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This paper develops causal loop diagrams and a system dynamicsmodel for estimation of wastewater quantity changes as a function
of future socioeconomic development and the municipal water environment of the city under the influence of several key factors.
UsingWuhan (a city with population more than 10 million in China) as a case study, the variability of Wuhan’s wastewater quantity
and water environment is modeled under different development patterns by year 2030. Nine future scenarios are designed by
assigning different values to those key factors, including GDP growth rate, water consumption of annual ten thousand GDP, and
wastewater treatment fee. The results show that (1) GDP growth leads to an increase in municipal wastewater quantity, but an
increase in wastewater treatment fee can be in favor of reducing urban water pollution, and (2) the impact of per ten thousand yuan
GDP water consumption on the amount of municipal wastewater is larger in the near future, while the impact of GDP growth rate
is much larger in the long term.The dynamic model has proven to be reliable for simulating the municipal wastewater changes, and
it could help decision makers to make the scientific and reasonable decisions.

1. Introduction

Over the years, a number of methods and models have
been developed to explore the links between economy and
water demand or wastewater quantity of a city, such as (1)
the Environmental Kuznets Curve (EKC) method [1, 2]; (2)
Input-Output Model [3–6]; (3) Econometric Methods [7,
8] and Time Series [9, 10]; and (4) Artificial Intelligence
Methods [11–13]. However, in thesemethods, the correlations
among different system/process factors and their combined
effects on the amount of wastewater are not considered
systematically; they are not easy to explain the feedback
mechanism(s) among these factors. The system dynamics
(SD) method could have great advantages for simulating
the future scenarios with simultaneous consideration of the
correlations among different system/process factors and their
combined effects [14].

System dynamic (SD), originated by Jay Forrester of the
Massachusetts Institute of Technology in 1960s, was primar-
ily used in the management of industry and enterprises.

Industrial Dynamics which was published in 1961 is regarded
as the classical literary work about SD. Since being orig-
inated in 1960s, SD has been applied to more and more
research fields. In recent years, SD also has been used in the
research of water resource, water environment, and urban
water supply. Xi and Poh [15] researched the sustainable
water resources management in Singapore by using SD.
Davies and Simonovic [16] discussed the global sustainable
water resources and developed an integrated SD model that
involves social, economic, and environmental subsystem.
Ahmad and Prashar [14] applied SD model to evaluate the
effectiveness of the municipal water conservation policies.
For water environment, Guo et al. [17] utilized a SD model
to plan the environmental management system of the basin
and tested four planning alternatives that was desired for sus-
tainable for regional development. Zhu et al. [18] investigated
the influence of the total nitrogen (TN) and total phosphorus
(TP) concentrations in socioeconomic water on the Normal-
ized Difference Vegetation Index (NDVI) and the feedback
mechanism among them, which could help to promote the
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water quality and the ecological functions in Baiyangdian
Lake, of China. For water supply, Sahin et al. [19] researched
the effect of water price in dealing with the water scarcity
when suffering temporary drought and SD modeling could
help the planners to formulate reasonable price regime and
schemewater supply infrastructure. Zarghami andAkbariyeh
[20] established the SD model for the complex urban water
system of Tabriz, which comprehensively considered the
potential water supply resources as potential sources of
demand for water resources and corresponding management
measures. Dawadi and Ahmad [2] concerned the influence
of climate change, population growth, water price, and water
management policies on the water resources in Las Vegas,
and SD model that integrated the abovementioned factors
was developed to simulate changes in the urban water supply
and demand in a long term in future under implementation
of the policies. Compared with the forecast of water con-
sumption, wastewater forecasting has its own characteristics.
For example, the irrigation water demand is huge, but it
actually seeps into underground or flows into rivers through
surface runoff, and due to the imperfectness of wastewater
network, collected agricultural wastewater is finite; and dete-
rioration of water environment pushes the government to
make more stringent standards to restrict the emission of
wastewater.

Urban wastewater that contains large amount of organ-
ics (including nitrogen and phosphorus), inorganics, and
varieties of bacteria and viruses is mainly composed of
domestic wastewater and industrial wastewater. In the aspect
of wastewater treatment technologies, biological treatment
processes, such as activated sludge and biofilm, are widely
used for the good biodegradability of urban wastewater.
According to the requirements of water quality, physico-
chemical methods, such as coagulation, precipitation, and
membrane filtration, can be combined with biological tech-
nologies to further improve treatment effect. In the gen-
eration of wastewater, information exchanges and material
communications among different factors (such as popula-
tion and socioeconomic growth) can affect the amount of
municipal wastewater. And previous studies neglected the
correlations among different factors and their combined
influences on the amount of wastewater. On the whole, both
domestic water consumption forecast and industrial water
consumption forecast by SD approach have been reported.
But there are a few studies taking into account the dynamic
changes of municipal wastewater and its influence on basin
environment and regional economic development.

In light of the aforementioned analysis, a SD method
is proposed in this study to research the dynamic changes
of municipal wastewater and municipal water environment
under different policies for socioeconomic development.The
objectives of this work are to (1) develop a SD model for
analyzing long-term fluctuations in the amount of municipal
wastewater under the influence of socioeconomic factors
and the dynamic relationship among them and (2) through
case studies verify and calibrate the SD model developed
and the further use it to simulate changes in municipal
wastewater quantity under different patterns of economic
development.

