
sustainability

Article

A Multi-Objective Input–Output Linear Model for
Water Supply, Economic Growth and Environmental
Planning in Resource-Based Cities

Wenlan Ke 1,2,*, Jinghua Sha 1,2,*, Jingjing Yan 1,2, Guofeng Zhang 2,3 and Rongrong Wu 4

1 School of Humanities and Economic Management, China University of Geosciences, Beijing 100083, China;
yanjingjing312@hotmail.com

2 Key Laboratory of Carrying Capacity Assessment for Resource and Environment,
Ministry of Land and Resource, Beijing 100083, China; zgfjjgl@hotmail.com

3 Institute of Economic and Trade, Shijiazhuang University of Economics, Shijiazhuang 050031, China
4 Department of Finance and Accounting, Yango College, Fuzhou 350015, China; wurongrong1981@sina.com
* Correspondence: kewenlan1988@163.com (W.K.); shajh@cugb.edu.cn (J.S.); Tel.: +86-159-0100-7427 (W.K.);

Fax: +86-10-8232-2078 (J.S.)

Academic Editor: Darren Robinson
Received: 11 October 2015; Accepted: 2 February 2016; Published: 6 February 2016

Abstract: Water resource and environment capacity have become two of the most important
restrictions for sustainable development in resource-based cities whose leading industries are the
exploitation and processing of resources. Taking Ordos in China as an example, this article constructs
an integrated model combining a multi-objective optimization model with input–output analysis
to achieve the tradeoffs between economic growth, water utilization and environmental protection.
This dynamic model includes socioeconomic, water supply–demand, water quality control, air
quality control, energy consumption control and integrated policy sub-models. These six sub-models
interact with each other. After simulation, this article proposes efficient solutions on industrial
restructuring by maximizing the Gross Regional Product of Ordos from 394.3 in 2012 to 785.1 billion
RMB in 2025 with a growth rate of 6.4% annually; and presents a water supply plan by maximizing
the proportion of reclaimed water from 2% to 6.3% through sewage treatment technology selection
and introduction, and effective water allocation. Meanwhile, the environmental impacts are all
in line with the planning targets. This study illustrates that the integrated modeling is generic
and can be applied to any region suffering uncoordinated development issues and can serve as a
pre-evaluation approach for conducting early warning research to offer suggestions for government
decision-making.

Keywords: multi-objective input–output linear model; sustainable development; water supply;
economic growth; environmental control; resource-based cities

1. Introduction

With the continuous development of socioeconomics, water resource and environment capacity [1]
have become the most important constraints for sustainable development in many regions [2],
especially in Chinese resource-based cities whose leading industries are the exploitation and processing
of local natural resources [3]. In China, most of the resource-based cities are located in semi-arid or
arid regions [4] that suffer from water scarcity. In addition, under the current process of national
development, resource-based cities should give priority to developing the resource and energy industry
so as to meet national energy demands, which will aggravate burdens on water utilization, pollutant
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reduction and energy conservation. The contradictions among sustainable socioeconomics, water
resource and environment protection are particularly difficult.

In this article, we take Ordos as a case study. Ordos, located in the southwest of Inner Mongolia,
is China’s key energy and chemical base, and its resource industries occupied more than 60% of total
output. Tracing back from 2001, Ordos has experienced Gross Domestic Product (GDP) growth rates of
33.4% annually [5]. However, after 2010, the falling price of coal and the urgent requirement of energy
saving and emissions reduction have confronted Ordos with new opportunities and the industrial
structure needs to be transformed and upgraded urgently. Meanwhile, the economic development
in Ordos is restricted by water resources and ecological environmental capacity. According to Water
Resource Bulletin, in 2012, the ratio of sewage treatment was 71%, the reuse rate of reclaimed water
was 57% and the removal rate of water pollutants was only 26%. According to the current industrial
structure and water utilization strategy, the water deficit will reach 809 million cubic meters in 2020 [6].
Water resources cannot guarantee the sustainable development of socioeconomics in Ordos. Moreover,
the intensity of energy consumption is 2.1 times the national average and atmospheric pollutants
emissions are beyond the limited standards of Inner Mongolia [7]. Accordingly, Ordos municipal
government has drawn specific planning goals on socioeconomics development, water utilization,
energy conservation and pollutants reduction. Therefore, how to achieve the tradeoffs between
economic growth, water utilization and environmental protection in resource-based cities is a very
significant task that needs to be addressed.

