schemes. For example, it must implement 400,000 m3 of detention storage to enhance
flood-fighting levels to handle a 50-year rainfall event in a planning period (for example, 20 years)
of a city. In order to achieve this, the 400,000 m3 detention ponds could be implemented during the
first year. Also, it could be achieved in two stages, where a 200,000 m3 storage can be built in the first
10 years, and a further 200,000 m3 storage in another 10 years. The approach is not only possible to
defer investment, but also allows the decision makers to take into account the uncertainties due to
environmental changes.

Two key measures, storage and pumping, are implemented to update the current drainage
systems in Fuzhou City, China. The diagram of a staged optimization model is given in Figure 1.
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Figure 1. Diagram of a staged optimization model.

The storage and pumping capacity at each stage are optimized as the decision variables in this
model. The design objective is to minimize the cost including the residual flood damage and the cost of
interventions. The total flood damage in the whole planning period for updating the drainage systems
can be calculated as [28]:

TPF =
n-ped

∑
i=1

E(Di) =
n-ped

∑
i=1

∞∫
f=0

Di( f )d f (1)

where TPF is the total present flood cost, E(D) is the expected annual damage, n-ped is the planning
period of implementation, f is the occurrence frequency of a flood event, and D(f ) is the flood damage
resulting from the flood event with the occurrence frequency f.

To simplify the calculation of D(f ), we assume that the flood damage has a linear correlation with
the flooded volume [28]. In order to simplify the calculations, the continuous integral of the right part
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of Equation (1) is written as a series of return periods (e.g., 2-year, 5-year, 10-year, 20-year and 50-year).
Thus Equation (1) can be expressed as:

TPF =
n-step

∑
j=1

{ m

∑
i=1

(
Vi+1 + Vi

2
× C f ×

(
1
Ri
− 1

Ri+1

))}
j

× FD f j

 (2)

where

FD f j =
∆t−1

∑
i=0

1

(1 + r)j∗∆t−i (3)

n-step is the time step number, m is the number of discretized return periods, j is the time step, Ri
is the i-th return period, Vi is the flooded volume caused by the rainfall with Ri, Cf is the flood unit
cost per unit volume, FDfj is the flood discount factor in the time step j, r is the discount rate, and ∆t is
the duration of each time step.

The cost of construction of the storage and pumping facilities can be expressed as:

TPI =
n-step

∑
j=1

[(
CS× SVj + CP× PVj

)
× ID f j

]
(4)

where
ID f j =

1

(1 + r)j∗∆t−∆t/2 (5)

TPI is the total present cost of interventions, n-step is the time step number, CS is the unit capital
cost of the storage facility per unit volume, SVj is the scale of the storage facility, CP is the unit capital
cost of the pumping facility per unit discharge, PVj is the installed pumping capacity of the pumping
facility, IDfj is the invention discount factor in time step j.

Thus, the optimized cost objective function z is given as:

z = min(TPF + TPI) (6)

In the construction of storage and pumping facilities, the scales should be constrained by many
factors, such as the development of the city (financial budget, land use planning, acceptable levels of
flood risk, etc.). Moreover, for a city in China, the most important objective of invention construction
is updating the drainage system to a higher standard (50-year or 100-year) over the next decades.
Thus, the storage and pumping capacity at each step is constrained by this objective during the whole
planning period. The main constraints are expressed as:

CS× SVj + CP× PVj ≤ BUj (7){
SVmin ≤ SVj ≤ SVj+1 ≤ SVmax

PVmin ≤ PVj ≤ PVj+1 ≤ PVmax
(8)

n-step

∑
j=1

(
SVj + PVj × Tj

)
≥ VSP (9)

n-step

∑
j=1

SVj ≥ Vf (10)

where BUj is the maximum investment amount during j-th step, SVmin and SVmax are the minimum
and maximum volumes of the storage facilities during j-th step respectively, PVmin and PVmax are the
minimum and maximum installed pumping capacities during j-th step respectively, Tj is the pumping
duration during the j-th step, VSP is the minimum added volume of updating facilities to handle
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a 50-year rainfall, and Vf is the minimum added volume of storage facilities to store the floodwater
from mountain areas of Fuzhou City.

2.2. Calculating the Flooded Volume in Urban Areas

In Equation (2), the flooded volume V is a state variable which should be calculated in different
steps with time. The flooded volume V can be computed as:

Vi
j = Vri

j −Vaj

Vaj = Vaj−1 + (Vpj + Vcj)

Vpj = PVj × Tj
Vcj = SVj
Va0 = C

(11)

where j represents the j-th step, i represents the i-th return period, Vaj is the bearing capability of
the flooded volume in this city at the j-th step, Vri

j is the runoff volume at the j-th step by the i-th
return period rainfall, Vpj and Vcj are the newly added storage and pumping volumes at the j-th step,
respectively, and Va0 or C is a constant which represents the carrying capacity of flood volume of the
city at the current state or on the benchmark year.