Population

Economic growth
(driving force)

Industrial
wastewater

Total urban
wastewater
(pressure)

Water pollution
(state)

+

Capacity of
wastewater treatment

(response)

Domestic
WastewaterLoop 1

Loop 3

Loop 2

+

+

+

+

+
+

−

−

Figure 1: The causal loop diagram of the model.

2. Method

2.1. Development of SD Model

2.1.1. System Boundary. This study mainly explores the fluc-
tuation of municipal wastewater under the different devel-
opment patterns and investigates the complex relationship
among economic development, municipal wastewater, and
water pollution system. In this model, municipal wastew-
ater is forecasted though the economy and population
level, and water pollution is caused by the discharge of
untreated wastewater, and the quantity of untreated wastew-
ater depends on the capacity of wastewater collection and
disposal of the city. The above three parts are the system
boundaries and form the system of “economic development-
municipal wastewater-water pollution,” which is the main
structure of the model. Besides, the time bound of the SD
model is from the year of 2000 to 2030, and the time step is 1
year.

2.1.2. Causal Loop. The system boundary is briefly described
in the previous section, and numerous factors have influ-
ence on the system of “economic development-municipal
wastewater-water pollution.” The main factors affecting the
behavior of the system are to be identified based on the
logic thinking of “Pressure-State-Response.” A causal loop
diagram is established to describe the dynamic behavior
of the entire model. According to the basic principle of
SD, three feedback loops are proposed in the causal loop
diagram, among which two are negative and one is positive.
As shown in Figure 1, loop 1 is a negative feedback loop.
This loop starts from the economic development, which
attracts more people into the city; the increase of population
inevitably leads to the increase demand of domestic water
and the increase of domestic wastewater which is a major
part of the total municipal wastewater, thus increasing the
total amount of wastewater. As a result, the pollution of
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Figure 2: The stock-flow diagram of the model.

natural water body is exacerbated. And in reverse, water
pollution can indirectly hinder the economic development.
Therefore, the factor economic growth can affect itself through
the negative feedback chain. Loop 2 is a negative feedback
loop as well. In terms of economic growth element, the
increase of population enlarges the labor resources that
accelerate the economic growth; thus the industrial water
use increases as economic growth speeding up. Finally, the
industrial wastewater increases. As it is in loop 1, the variables
affect itself negatively by the feedback mechanism. Loop
3 is a positive feedback loop, which is about capacity of
municipal wastewater treatment.The economic development
promotes the development of industries related to wastewater
and the investment of wastewater treatment increases then.
Consequently, the capacity of wastewater treatment can be
largely improved. The wastewater discharged directly into
water bodies can be reduced; namely, the water pollution
diminishes. It can be seen that the abovementioned three
feedback loops eventually contain the feedback of the envi-
ronmental pollution on economic development. This is the
first attempt to take into account the retarding effect of water
pollution on the development of regional economy which is
usually neglected by other researches using SD model.

The model structure is visually described through the
causal loop diagram that preliminarily reflects the dynamic
relationships of the wastewater forecast and management
system. Though the causal loop diagram cannot represent
the whole system and it is only a rough description of the
system structure, it is essential for building a formal model
(the stock-flow diagram).

2.1.3. Stock-Flow Diagram. Those cited in the causal loop
diagram are the primary variables that control the behavior
changes of the system, which are not the whole of the

wastewater forecast and management system, and the nature
of different variables cannot be distinguished through the
causal loops diagram. Therefore, more variables and flow
need to be added to complete the SD model; thus it is
necessary to draw the stock-flow diagram which highlights
the role of the stock and the flow rate in the entire system.
Stock, the most important element in system dynamics,
reflects a process of accumulation. Flow, reflecting the input
and output rate of the stock, is the variable that affects the
value of the stock directly through changing the rate of
accumulation process. In this study, the modeling software
is Vensim. The stock-flow diagram is shown as Figure 2.

Some necessary explanation and assumptions for the SD
model established in this study are as follows:

(a) Municipal wastewater treatment capacity is one of the
key factors that determine whether water pollution
can be effectively controlled. Though the wastewater
treatment capacity is largely influenced by the invest-
ment of wastewater treatment industry and economic
development, it is regarded as a variable that only
changes over time and can be controlled by the policy
makers.

(b) Wastewater is divided into two categories depending
on its source: domestic wastewater and industrial
wastewater. Although the irrigation water demand
is huge, most of agricultural wastewater, especially
no-point wastewater, actually seeps into underground
or flows into rivers through surface runoff. Due
to the imperfectness of wastewater network, most
agricultural wastewater could not be collected into
wastewater treatment plants.The real amount of agri-
cultural wastewater that gets into wastewater network
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is finite. In this model, agricultural wastewater is
excluded.