Regarding the sustainable development of resource-based cities, the corresponding impact of
industrial development on water utilization, energy consumption and pollutants emissions should be
taken into consideration. In the area of macroeconomics, the input–output (IO) model can describe
the economic transactions between final consumers and productive sectors in a region [8–11]. One of
the main advantages of the input–output model is that, in addition to revealing the macroeconomic
structure of an economy, it can assess the environmental impacts by using “pollution or consumption
intensity” vectors associated with the production level, which is a very suitable method for conducting
environmental assessment [12]. IO model has been applied to the study of the environmental
influences of industrial development, including the assessment of greenhouse gas emission related
to resource sectors in a specific region [13]; the evaluation of water pollution during the process of
resource exploitation [14]; and the assessment of energy consumption and environmental pollution
discharge according to regional economic growth [15–17]. These studies provide valuable quantitative
information on the anthropogenic environmental loads of economic activities; however, the resource
and environmental capacity cannot serve as restrictions if they affect industrial transformation and
upgrading. Furthermore, the results of these studies, being only static evaluations, offer no exercisable
suggestions on how to reduce environmental pressures.

A possible manner to overcome such limitation is coupling IO model with linear programming
model. Linear programming model is a useful approach for comprehensive decision making since
it can help identify the efficient strategy to control the environmental impact related to different
economic activities. Linear programming models have already been mixed with input–output analysis
for solving environmental problems [18]. A large body of literature has set one single objective
to mitigate environmental pressure, such as minimizing greenhouse gas (GHG) emissions through
specific policy [19], minimizing water pollution through waste management [20,21], or maximizing
the reclaimed water utilization with a given set of alternative engineering technologies [22,23]. Other
studies have combined IO model with multi-objective linear programing to simultaneously realize
economy-energy-environment-social tradeoffs [24]. This latter approach has been applied to optimize
the water supply plan concerning water supply maximization, cost minimization and environmental
hazards minimization [25]; optimizing future electricity supply by minimizing system costs and global
warming potential [26]; and optimizing the total economic output and the GHG emissions related to
energy consumption [27,28]. The literature above combines relationships between multiple objectives
to finally come up with detailed exercisable suggestions. However, the target areas of previous research
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have mainly been developed regions. There are few works that focus on resource-based cities, and the
created models do not reflect the characteristics of resource-based cities.

According to the actual situation, the study of sustainable development of resource-based cities
should not only consider the water supply capacity, but also ensure that the local economic activities do
not exceed the scope of the local environment’s capacity. Therefore, this paper presents an integrated
approach combining the multi-objective linear programming model with IO model. The use of
IO model with “pollution or consumption intensity” vectors allows identifying specific social and
economic activities that are responsible for the overall environmental impacts, including water and
energy consumption, and air and water pollution. A multi-objective linear programming model
can endogenously put forward the efficient solution for industrial restructuring by maximizing the
economic output within the constraints of specific energy conservation and emission reduction goals,
and present an exercisable water resource recycling plan by maximizing local water supply through
sewage treatment technology selection, introduction, and installation and water allocation.

The structure of the remainder of this paper is as follows. Section 2 explains the model framework
with the introduction of integrated policy. Section 3 formally illustrates the modeling and simulation
with corresponding mathematical formulation. Section 4 discusses the empirical results obtained from
simulation. The brief conclusion and the main policy implications are finally presented in Section 5.

2. Model

In this paper, we design a comprehensive dynamic model by integrating the multi-objective
programing method and IO model. According to our field survey and data collection, we construct a
model to suit the sustainable development of resource-based cities.

2.1. Model Framework

The economic activity described in this study is the flow of commodities using an input–output
(IO) table with the macroeconomic indicators of production, consumption, investment, capital stock
and value added, which is called value balance rule [29–32]. The relationship between resource
consumption and pollution emissions related to economic activities abide by the rule of material
balance, which means that the mass of residuals returned to natural environment must be equal to the
mass of basic fuels, minerals and other raw materials entering the processing and production system
plus gases taken from the atmosphere [33]. Based on these rules, this model shown in Figure 1 includes
two objectives, to maximize the Gross Regional Production (GRP) and maximize the amount of water
supply, and six sub-models, which are socioeconomic sub-model, water supply–demand sub-model,
water quality control sub-model, air quality control sub-model, energy consumption control sub-model
and integrated policy sub-model.