The hydrology and hydrodynamic modeling is established to assess the drainage capability of
the city, as well as the flooded volume under different time steps. Numerous commercial software
models are available to calculate the volume of floods in urban areas, such as MIKE software [32],
Storm Water Management Model (SWMM) [33] and Hydrologic Engineering Center's River Analysis
System (HEC-RAS) [34]. These models can be used to simulate the unsteady flow in terms of the Saint
Venant equations, which are expressed as follows.

∂A
∂t

+
∂Q
∂x

= q (12)

∂Q
∂t

+
∂

∂x

(
Q2

A

)
+ gA

∂Z
∂x

+ g
Q|Q|
C2 AR

= 0 (13)

where t is time, x is the spatial variable, q is the lateral discharge per unit width, A is the flow area, Q is
flow rate, Z is the water surface elevation, g is the acceleration of gravity, C is the Chezy coefficient,
calculated by C = R1/6/n, with R being the hydraulic radius and n being the roughness Manning
coefficient. For some cities in southeast China, such as Fuzhou and Wenzhou, rivers and conduits are
the main drainage systems. Thus, the tools which can simulate flood characteristics of the surface–river
interaction should be employed.

3. Case Study and Analysis

3.1. Study Area Description

The study area, Fuzhou City is in eastern China and is surrounded on three sides by hills in the
north, west, and east, and by a tidal river in the south. The area of Fuzhou is about 156.77 km2 with
a hilly area of 66.72 km2 (42.56%) around a plain area of 90.05 km2 (57.44%). In the study area, dozens
of conduits and rivers forming a complex drainage network undertake the main task of flood drainage
(Figure 2). Heavy rains hit this city often quite abruptly in the summer seasons, with extreme rainfalls
brought by typhoons. Due to the topography of this area, the floodwater would quickly converge
into the center plain area from the surrounding mountains during the rain events, which increases the
drainage burden in the center of the plain area. In recent years, flooding events have been frequently
reported due to the overflow of the river systems in the center of this area during typhoons. The flood
disasters cause huge socio-economic losses and seriously affect the activities of residents. For example,
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the 2005 flood event brought by Typhoon Longwang resulted in over 120,000 people evacuated and
62 dead [4].
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There are two common ways to resolve flooding in cities: (1) Traditional methods, such as
enlarging pipe sizes and upgrading pumping capacity and (2) low impact development (LID)
approaches, such as the construction of green infrastructure. The LID approach is implemented
in sustainable urban drainage systems. However, it is inefficient for heavy rains, and more applicable
to small-scale (for example, a community) hydrological controls. Moreover, in Fuzhou City the
government keeps planning to store the floodwater from the mountains during storm events to
mitigate flooding of the city center. Thus, the storage facilities (like detention ponds) combined with
a traditional measure (pumping) are recommended to update the drainage system in Fuzhou City.
Storage facilities can effectively store the flash-floodwater from mountains on three sides. Meanwhile,
high tide levels always aggravate the inundation by impeding the drainage of floodwater. Thus,
pumping facilities can effectively pump out the floodwater that cannot flow out by itself due to the
high tide level downstream.

3.2. Calculation of the Flooded Volume

Statistically, the main reason for flooding in Fuzhou City is overflow from the complex river
systems under the effect of intense rainfall. Thus, the hydrodynamic model for simulating the
river system is constructed by the HEC-RAS tool [34], as shown in Figure 3. This model consists
of 1713 cross-sectional profiles, three pump stations, and seven tide-locks downstream. Manning
roughness coefficients with a calibrated range of 0.025 to 0.045 are provided by the Department of
River Management of Fuzhou.
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One of the optimal objectives is updating the drainage system to handle 24-h rainfall for a 50-year
return period. Thus, runoff volumes of 24-h rainfall under different return periods are calculated in
terms of the hydrological models. In mountain areas, the runoff processes and volumes are estimated
by a rainfall runoff model, namely the Xinanjiang model [35]. In urban areas, the runoff processes and
volumes are calculated by the rational method [36]. In the hydrology models, the 24 h rainfall processes
as the input data are derived from the design 24 h rainfalls and the selected typical precipitation event.
The design of 24 h rainfalls for different return periods are estimated by the Pearson type-III distribution
based on the annual maximum 24 h rainfall series from 1952 to 2014. The results are shown in Table 1.
The 24 h rainfall for a 50-year return period is 226.1 mm, with a runoff volume from urban areas of
9151.8 × 103 m3 and a runoff volume from mountain areas of 4730.8 × 103 m3.