(c) In cities, separate sewers drainage system are con-
structed in overwhelming majority of new districts.
Rainwater is collected separately, and most of the
collected rainwater is discharged directly into natural
water bodies, while the wastewater is delivered to the
wastewater treatment plant. But the combined sewers
still exist in some old districts, which can be divided
into two types: intercepting combined sewers and
direct-discharging combined sewers. Due to water
pollution caused by combined sewers, more andmore
combined sewers are reformed to implement rainfall-
wastewater separation in old communities nowadays.
Therefore, the amount of rain does not appear as a
variable in the SD model.

(d) In this study, there are three state variables in SD
model: GDP (Gross Domestic Product) standing for
the economic development; population referring to
the resident population in Wuhan; water pollution
equivalent to the amount of discharged wastewa-
ter. Besides, there are four rate variables: growth of
GDP which controls the changes of GDP; growth
of population which changes the population size;
discharged wastewater that is untreated changes the
pollution degree of waters; and self-purification of
waters. In addition, there are many auxiliary variables
whose values are calculated according to other vari-
ables in the system. And there are four constants:
per capita water use quota, discharge coefficient of
domestic wastewater, discharge coefficient of industrial
wastewater, and pollution standard. According to the
objective of this study, the model can be divided into
three parts: wastewater forecast, water pollution, and
pollution control.They are interrelated and interacted
and jointly determine the dynamic behavior of the
system.

2.1.4. Major Equations

(1) Population. Population is one of the main driving factors
of municipal water consumption. When per capita water
use quota is constant, the population growth directly results
in the growth of municipal water consumption, inevitably
leading to the growth of wastewater. The factors affecting the
size of population include the birth rate, death rate, immi-
gration, and emigration, but only the net rate of population
growth is considered in this study. The data comes from
Wuhan Statistical Yearbook. The initial time set by the model
is the year of 2000, in which the population of Wuhan was
8,0481,000, that is, the initial value of population. In the
time bounds of the model, the annual value of population is
determined by following equations:

Pop (𝑡) = Pop (𝑡0) + ∫
𝑡

𝑡0

growth (𝑡) 𝑑𝑡, (1)

where Pop(𝑡) is the population at time “𝑡”, growth(𝑡) is the
population growth at time “𝑡”, and 𝑡 is the simulation step, in
one year.

(2) GDP. Economic development is equivalent to economic
growth, which is illustrated by Gross Domestic Product
(GDP) inmost literature.Neoclassical growth theory suggests
that GDP growth is the result of the capital accumulation,
the increase of labor, and the technological change acting
in a long term. But the new theory of economic growth
regards the labor as labor capital investment, including not
only the absolute number of the labor force, but also the
education level and production skills, and so forth. They
are the production factors of during the economic growth.
Certainly, they do not represent all production factors which
also include the land and entrepreneurs. Regional economy
cannot grow without the aggregation of production factors,
and the aggregation of those factors brings the industry
aggregation, thus promoting regional economic prosperity.
Some scholars have clearly stated that the economic devel-
opment is equivalent to the aggregation. However, more
and more researches pay attention to regional economic
development under the constraints of economic resources
and environmental in recent years. In other words, resources
and environment are also the important production factor
that shall be taken into account when using the production
function. In this paper, the influence of population and
negative impact of environmental pollution on the economic
growth are considered in the SD model for the first time.
Population means labor resources, which is the most impor-
tant production factor. Although whether the influence of
population on the economic development is favorable, there
is no consensus in different literatures. But on the whole,
the economy of China is developing rapidly while China’s
population growth rate is declining, and the reason is that
China has a large size of population and enjoys a huge
demographic dividend.

The resource abundance of a region and environmen-
tal quality can limit the economic growth of the region.
Total Factor Productivity (TFP) [22] considers resources
and environments certainly lower than traditional produc-
tivity excluding resources and environment. In that way,
economic growth slows down. Additionally, Nordhaus and
Weitzman [23] first proposed the notion of growth drag
and explained it as the reduction degree of per capita
output growth rate with the resource constraints comparing
with that without the resource constraints. Bruvoll et al.
[24] clearly put forward the notion of environmental drag
and considered that environment pollution could reduce
the economic output of a region and the well-being of
consumers. A dynamic Computable General Equilibrium
(CGE) model was developed in their study to measure the
damage extent of environmental constraints to Norwegian
residents’ welfare. Chinese scholars have also studied the
“blocking effect” of environmental pollution to the regional
economic development. Zhang et al. [25] illustrated the long-
term dynamic relationships between the industry wastewater
and industrial solid waste and the economic development
by a VAR model in Guanzhong, Shanxi. It was found that
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the environmental pollution has obvious restraining effect
on the economic development of Guanzhong. Li [26] has
also measured the “blocking effect” on Chinese economic
growth under the environmental constraints with a mean
value of 0.44%; namely, Chinese economic growth declines
0.44%per year in the presence of resource and environmental
constraints. The constraint of resources and environment is
an objective reality, but neither resource nor environmentwas
considered as a factor of production in traditional statistical
methods of economic growth. Therefore, this study suggests
that the environmental pollution pays negative impacts on
the economic growth. Coordinated development of economy
and environment is the essence of sustainable development;
SD model of this article takes negatively effect of the envi-
ronmental deterioration to the economic development into
consideration, which directly reflects in the dragon GDP
growth. The value of GDP is calculated by the following
equations:

GDP (𝑡) = GDP (𝑡0) + ∫
𝑡

𝑡0

Growth (𝑡) 𝑑𝑡,
Growth (𝑡) = GDP (𝑡) × rate2 (𝑡) ,

rate
2 (𝑡) = rate1 (𝑡) × (1 + 𝑒1) (1 − 𝑒2) ,

(2)

where GDP(𝑡) is GDP at time “𝑡”, Growth(𝑡) is GDP growth
at time “𝑡”, 𝑡 is the simulation step, in one year, rate

1
(𝑡) is the

growth rate without constraints, rate
2
(𝑡) is the growth rate

under constraints, 𝑒
1
is the influence coefficient of population

to economy, and 𝑒
2
is the influence coefficient of environment

to economy.

(3) Water Pollution. For the pollution degree of natural
water bodies in the study region, only the influence of
untreated municipal wastewater is considered according to
the foregoing assumptions.The receiving water of that region
is regarded as a whole and the pollution degree depends on
the stock of wastewater in the waters that is determined by
the amount of untreated wastewater and self-purification of
waters. Specifically, the removal of pollutant depends on the
stock of water pollution and pollution absorption time (pat)
that represent the time spent in entirely removing a certain
amount of contamination. So the amount of water self-
purification for each unit of time is the ratio ofwater pollution
and pollution absorption time. In this study, pat is a nonlinear
function of the pollution ratio (polr). Lookup function in
Vensim software is used to build an equation to describe
the nonlinear relationship. Pollution ratio, represented by
the water pollution and pollution standard (pols), is the
characterization of the pollution levels. The main equations
in this part are as follows:

Pol (𝑡) = Pol (𝑡0) + ∫
𝑡

𝑡0

[dis (𝑡) − pur (𝑡)] 𝑑𝑡,

pur (𝑡) = Pol (𝑡)
pat (𝑡) ,

polr (𝑡) = Pol (𝑡)
pols
,

(3)

where Pol(𝑡) is the value of water pollution at time “𝑡”, dis(𝑡)
is the amount of untreated wastewater at time “𝑡”, pur(𝑡) is
the water self-purification at time “𝑡”, and 𝑡 is the simulation
step, in one year.

(4) Wastewater Treatment Fee. The increase of water price
can generally reduce the water demand [27]. Furthermore,
the price leverage can ease the contradiction between water
supply and demand. Wastewater treatment fee generally
consists of two parts, namely, the government subsidy and
the actual payment by polluters. The range of wastewater
treatment fee that the residents inChinese capital city actually
pay is from 0.3 to 1.4 yuan/m3, which accounts for 14% to
46% of living water price. Industrial wastewater must be
treated to meet the water quality discharge standard before
discharged into the urban wastewater pipe network, and its
treatment fee is the same as that of domestic wastewater. The
wastewater treatment fee in Wuhan was 0.8 yuan/m3 before
August 1, 2015, thereafter 1.1 yuan/m3, rising 37.5%.Municipal
wastewater treatment fee has not received adequate attentions
because it is included in the actual water charges. To increase
the wastewater treatment fee can reduce the discharge of
municipal wastewater, thereby cutting down the burden of
municipal wastewater treatment system which is caused by
the growing amount of wastewater. And what should be
particular of concern is how much the rise of wastewater
treatment fees can lead to the wastewater reduction. The
double logarithmic analysis model [28] is commonly utilized
to decide the price elasticity of water demand water:

ln𝑤 = 𝛼 ln𝑝 + 𝛾 ln𝑦 + 𝜂, (4)

where 𝑤 is water demand, 𝑝 is water price, 𝑦 is household
income, and 𝜂 is errors.

The impact of water price and household income onwater
demand is considered in this model and 𝛼 and 𝛾 are the
price elasticity and income elasticity. In this paper, the model
above is simplified to get the equation for the quantitative
relationship between the increase of wastewater treatment fee
and the changes of wastewater:

𝑐 = (𝑝2𝑝
1

)
𝛼

, (5)

where 𝑐 is the coefficient of wastewater variation, 𝛼 is the
wastewater price elasticity, 𝑝

1
is the current wastewater

treatment fee, and𝑝
2
is the adjustedwastewater treatment fee.

2.2. Model Validation. According to Barlas [29], the ultimate
objective of system dynamics model validation is to test the
validity of the structure of the model which can be classified
as two types, namely, direct structure test and structure-
oriented behavior test. To test direct structure validity of the
model, we have checked that whether the model includes
all important variables that are to be investigated. The SD
model developed in this study is to simulate the changes
of municipal waste water under the socioeconomic devel-
opment and the scenarios after some related policy imple-
mented. Simultaneously, to find out whether the feedback



6 Modelling and Simulation in Engineering

relationship is illogical, the correctness of the relationships
between variables must be checked. Eventually, it is found
that the SD model for wastewater forecast and management
not onlymeets themodeling purpose, but also guarantees the
completeness and accuracy of the relationship between the
variables. In themodel with numerous variables and complex
causal loops, units of these variables and their quantitative
relationships in the equations are fallible. Unit check can
ensure the consistency of variables in the causal chain. When
Vensim warns an error in checking units, it is necessary to
reassign unit for the variable that has wrong unit. If the
error still exists, all the other variables related to that variable
should be checked to assure they are defined correctly.