Within the model, these six sub-models interact with each other. The socioeconomic sub-model
simulates GRP via input–output coefficient and impact factor of integrated policy, while the other
sub-models calculate the environmental pollutants and resource depletion based on the IO model
via industrial output, emission factors and resource consumption factors. Then, a series of goals for
resource conservation and emission reduction will modulate the economic activity in reverse so as to
realize the tradeoffs among them.
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Figure 1. Model framework.

As outlined in Table 1, the integrated policy includes industrial restructuring and a water
supply plan. First, the economic structure should be optimized subjected to the reduction goals
of atmosphere pollutants, water pollutants and the energy saving goals; second, the water supply plan
is divided into two aspects: (1) effective water allocation should consider the intensities of both water
resource utilization and water pollutants emission; and (2) the introduction of sewage water treatment
technologies should be based on treatment demand of different districts, the treatment capacity, and the
construction costs of different technologies, so as to increase the recycled water supply. Government
finances should provide subsidies to assist the implementation of the integrated policy.

Table 1. Integrated policy.

Policy Index Measures

Industrial restructuring 1 Water pollutants control
2 Water consumption control
3 Energy consumption control
4 Air pollutants control

Water supply plan 5 Water reallocation
6 Sewage water treatment technologies introduction

2.2. Hypothesis of the Model

The model is composed of two objective functions and six sub-models. In order to observe the
influence of integrated policy on different economic sectors in Ordos, we assume that the value flow
and material flow are limited within the city; the resource consumption and waste emissions are
linearly dependent on the level of the socioeconomic activities and the coefficients remain unchanged
during the simulation period; and the input–output coefficients and value added rate are fixed, as we
assume the level of technology will stay the same.

3. Mathematical Formulation of Model

The model developed in this work enables maximization of both GRP and total water supply
within the restrictions of planning targets on industrial restructuring, water utilization, energy saving
and emissions reduction. The simulation period ranges from 2012 to 2025. Because the model includes
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more than 80 mathematical functions with 8828 variables and 7878 constraints, only the most important
functions are shown here. In this work, we used the mathematical software package LINGO [34–36] to
translate the mathematical formulation with exogenous variables into programming language, and
then the endogenous derivation of global efficient solution is obtained.

3.1. Objective Function

As mentioned above, Ordos is confronted with water shortages. In order to ensure socioeconomic
development despite the limited water resources, we set the first objective as maximizing the total
water supply (TWS). Moreover, as Ordos is currently being industrialized, the sustainable development
should not deteriorate from the economic growth; thus, the maximization of GRP considering the
social discount rate over the target term is simultaneously set as another objective:

Max

#

TWSptq,
ÿ

t

1

p1` ρqt´1 GRPptq

+

(1)

where TWSptq is total water supply at time t, GRPptq is the Gross Regional Product in time t, and ρ is
the social discount rate considering the net present value (NPV) of future income (=0.05) [21,37].

3.2. Socioeconomic Sub-Model

The socioeconomic sub-model describes the population growth, land expansion and flow of
commodities. Ordos city is divided into eight districts, according to the administrative division:
Dongsheng District, Dalad Qi, Jungar Qi, Etuokeqian Qi, Etuoke Qi, Haggin Qi, Uxin Qi, and Ejin
Horo Qi.

3.2.1. Population Growth

Because the eight districts are different, their populations grow at different annual rates:

Pcity{country
j pt` 1q “ p1` γjq¨ Pcity{country

j ptq (2)

where Pcity{country
j ptq is the population of city/country in district j at time t, and γj is the population

growth rate in district j.

3.2.2. Land Expansion

The built-up area expands annually according to the urban planning of Ordos, while others
reduce proportionally:

Lconstructionpt` 1q “ p1` θqLconstructionptq (3)

where Lconstructionptq is the construction area at time t, and θ is the growth rate.

3.2.3. Flow Balance of the Commodity Market

Based on the characteristics of production, the industry is divided into 10 categories: primary
industry, coal mining industry, non-coal mining industry, petroleum and chemical industries, metal
and nonmetal manufacturing industries, equipment manufacturing industry, other manufacturing
industries, electricity and water production industries, construction industry, and tertiary industry.