Then, the design flow hydrographs with different return periods (2, 5, 10, 20, and 50 years) derived
by the hydrological models are the input boundary conditions for the hydrodynamic model. The water
level process and flood area during Typhoon Longwang are employed to verify the hydrodynamic
model, and the details are presented in our previous research [29]. Based on the verified hydrodynamic
model, the flooded volumes with original drainage systems under different design rainfalls can be
calculated. Also, the capacity of original drainage systems, Va0 in Equation (11), can be evaluated.

Table 1. Runoff volumes of 24 h rainfall for different return periods.

Return Period (Years) 24-h Rainfall (mm) Runoff Volume from
Urban Areas (103 m3)

Runoff Volume from
Mountain Areas (103 m3)

2 112.5 4663.5 2125.8
5 143.4 6076.9 2602.3
10 169.8 7088.2 3257.1
20 194.6 8006.1 3894.9
50 226.1 9151.8 4730.8
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The results show that the current drainage facilities can handle a five-year rainfall event, which
means Va0 = 6076.9 + 2602.3 = 8679.2 × 103 m3. Then, the flooded volumes at different steps with the
newly-added facilities can be calculated by Equation (11). In this equation, the pumping duration
during each step Tj is set to 4 h as the duration of the surface runoff in most sub-catchments of the
urban area is not more than 4 h.

3.3. Design of New Drainage Facilities Based on the Staged Cost Optimization Model

The two key measures, storage and pumping facilities, are implemented to update the current
drainage system in Fuzhou City. The storage facilities, such as ponds, tanks, tunnels, and underground
reservoirs are mainly designed to store the floodwater from mountain areas, while the pumping
facilities set in the river mouth downstream are mainly designed to drain the floodwater from urban
areas. For Fuzhou City, one of the goals is to update the drainage system to handle a 50-year rainfall
event in the coming 15 years. Updating the facilities is implemented in five stages, meaning they are
implemented during three years for one stage. Thus, in Equations (2) and (3), the value of n-step is set
as five, and ∆t is set as three.

In the optimization model, there is a variety of data types needed. A part of these were discovered
by empirical surveys, and another part is based on expert experience or relevant specification. The flood
unit cost per unit volume, Cf in Equation (2), is 630 yuan surveyed by two flooding events in 2005 and
2006, respectively. The discount rate r is 0.8 referenced by the relevant specification. The unit capital
cost of the storage facility per unit volume and of the pumping facility per unit discharge, CS and CP
are set to 500 yuan and three million yuan, respectively, based on expert experience.

In Equation (7), BUj, the maximum investment amounts during the j-th step is set to 480 million
yuan, determined by the local financial investment plan. SVmin and SVmax in Equation (8), the minimum
and maximum volumes of the storage facilities during each step, respectively, are set at 400,000 m3 and
800,000 m3 in each step according to the land use plan. The minimum and maximum pumping capacities
in each step, PVmin and PVmax, are set at 20 m3/s and 60 m3/s respectively. VSP in Equation (9),
the minimum added volume for updating drainage facilities to handle a 50-year rainfall event is
5203.4 × 103 m3 calculated according to Table 1. Similarly, Vf in the Equation (10) is 2130 × 103 m3.

3.4. Design Results and Analysis

The genetic algorithm programmed in the MATLAB language was employed to optimize the
storage and pumping capacity at each stage. In this study, a number of variables of 10, a population
size of 20, a generation size of 400, a mutation probability of 0.3, a cross-over probability of 0.7 were
set in the optimization model. The model was implemented automatically for 300 runs to get the best
solution, while also trying to avoid trapping in the local optimum.

Table 2 shows the obtained optimal solutions of the storage and pumping facility plan in the
coming 15 years. The results illustrate that a storage scale of 420,000 m3 and a pumping scale of
45 m3/s are to be constructed in the first three years, and then extended to a 420,000 m3 storage scale
and a 45 m3/s pumping scale in the following three years, a 430,000 m3 storage scale and a 45 m3/s
pumping scale after six years, a 430,000 m3 storage scale and a 46 m3/s pumping scale after nine years,
and a 430,000 m3 storage scale and a 46 m3/s pumping scale in the last years. Thus, the new drainage
system for this area would be able to handle a 50-year rainfall event after 15 years.

Table 2. Optimal storage and pumping scales for construction at different stages.