After completing the SD model and model validation, a
case study in Wuhan is carried out. In the next section, the
study region is introduced and the variables are assigned; then
the simulation for status quo is conducted in order to calibrate
the SDmodel established previously. In the end, the scenarios
of different future development patterns are designed for the
scenario analysis.

3. Case Study

3.1. Study Region. Wuhan, the capital of Hubei province,
is located in central China. Wuhan has a vast land of
8,494.41 km2 and a population of 102,200,000 [30], which
is subject to a typical north subtropical monsoon climate
with four distinctive seasons, abundant rainfall, and heat,
with annual temperature of 15.8∘C–17.5∘C. Wuhan is rich in
water resources and has a total water area of 2,217.6 km2
accounting for 26.1% of the city’s land [31]. However, the
adequate water resources and relatively cheap price lead to
low efficiency of water utilization and low wastewater reuse
rate which result in a huge amount of wastewater output.
This is contrary to the resource conservation policy advocated
by the government, and a more serious problem is that
wastewater output increases as a result of the low utilization
rate of water resource. Currently, 12 wastewater treatment
plants with a total capacity of 1,885,000 tons per day have
been built in the main city of Wuhan so far. The amount of
wastewater changes drastically under different policies, which
would bring enormous pressures on the collection, treatment,
planning, and management of municipal wastewater.

3.2. Values of Variables. There are three level variables in the
SD model, namely, population, GDP, and water pollution,
whose initial values need to be set. The initial value of
population andGDP is 8,048,100 and 1.20648 billion which is
based on the statistical data of 2000, the starting year of this
model. The values of population growth rate, GDP growth
rate, and water consumption of annual ten thousand GDP
are extracted from historical statistics from 2000 to 2012.The
data is from the Wuhan Statistical Yearbook [32] during the
period from 2000 to 2012. The initial value of pollution is
assumed to be 1 in 2000. In this study, the population elasticity
to GDP, 𝑒

1
, is set as 0.2; namely, each 10% population growth

results in 2% GDP growth. The coefficient environmental
drag to GDP growth, 𝑒

2
, is set as 0.12 [25]. The elasticity of
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Figure 3:The comparison of the real value and the simulation value.

wastewater treatment fee for wastewater output 𝛼 is set as 0.1.
The initial values of the variables and the main parameters in
the SD model are listed in Table 1.

3.3. Model Calibration. The simulation results of status quo
simulation were compared with the historical statistical data
to evaluate the reliability of the SD model. Based on the
guidelines of “the process of estimating the model param-
eters (structure) to obtain a match between observed and
simulated structures and behaviors [as] a stringent test of a
hypothesis linking structure to behavior” [33], a sensitivity
analysis was conducted and the wastewater system inWuhan
during 2000–2010 was simulated with the model. The mean
absolute percentage errors (MAPE) between the simulated
data and the historical data are shown in Table 2.The average
of MAPE is 5.25% for the amount of treated wastewater.
Figure 3 shows the comparison between the simulated data
and real values of the amount of treated wastewater. As can
be seen, the trend of simulated values coincides with the
real values during the period of 2000–2010 during which the
statistical data are available. These results indicate that the
model can effectively simulate the real municipal wastewater
system, and thus it is reliable.

3.4. Simulation Results

3.4.1. Simulation Results of Status Quo. Status quo simulation
results of total wastewater have been shown in last section,
and Figure 4 shows the comparison of total wastewater (TW)
and wastewater treatment capacity (WTC). The maximum
difference between those two variables appears in the period
of 2000 to 2002 and decreases yearly. This gap flattens after
the wastewater treatment capacity increasing sharply by the
year of 2007. In fact, the government of Wuhan had been
aware of the seriousness of pollution and constructed a
number of wastewater treatment facilities making use of
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Table 1: Details of the parameter values used in the SD model.

Parameter type Value Source Note

Initial value

GDP 120.648 billion Wuhan Statistical Yearbook The data of 2000
Population 8,048,100 Wuhan Statistical Yearbook
Water pollution 1 Assumption

Constant

Change in wastewater
treatment fee 37.5% The government of Wuhan Increase (compared to the

data of 2013)

Industrial wastewater
discharge coefficient 0.75

Code for design of outdoor
wastewater engineering (GB
50014, 2006)

Pollution standard 1 Assumption
Elastic coefficient of
population 0.2 Kelley and Schmidt, 1995 [21]

Elastic coefficient of
environment 0.12 Zhang et al., 2009

Elasticity of wastewater
treatment fee −0.1 Ruijs et al., 2008 Combination of assumption

and the reference

Lookup function

Growth rate of population Wuhan Statistical Yearbook

Time series from 2000 to 2010GDP (ten thousand yuan)
water consumption Wuhan Statistical Yearbook

Growth rate of GDP1 Wuhan Statistical Yearbook
Capacity of wastewater
treatment Wuhan Water Authority

Per capita wastewater output

If (time ≤
2014,65m3), then it
is determined by
other variables

Code for design of outdoor
wastewater engineering (GB
50014, 2006)

Pollution absorption time World model

WTC
TW
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Figure 4: The comparison of wastewater treatment capacity and
total wastewater.