The total product of each industry should meet the balance between supply and demand for
the commodity market. The products are decided by a Leontief input–output matrix, consumption,
investment and net export. Considering the sectoral influence brought by these new investments, an



Sustainability 2016, 8, 160 6 of 18

impact coefficient related to the investment of new reclaimed water technologies is added in order to
evaluate the influence on industrial output:

Xmptq ě A¨Xptq ` Cptq ` Imptq `β¨ Ispptq ` NEptq (4)

where Xmptq is the total production of industry m at time t, A is the input–output coefficient matrix,
Cptq is the total consumption at time t, Imptq is the total investment, and NEptq is the net export at time
t. Since we introduced new sewage treatment technologies to reduce water pollutant and increase
water supply, Ispptq presents the investment of new sewage treatment technologies, whereas β is the
coefficient associated with the production induced by the new investment.

In addition, the industrial product is restricted by the capital stock and subsidies, and the
industries can be restructured by residual capital and subsidies for industrial shrinkage:

Xmptq ď αm¨ pKm ´ Smq (5)

where αm is the capital ratio of output in industry m at time t, Km is the available capital of industry m
at time t, and Sm is the subsidy for curtailment for industry m at time t.

The capital accumulation depends on investment and capital depreciation:

Kmpt` 1q “ Kmptq ` Impt` 1q ´ dm¨Kmptq (6)

where dm is the depreciation rate of industry m.
The GRP is the index to reflect the socioeconomic development, which is the summation of the

product of all 10 industries considering the value-added rate during the target term:

GRPptq “
ÿ

m
δm¨Xmptq (7)

where δm is the value-added rate of industry m.

3.3. Water Supply–Demand Sub-Model

Water supply–demand sub-model describes the balance between supply and demand, and water
recycling with sewage treatment technologies. To meet water demand and safeguard the security
of supply, the water supply must be equal to or exceed water demand. During the target term, the
groundwater, local surface water, transfer water and other water resources remain unchanged because
conventional water resources are limited in the short term [38]. In this work, we intend to provide
sufficient water supply to match demand through optimizing water allocation and introducing sewage
treatment technologies.

3.3.1. Water Supply and Demand

In Ordos, the total water supply comes from groundwater, local surface water, transfer water from
the Yellow River, reclaimed water, and other water resources. Because the exploitation of groundwater
is under restriction and conventional water sources are limited, groundwater, local surface water,
transfer water and other water resources are assumed to remain unchanged, and the water demand of
the environment is fixed according to the predicted amount announced by the local government,

TWSptq “
ÿ

j
GW jptq `

ÿ

j
LSW jptq `

ÿ

j
TW jptq `

ÿ

j
RW jptq `

ÿ

j
OW jptq (8)

where GW jptq, LSW jptq, TW jptq, RW jptq and OW jptq are groundwater, local surface water, transfer
water from the Yellow River, reclaimed water, and other water resource in district j at time t, respectively.
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The water resources are distributed to households, industry, and environmental maintenance:

TWDptq “
ÿ

j
ewcity¨ Pcity

j ptq `
ÿ

j

ÿ

m
ewm¨Xm

j ptq ` EWDptq (9)

where TWDptq is the total water demand at time t, ewcity{country is the water demand coefficients of
city/country, ewm is the water demand coefficient of industry m, and EWD is the water demand for
urban environmental maintenance.

3.3.2. Water Recycling

With the utilization of water resources, sewage water is also generated from households, industrial
activities and environmental maintenance:

SWGptq “
ÿ

j
escity{country¨ Pcity{country

j ptq `
ÿ

j

ÿ

m
esm¨Xm

j ptq ` EWDptq, (10)

where SWGptq is the sewage water generated at time t, escity{country is the coefficient of sewage water
discharged from urban/country population, and esm is the coefficient of sewage water discharge from
industry m, m = 2–10 [39].

To ensure water supply and improve water quality, more and more sewage water treatment
with the introduction of new sewage treatment facilities should be encouraged. In Ordos, there are
eighteen sewage treatment plants with the traditional activated sludge treatment technology that is
widely used in China now. Considering the technology change, our model introduced three kinds of
advance sewage water treatment technologies. All three kinds of Membrane Bio-Reactor technologies
are expected to be chosen (Table 2), Double Membrane Bio-Reactor (DMBR) [40], Ceramic Membrane
Bio-Reactor (CMBR) [41] and Extractive Membrane Bio-Reactor (EMBR) [37], because they are currently
considered the most promising options for resource-based cities. The construction and operation cost,
productivity, and environmental and investment efficiencies have been specified, which dictates where,
and how much of, a particular technology can be utilized. The capacity factors and cost are based on
current designs and assumed to be constant over the target period.