Time Steps j Staged (Years) SV (103 m3) PV (m3/s)

1 1–3 420 45
2 4–6 420 45
3 7–9 430 45
4 10–12 430 46
5 13–15 430 46
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Based on the optimal solutions, the total present cost is calculated at 1.50 billion yuan, with the
total present flooding cost of 0.47 billion yuan and the total present intervention cost of 1.03 billion
yuan (Figure 4). In contrast, the total present cost would be 1.70 billion yuan if the interventions were
completely implemented in the first year to meet the objective design standard. Figure 4 shows that
the staged design is more economic than an implement-once design in the first year because the time
value of money is considered.
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3.5. Sensitivity to Data Parameters

According to Saltelli et al. [37], “the sensitivity analysis is defined as the study of how uncertainty
in the output of a model can be attributed to different sources of uncertainty in the model input”.
In the context of the present study, sensitivity analysis refers to understanding how the parameters
and states (optimization design variables) of the model (Equations (6)–(10)) influence the optimization
cost function (Equation (6)). The data on environmental changes, climate change and urban economic
development include uncertainties that come from the incertitude of the data on rainfall increase
rate, flood unit cost, storage unit cost, and discount rate. A sensitivity analysis was carried out in
order to examine the influence of the above parameters on the optimization cost function, as shown in
Figures 5–8.
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Figure 5 shows that with an increase in the rainfall increase rate, the total present costs and the
flooding costs present exponential growth. In contrast, the total present costs have a very rapidly
declining curve with an increase in discount rates, as shown in Figure 6. Figures 7 and 8 show
that the total present costs are increased linearly with the increase of flood unit costs and storage
unit costs. Briefly, the total present costs would change with a specific trend in terms of the data
parameters changing, which illustrates that the trends of the model’s features are not influenced by
the assumptions.

4. Discussion

For Fuzhou City, the staged design can significantly reduce the total cost and help alleviate
financial pressure compared to the implement-once design. Figures 6 and 8 show that cost savings
would be higher if the discount rate and storage unit costs increase. The findings of this design
method may have important implications and contributions to urban flood management in the cities
of developing countries with limited construction investments. This is the most important advantage
of using staged optimal design.

Besides, the staged approach is flexible to adapt to environment changing for urban flood
management. It allows managers to perfect some schemes made today in terms of more comprehensive
information for better decisions at a future date. For example, the measures for flooding preparedness
which are adequate during the first 20 years of the implementation of the project may no longer
be adequate in the following ten years due to climate change. Thus, a staged increase of the size of
drainage facilities, such as detention storage and infiltration ponds, can be implemented as supplemental
measures in different stages in the future. Also, if the 24-h design rainfall of the 50-year return period
increases rapidly and significantly (e.g., with an increase of 10%) in the coming 15 years, the flood
interventions should be implemented as early as possible rather than in a staged design. As shown in
Figure 5, the total cost increases by 81.5% with an increase of design rainfall from 0 to 20%. In contrast,
while the discount rate increases from 2% to 12%, the total optimal cost would reduce to 60% by staged
design, as shown in Figure 6. That means that in this situation the manager should make sure the staged
design is fully implemented.

In the case study, a 24-h design rainfall for a 50-year return period is assumed without change
for 15 years, as the annual maximum 24 h rainfall had a slight change (increased by 0.11%) per year
on average from 1952 to 2014. However, the staged design should be implemented if the change is
significant. In this situation the hydrology data and catchment data in each step in the methodology
of Figure 1 may be different. Then we should evaluate the changes and estimate the design rainfall
with time at each step, and update the new data to optimize the design, or supplement other measures
to improve the primary design. Specifically, for example if we evaluate the hydrology data and find
that the 24-h design rainfall for the 50-year return period has increased by 5% at the end of the first
step, the hydrology data in the second step should be updated. Or we can make some supplements,
like more green infrastructures to store the extra floodwater due to climate change in the second step.
In brief, the staged design approach can give managers more open options against climate change.

5. Conclusions

China’s State Council urges the 36 largest cities to update their drainage systems to handle a design
rainfall of 24 h for a 50-year return period in response to increasing flooding event reports. It would be
a massive project with large investments for these cities. We therefore propose a staged cost optimization
design for updating urban drainage, which is an effective way to reduce the costs of the project. Also,
the staged approach is of significant flexibility to adapt to environmental changes for urban flood
management. The staged cost optimization model involves a hydrological and hydrodynamic model
developed for the city of Fuzhou, China. This model was established taking into full consideration the
constraints of specific local conditions. Analysis of the model’s sensitivities assured that the trends
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of the model’s features are not influenced by the assumptions and confirmed the applicability and
robustness of the developed model and method.

Storage facilities combined with pumps adapted to local situations were recommended to update
the drainage system for the whole city. For Fuzhou City, the storage facilities were mainly designed to
store the floodwater from surrounding mountain areas which quickly converges on the center plain
area during rain events due to the local topography. Meanwhile, the pumping facilities set in the river
mouth downstream are mainly designed to drain the floodwater from urban areas. The framework
of storage and pumping scales was designed by stage for the urban Fuzhou area, while the location,
layout and corresponding forms (like detention tanks and infiltration ponds) need to be studied further
based on local planning in future work. Moreover, a comprehensive assessment of uncertainties due to
environmental changes in the design of drainage systems should also be carried out in future work.
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