Asian Development Bank (ADB) loans and other funds
from 2001. So the gap between the wastewater treatment
capacity and the amount of wastewater was becoming
smaller. But there is still a gap of 200 million tons by
the year of 2012. As a result, a large amount of untreated
wastewater was discharged into the receiving waters, which

DW
IW

150

300

450

600

750

M
ill

io
n 

ste
re

20122004 2006 2008 201020022000

Time (year)

Figure 5: The component of total wastewater: domestic wastewater
(DW) & industrial wastewater (IW).

has an extremely negative impact on the urban water
environment.

Figure 5 shows the trend of domestic wastewater and
industrial wastewater; we can see that domestic wastewater
rises slowly and makes up a major part of municipal wastew-
ater, accounting for more than 60% of the total wastewater.
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Table 2: The comparison of the real value and the simulation value.

Year The real value The simulation value MAPE (percent)
2000 74971.03 72183.4 3.72
2001 68456 72681.8 6.17
2002 71189.72 73146 2.75
2003 72026.27 73193.8 1.62
2004 72144.77 73116.1 1.35
2005 65665.27 72926.5 11.06
2006 65746.34 71075 8.10
2007 66283.2 71488.1 7.85
2008 78858.76 72973.3 7.46
2009 78435.06 74689.8 4.77
2010 78376.66 76127 2.87

MAPE 5.25

Table 3: The design of scenarios.

Scenarios Growth rate of GDP (%) Water consumption of annual ten thousand GDP (m3) Increase of wastewater treatment fee (%)
1 10 35 37.5
2 10 25 37.5
3 8 35 37.5
4 8 35 50
5 8 35 100
6 8 30 37.5
7 8 25 37.5
8 6 35 37.5
9 6 25 37.5

Also, it can be seen that there is a downward trend for
industrial effluent over time.

3.4.2. Scenario Design. Scenario analysis can also be called
policy simulation, which treats some major factors as the
control variables; their values are to be adjusted to form dif-
ferent simulation schemes. This simulation tests the policies
in the period of 2015 to 2030. The goal of resource-saving
and environment-friendly society is to obtain rapid economic
growth in the case of low resource consumption and less
waste generation. The economic growth is characterized as
the growth of GDP, and resource conservation in this article
mainly refers to reducing the industrial water consumption.
Thus three main factors are chosen as scenario variables
for the scenario analysis, namely, GDP growth rate, water
consumption of annual ten thousand GDP, and wastewater
treatment fee. The different assignments of each variable
constitute different future scenarios, which are listed in
Table 3.

Scenarios 1 and 2. These two scenarios represent the future
scenario of municipal wastewater under rapid economic
development; that is, the average annual growth rate of GDP
is 10% in Wuhan during the period of 2015–2030. For the
water consumption of annual ten thousand GDP, two levels
are set in these two scenarios. Namely, thewater consumption
of annual ten thousand GDP is set as 35m3 (current level)

and 25m3 by the year of 2030. The increase of wastewater
treatment fee is 37.5% (compared to the data of 2014) which
was adjusted by the government in 2015.

Scenarios 3∼7. The future municipal wastewater is simulated
under the moderate pace of economic development, and
the average annual growth rate of GDP is set as 8% which
is the current GDP growth rate of Wuhan. The impact
of resource conservation and wastewater treatment fee on
municipal wastewater are investigated in these scenarios. In
scenarios 3∼5, only the increase of wastewater treatment fee
is changed, while the input value of water consumption of
annual ten thousand GDP is set as 35m3, the current level.
Three different levels are set for the increase of wastewater
treatment fee; one is 37.5%; the second is 50% which is higher
than the current; the last is the highest, 100%. In scenario 6
and scenario 7, the industrial water consumption of annual
ten thousand GDP is set as 30m3 and 25m3, respectively,
while the increase of wastewater treatment fee is set as the
current value, 37.5%.

Scenarios 8 and 9. Scenarios 8 and 9 are the analysis of future
municipal wastewater under the economic growth of a low
speed while the values of other variables are the same as
scenarios 1 and 2. The average annual growth rate of GDP
drops to 6%. Scenario 8 is the modeling of the response
to policies changes under the development pattern of low
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Figure 6: Total wastewater under different GDP growth rate.

growth and high consumption. On the contrary, scenario 9
is to simulate the dynamic change of the entire system under
the scenario of a low growth and low consumption.

3.4.3. Simulation Results of Future Scenarios

(1) GDP Growth Rate. Wuhan is a central developing city
and the GDP growth is always regarded as one of the most
important indicators of social development. However, rapid
growth of GDP is pursued while environment issues are
ignored, even at the expense of the environment. In this
section, the influence of GDP growth to the wastewater
amount and water environment is analyzed. Figure 6 shows
the change of the amount of municipal wastewater under
different GDP growth rate (10%, 8%, and 6%) while the
other factors are constant. Obviously, there is a positive
correlation between the GDP growth rate and the amount of
municipalwastewater.Thegrowth ofGDP leads to the growth
of municipal wastewater, and greater GDP growth leads to
faster growth in wastewater. On the basis of 10%, 8%, and
6% GDP growth rate, the total amount of wastewater in 2030
increases by 50.6%, 43.8%, and 37.2%, respectively, compared
to that in 2015. Compared to the currentGDP growth rate 8%,
when GDP growth rate increases to 10%, the total amount of
wastewater by 2030 increases by 14.3%, and when it decreases
to 6% that would decrease by 10.8%.