Table 2. Sewage water treatment technologies.

Technology
Construction

Cost
(Million RMB)

Operation
Cost

(RMB/Ton)

Productivity
of

Reclaimed
Water (%)

Environmental
Efficiency
(Removal

Ability/Million Tons)

Investment
Efficiency

(Treatment
Capacity/RMB)

A DMBR 165 3 80 345 0.22
B CMBR 70 3.6 85 354 0.16
C EMBR 5 1.8 95 560 0.3

The gross volume of treated sewage water includes the existing capacity and the added amount
of the new sewage water treatment plan:

SWTptq “
ÿ

j
ESWT jptq `

ÿ

j
pNSWTA

j ptq ` NSWTB
j ptq ` NSWTC

j ptqq (11)

where SWT is the treated sewage water at time t, ESWT j is the existing capacity of sewage water
treatment, and NSWTA

j , NSWTB
j and NSWTC

j are sewage water treated by new technology A, B and
C, respectively.

Reclaimed water comes from treated sewage water. Following the introduction of a new
technology, reclaimed water is increased to support the water supply:

RWptq “
ÿ

j
ERWPjptq `

ÿ

j
pρ¨NSWTA

j ptq `φ¨NSWTB
j ptq `ω¨NSWTC

j ptqq (12)
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where ERWPjptq is the reclaimed water produced by existing sewage water treatment plants in region
j at time t, and ρ, φ andω are the coefficients of reclaimed water produced by technology A, B and C,
respectively.

According to the Urban Overall Planning of Ordos (2011–2013), in the year 2025, the ratio of
sewage treatment should be higher than 95%, while the reuse rate of reclaimed water should exceed
80% [42]. This policy will determine how new technologies are introduced.

RATE_wtptq “ SWTptq{SWGptq (13)

RATE_rwptq “ RWptq{SWTptq (14)

In Equations (13) and (14), RATE_wt(t) is the ratio of sewage treatment at time t, and RATE_rw(t)
is the reuse rate of reclaimed water at time t.

3.4. Water Quality Control Sub-Model

The water quality control sub-model describes the emission and disposal of water pollutants, and
also sets the goal for emission reduction. In Ordos, the emission of chemical oxygen demand (COD)
accounts for 91.1% of total water pollutants; thus, COD is selected as an indicator for measuring water
quality in Ordos. COD is generated from the wastewater of industries and households, and also comes
from the non-point sources (farmland, orchards, grassland, construction land and others) and rainfall:

TP_codptq “ IWP_codptq ` HWP_codptq ` NWP_codptq ` RP_codptq ´ DP_codptq (15)

where TP_cod is the total COD discharged at time t; IWP_cod(t), HWP_cod(t), NWP_cod(t), and RP_cod(t)
are the COD emitted from industries, households, non-point sources and rainfall at time t, respectively;
and DP_cod is the disposed pollutant at time t.

However, with the treatment of existing and new reclaimed water technologies, the amount of
disposed pollutants increases gradually:

DP_codptq “
ÿ

j
epex¨ ESWT jptq `

ÿ

j
pα¨NSWTA

j ptq `β¨NSWTB
j ptq ` γ¨NSWTC

j ptqq (16)

where epex is the disposed coefficient for existing water treatment, while α, β and γ are the coefficients
for the pollutant removal of technologies A, B and C, respectively.

According to the Energy Conservation and Emission Reduction Plan, water pollution should
continually decrease by 3.3% annually [42]:

TP_codpt ` 1q “ TP_codptq¨ p1 ´ 3.3%q (17)

3.5. Air Quality Control Sub-Model

The air quality control sub-model describes the emissions of air pollutants, and sets the goal for
emissions reduction. According to the characteristics of industrial emission in Ordos, we found that the
emission of Sulfur-dioxide (SO2) and Oxynitride (NOx) account for 36.6% and 35.2%, respectively, of
the total output of industrial waste gas, while 80.2% of SO2 emission and 86.9% of NOx emission were
discharged from the electricity and water production industry and the downstream of coal mining
industry, which illustrates that SO2 and NOx are typical air pollutants in Ordos. Therefore, we choose
SO2 and NOx as the indicators for measuring air quality. SO2 and NOx are mainly emitted from
industrial manufacturing and households:

TAP_SO2{NOxptq “ IAP_SO2/NOxptq ` HAP_SO2/NOxptq (18)

where TAP_SO2/NOx(t) is the total SO2/NOx discharged at time t, and IAP_SO2/NOx(t) and
HAP_SO2/NOx(t) are the air pollutant emitted from industries and households at time t, respectively.
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Driven by the planning goals of emissions reduction, Ordos has an obligation to reduce SO2 and
NOx by 2.5% and 3% annually, respectively [42]:

TAP_SO2/NOxptq “ TAP_SO2/NOxptq¨ p1 ´ 2.5{3 %q (19)

3.6. Energy Consumption Control Sub-Model

The energy consumption control sub-model describes the energy consumption, and sets the goal
for energy conservation. Energy demand comes from industrial activities and the final consumption of
local residents. Constraints on energy demand can restrict the amount of energy consumption, so as to
optimize the industrial structure. As formulated in the Energy Conservation and Emission Reduction
Plan, energy consumption per unit GRP should decrease at an annual rate of 3.3% during the target
term and sustainable industrial development needs to control energy consumption [42]:

TEDptq “ IEDptq ` CEDptq (20)

EC_grp ptq “ TEDptq {GRP ptq (21)

Where TED(t) is the total energy demand at time t; IED(t) is energy demand for industrial activities,
which are based on industrial output and their energy consumption coefficients (see Appendix
Tables A2 and A5); CED(t) is the final consumption of resident at time t; and EC_grp (t) is the energy
consumption per unit GRP.

3.7. Financial Budget

Choosing which technologies to install depends on the following: removal efficiency, investment
efficiency, productivity and maintaining cost of each technology. Moreover, the total subsidy for
industrial restructuring and water supply plan is limited by the financial budget:

ÿ

j

Ia/b/c
j ptq `

ÿ

j

MCa/b/c
j ptq “

ÿ

j

S_SPa/b/c
j ptq, (22)

FBptq ě S_SPa/b/c
j ptq ` Smptq, (23)

where Ia/b/c
j is the total investment of technology A, B or C in region j at time t; MCa/b/c

j is the maintenance

cost of technology A, B or C in region j at time t; and S_SPa/b/c
j is the subsidy for new reclaimed water

technologies in region j at time t. The total subsidy cannot exceed the financial budget (FB) at time t.

4. Simulation and Discussion

In this study, the data have been sourced from Statistical Bureau, Municipal Water Resources
Bureau, Environmental Protection Agency, and Land and Resources Bureau to calculate the coefficients
of industrial input–output, water demand, sewage water discharge, pollutant emission, and different
sewage water treatment technologies. All of these collected data are considered exogenous variables
(see Appendix) during the process of simulation, while the simulation results turned are the
endogenous variables. Moreover, this simulation model has passed the consistency test, validity
test and sensitivity test, and the result shows that this model is completely feasible and reliable. After
simulation, this paper intends to reach the maximum GRP and water supply within the constraints
of specific energy conservation and emission reduction goals, then put forward the efficient solution
for industrial restructuring and water resource recycling plan through sewage treatment technology
selection, installation, and water allocation with financial subsidies.
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4.1. Industrial Restructuring

Constrained by the planning control on water consumption, energy consumption, water pollution
and air pollution, the industrial structure should be adjusted so that to achieve the objective of
GRP maximization.

4.1.1. GRP Maximization

During the target period, GRP in Ordos rises from 394.3 billion RMB in 2012 to 785.1 billion RMB
in 2025, with an average annual growth rate of 6.4% (see Figure 2). The industries with high water and
energy consumption and/or high pollutant emissions are reduced, but the regional output continues
to increase, which illustrates that industrial restructuring can ensure environmental quality without
impeding regional economic development.Sustainability 2016, 8, 160  10 of 18 
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Figure 2. Gross Regional Product (GRP) growth and industrial restructuring from 2012 to 2025.