As shown in Figure 7, the urban water pollution is ana-
lyzed in the situation that theGDP growth rate changes, while
maintaining the current capacity of municipal wastewater
treatment unchanged. During the years 2010 and 2020, the
turning point appears at time point of 2017 in these three
curves; urban water pollution shows a rising trend after first
cut, presenting U-shape. It demonstrates that the current
municipal wastewater treatment capacity will alleviate the
environmental pollution to some extent. But in the long
term (2020–2030), when GDP is at the high growth level of
10%, water pollution (the cumulative amount of untreated
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Figure 7: Water pollution under different GDP growth rate.

wastewater) shows a growing trend; when GDP growth rate
keeps at current 8%, water pollution gradually becomes stable
after 2025; when GDP growth rate decreases to the low level
of 6%, water pollution appears as a turning point in 2023,
showing a trend of rising first and then falling and finally
keeping to fall. By 2030, if GDPgrowth rate increases from the
current level to 10%, water pollution would increase by 27.8%;
if GDP growth rate decreases from the current level to 6%,
water pollutionwould decrease by 22.8%.With the increase of
wastewater output, whenGDP growth rate ofWuhan keeps at
the current level or higher than the current level, urban water
pollution can be aggravated to some extent, which indicates
that current municipal wastewater treatment capacity cannot
meet the requirements of environment-friendly society and
needs to be expanded.

(2) Water Consumption of Annual Ten Thousand Yuan GDP.
GDP (ten thousand yuan) water consumption is another
important factor affecting the amount of wastewater output,
and it is related to the way of economic growth, the industrial
structure of the region, the level of production equipment,
and natural conditions.

Figure 8 shows that municipal wastewater changes are
caused by different magnitude of water consumption of
annual ten thousand GDP (35m3, 30m3, and 25m3). In the
case of more extensive use of water resources, output of
wastewater increases significantly. Compared to the current
level of high water consumption, by 2030, when the GDP
growth rate is 8%, the increase of the wastewater treatment
fee is 37.5%, at the situation of resource saving (then thousand
yuan GDP water consumption is 30m3 and 25m3), and the
wastewater output of the whole city decreases by 6.0% and
12.0%, which is a great relief to the wastewater treatment
system.

When other variables (GDP growth rate, wastewater
treatment fee) are all kept at the current level, the total
amount of water pollution can be reduced significantly as
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Figure 8: Total wastewater under different per ten thousand yuan
GDP water consumption.
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Figure 9: Water pollution under different per ten thousand yuan
GDP water consumption.

soon as the implementation of the policy of water con-
sumption reduction. Moreover, the more the water con-
sumption is reduced, the more obvious the water pollution
is. By 2030, due to the reduction of GDP water consump-
tion (ten thousand yuan), decreasing from 35m3 to 30m3
and 25m3,respectively, the total amount of water pollution
reduces by 15.8% and 32.0%, respectively. As seen in Figure 9,
during the years 2010 and 2020, the three curves show a
trend of decrease first and then increase. The difference is
that the greater the GDP water consumption (ten thousand
yuan) is, the earlier the turning point appears.This is because
the water pollution is a status variable in the model and
its accumulation depends on the input and output of status
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Figure 10: Total wastewater under different wastewater treatment
fee.

variables. The increase of water consumption leads to the
increase of input, and the output depends on the self-
purification capacity of water bodies and it has little changes
to some extent and can be seen as a fixed value, so the status
variables can grow rapidly. In the long term (2020–2030),
high water consumption (35m3) leads to a rapid rise in water
pollution, and the rise speed becomes slow and trends to
stable after 2025; the rise speed under the medium water
consumption (30m3) is lower than that under high water
consumption, and the speed begins to slow down after 2024;
under the situation of low water consumption (25m3), after
the year 2020, water pollution experiences 3 years of rising
and then begins to drop quickly. It can be seen that reducing
thewater consumption per unit output value is importantway
to reduce wastewater output and water pollution and it is a
major measure of clean production process for enterprises.
In the process of wastewater treatment, both source control
and end treatment should be paid attention to.

(3) Wastewater Treatment Fee. With the continuous expan-
sion of the water industry marketization in China, the
pricing of the wastewater treatment fee is getting more
and more attention. Reasonable pricing can bring a certain
income for wastewater treatment enterprise to ensure its
normal operation and also can indirectly encourage the
implementation of water-savingmeasures. In this section, the
influence of wastewater treatment fee on the future amount
of wastewater and the situation of water pollution in the city
in this case is analyzed. As shown in Figure 10, when the
increase of wastewater treatment fee is added from 37.5% to
50% and 100%, respectively, the total amount of wastewater
decreases to some extent (by 0.5% and 2.1%, resp.) during the
period of policy simulation; the greater the increase is, the
more obvious the wastewater amount decreases. For water
pollution, the increase of wastewater treatment fee can also
bring significant benefits. Similar to other two control factors,
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Figure 11:Water pollution under different wastewater treatment fee.

the influence curve of wastewater treatment fee on water
pollution shows a trend of decrease first and then increase.
The control role of the wastewater treatment fee to water
pollution is relatively weak; the water pollution under three
situations of different wastewater treatment fees shows a
trend of decrease during the years 2020 and 2030 as shown
in Figure 11. In general, the increases of wastewater treatment
fee to some extent can restraint the aggravation of water
pollution although its influence is limited.

Meanwhile, make longitudinal comparison to the three
control factors selected in this article; changing such three
factors can reduce the total amount of wastewater and
restraint water pollution to some extent, and the influence of
the wastewater treatment fee is the smallest.

(4) Different Development Modes. Finally, the future devel-
opment modes of Wuhan are summarized as high-growth,
high water consumption (H-H; scenario 1); high-growth, low
water consumption (H-L; scenario 2); low growth, high water
consumption (L-H; scenario 8), and low-growth, low water
consumption (L-L; scenario 9). Under the situation of H-H,
the total amount of wastewater in the future gets the fastest
growth and it increases by 50.6% in 2030 when comparing
with that in 2015; under the situation of L-L, it gets the slowest
growth and it increases by 34.9% when comparing with that
in 2015; the growth rate of wastewater during the years 2015
and 2023 under the situation of H-L is lower than that of L-H,
but during the years 2023 and 2030, it will be higher than that
of L-H. By 2030, the total amount of wastewater in Wuhan
under different situations is sorted by size as follows: H-H >
H-L > L-H > L-L. Comparing the situations of H-L and L-H,
it can be seen in Figure 12 that the influence of GDP water
consumption (then thousand yuan) to the total amount of
wastewater is greater than that of GDP growth rate in the near
future (2015–2023), and the influence of GDP growth rate is
more obvious in the long term (2023–2030).

As shown in Figure 13, urban wastewater under different
development model presents great differences. Under the
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Figure 12: Total wastewater under different development patterns.
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Figure 13: Water pollution under different development patterns.

developmentmodel of low economic growth, water pollution
experiences a process of “decrease-increase-decrease” in the
simulation period (2015–2030) and it presents a trend of
decrease in the long term; but under two development
models of high economic growth, water pollution presents
a process of “decrease-increase” and finally presents a trend
of increase and becomes stable. Thus, it can be seen that
the wastewater treatment capacity of Wuhan would not meet
current wastewater treatment needs and water pollution
would continue to be aggravated if under the situation of
high economic development. The two curves of H-L and
L-H are analyzed and the intersection point appears in
the year 2027. Before 2027, the water pollution under the
development model of L-H is more serious than that of H-
L. After 2027, the water pollution presents a trend of rising
under the developmentmodel ofH-L and dropping under the
development model of L-H. In the long term, the influence of
economic development to water pollution is greater.



12 Modelling and Simulation in Engineering

4. Conclusion

The current work systematically investigated the socioeco-
nomic, municipal wastewater, and urban water environment
by the system dynamics for the first time, which provided a
new strategy for the management of municipal wastewater
system. In addition, it also offers the overlook of dynamic
change of the whole system and the theoretical foundation
to the management to make the right decision. Based on the
discussion above, it can be concluded as follows:

(1) The factors affecting the sustainable development
of the municipal wastewater system and their rela-
tionship and feedback mechanism were investigated.
Based on the results, a SD model for the sustainable
municipal wastewater system was developed from
the socioeconomic, municipal wastewater, and urban
water environment to simulate the future municipal
wastewater and to explore the key factors that affect
the municipal wastewater system.

(2) The reliability of the SD model was demonstrated
by case study. The SD model was able to effectively
simulate the real system, even the systemwith insuffi-
cient historical data, by the combination of qualitative
and quantitative analyses. The dynamics simulation
of municipal wastewater is an important part of
urban water pollution control and management. It
is significant for reducing pollution, ensuring the
health of urban water environment, improving the
life quality of the urban residents, and achieving the
sustainable development.

(3) The case study also indicated that the municipal
wastewater increased with the growth of GDP and
increasing the wastewater treatment fee could sig-
nificantly reduce the emission of wastewater. The
municipal wastewater and water pollution increase
most rapidly in the scenario of rapid economic growth
and extensive resource utilization, and thus it can-
not blindly pursue economic growth while ignoring
resource conservation.

(4) The SD model was used to evaluate the sustainable
development of the municipal wastewater using GDP
growth rate, water consumption of annual ten thou-
sandGDP, andwastewater treatment fee as the control
variables. The results indicated that, compared with
the GDP growth rate, the water consumption per
ten thousand GDP affected the municipal wastewater
more significantly in the short term. However, the
influence of GDP growth rate was more obvious in
the long term.Therefore, the effective implementation
of water conservation measures is an efficient way to
reduce the emission of wastewater and to eventually
realize the environment-friendly wastewater system.
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