As demonstrated in Figure 2, the proportion of primary industry descends form 2.17% in 2012
to 1.15% in 2025 due to more water consumption and inefficient sewage collection and recycling.
The percentage of secondary industry constantly falls from 64.3% to 47.8%, especially the coal
mining industry drops from 33.5% to 24.7% because of the falling price and overcapacity of coal,
and national guidance on energy saving and emission reduction; meanwhile, the industries with
high water consumption and severe pollution, such as non-coal mining industry, metal and nonmetal
manufacturing industries, other manufacturing industries, and electricity and water production
industry, should be cut, respectively, from 6.43%, 3.65%, 2.65%, and 3.42% in 2012 to 0.79%, 0.96%,
0.02%, and 0.45% in 2025.

In contrast, the industries with higher added value products, less pollution discharge and lower
energy consumption, such as petroleum and chemical industry, equipment manufacturing industry,
and construction industry are encouraged to expand from 7.2%, 0.34% and 7.3% in 2012 to 10.3%,
0.59%, and 9.9% in 2025, respectively. The growth of tertiary industry is more significant, from 33.5%
in 2012 to 51.1% in 2025, which will become the pillar industry of Ordos in the near future.

4.1.2. Environmental Impact Control

At the early stage of the target period, the amount of pollution declines obviously, first due to strict
constraints on emission control, then owing to the adjustment of industrial structure, the environmental
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burden is reduced, and the pollution emissions may increase slightly within the emission standards.
However, under the multi-constraints of energy conservation and emissions reduction, the pollution
emissions still decline overall by 2025.

As shown in Figure 3, the intensity of energy consumption declines from 135.1 thousand ton per
billion RMB in 2012 to 94.5 thousand ton per billion RMB in 2025; the emission of water pollutant COD
falls from 103,400 ton to 66,845 ton with a reduce rate of 3.3% annually; the emission of air pollutant
SO2 and NOx decrease from 224,424 ton and 205,440 ton to 142,583 ton and 103,697 ton with annual
reduce rates of 3.3% and 4.9%, respectively, which are all in line with the planning.Sustainability 2016, 8, 160  11 of 18 
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Figure 3. Environmental improvement from 2012 to 2025.

4.2. Water Supply Plan

In this work, water supply plan focuses on water reallocation and water supply maximization
with new sewage treatment technologies introduction to improve the utilizing efficiency of limited
water resources, so as to make up the water shortage in Ordos.

4.2.1. Water Supply Maximization

Since the groundwater, local surface water, transfer water and other water resources remain
unchanged, improving the efficiency of water reclamation is the most suitable measure to maximize
water supply. After the introduction of the new sewage treatment technology and newly built sewage
treatment plants, the municipal sewage treatment capacity will increase gradually. As demonstrated in
Figure 4, the amount of treated water rises from 59.61 million m3 in 2012 to 142.01 million m3 in 2025;
the output of reclaimed water shoots up from 34.20 million m3 in 2012 to 105.28 million m3 in 2014
and then increases to 112.48 million m3 in 2025. The reuse rate of reclaimed water will be improved
significantly form 57.37% in 2012 to 79.21% in 2025. By then, reclaimed water accounts for 6.3% of the
water supply in 2025, which is relatively higher than that of 2% in 2012, releasing the stress between
water supply and demand in Ordos.
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Figure 4. Water recycling from 2012 to 2025.

4.2.2. Water Reallocation

Reallocating the limited water resources between different industries can save water resources
and improve the utilization efficiency of water resources. As shown in Figure 5, the utilizing intensity
of water resources decreases from 4.189 million m3 per billion RMB in 2012 to 2.273 million m3 per
billion RMB in 2025. In addition, according to industrial restructuring, the primary industry still holds
a large proportion, above 70%, during the target period due to its poor agricultural water-saving
engineering; the industries with large coefficients of water consumption and pollutant emission, such
as other manufacturing industries and electricity and water producing industry cut their water demand
from 3.7% and 4.0% in 2012 to 0.1% and 1% in 2025, respectively; under the multiple constraints on
economic efficiency, energy conservation and emissions reduction, water utilization of coal mining
industry, non-coal mining industry, and metal and nonmetal manufacturing industries first increase,
then decrease by 2025, with the proportions of 11.6%, 0.1% and 0.4%, respectively.

Sustainability 2016, 8, 160  12 of 18 

 

4.2.2. Water Reallocation 

Reallocating the limited water resources between different industries can save water resources 

and  improve  the  utilization  efficiency  of water  resources.  As  shown  in  Figure  5,  the  utilizing 

intensity of water resources decreases from 4.189 million m3 per billion RMB in 2012 to 2.273 million 

m3 per billion RMB in 2025. In addition, according to industrial restructuring, the primary industry 

still  holds  a  large  proportion,  above  70%,  during  the  target  period  due  to  its  poor  agricultural 

water‐saving engineering; the industries with large coefficients of water consumption and pollutant 

emission, such as other manufacturing industries and electricity and water producing industry cut 

their water demand  from 3.7% and 4.0%  in 2012  to 0.1% and 1%  in 2025,  respectively; under  the 

multiple  constraints on  economic  efficiency,  energy  conservation and  emissions  reduction, water 

utilization  of  coal  mining  industry,  non‐coal  mining  industry,  and  metal  and  nonmetal 

manufacturing industries first increase, then decrease by 2025, with the proportions of 11.6%, 0.1% 

and 0.4%, respectively. 

 

Figure 5. Water reallocation and utilizing intensity from 2012 to 2025. 

On  the  other  hand, water  resources  curtailed  from  the  industries mentioned  above will  be 

assigned to industries with higher production efficiency, better energy conservation and emissions 

reduction  effect,  such  as  petroleum  and  chemical  industry,  equipment manufacturing  industry, 

construction  industry and the tertiary  industry, so the percentages of water consumption of these 

industries  rise  from 2.7%, 0.06%, 0.8%, and 0.7%  in 2012  to 7.1%, 0.2%, 1.9%, and 0.75%  in 2025, 

respectively. 

4.2.3. Sewage Treatment Technologies Introduction 

In order  to achieve GRP maximization and water supply maximization, EBMR  technology  is 

chosen as the dominant one because of its smallest size of construction scale, highest efficiency of 

pollutant removal and best water quality compared  to  the others. As we can see from Table 3,  in 

total, 53 EBMR sewage treatment plants should be built during the target period, which will greatly 

alleviate  environmental  pollution  and  improve  the  efficiency  of water  utilization,  realizing  the 

balance between water supply and demand in Ordos. 

  

0.00

1.00

2.00

3.00

4.00

5.00

50%

60%

70%

80%

90%

100%

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

M
illo

n
 m

3/B
illio

n
 R
M
B

Primary industry Coal mining industry
Non-coal mining industry Petroleum and chemical industry
Metal, nonmetal manufacturing industries Equipment manufacturing industry
Other manufacturing industries Electricity and water production industry
Construction industry Tertiary industry
Household Environment
Utilizing intensity

Figure 5. Water reallocation and utilizing intensity from 2012 to 2025.
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On the other hand, water resources curtailed from the industries mentioned above will be assigned
to industries with higher production efficiency, better energy conservation and emissions reduction
effect, such as petroleum and chemical industry, equipment manufacturing industry, construction
industry and the tertiary industry, so the percentages of water consumption of these industries rise
from 2.7%, 0.06%, 0.8%, and 0.7% in 2012 to 7.1%, 0.2%, 1.9%, and 0.75% in 2025, respectively.

4.2.3. Sewage Treatment Technologies Introduction

In order to achieve GRP maximization and water supply maximization, EBMR technology is
chosen as the dominant one because of its smallest size of construction scale, highest efficiency of
pollutant removal and best water quality compared to the others. As we can see from Table 3, in total,
53 EBMR sewage treatment plants should be built during the target period, which will greatly alleviate
environmental pollution and improve the efficiency of water utilization, realizing the balance between
water supply and demand in Ordos.

Table 3. Regional installation plan and efficiency improvement.

EBMR
Dongsheng
District

Dalad
Qi Jungar Qi Etuokeqian

Qi
Etuoke

Qi
Haggin

Qi
Uxin

Qi
Ejin Horo

Qi

0 19 1 2 17 2 2 10

Ratio of sewage
treatment (%)

2012 100% 47% 91% 6% 42% 23% 34% 71%

2025 100% 100% 94% 85% 100% 85% 99% 100%

Reuse rate of
reclaimed water (%)

2012 86% 0% 80% 0% 85% 0% 0% 0%

2025 86% 70% 80% 50% 94% 50% 69% 70%

To be specific, Dongsheng district and Jungar Qi are the most developed area in Ordos. During
the target period, the existing sewage treatment capacity in Dongsheng district can satisfy the water
recycling and water pollutant reduction requirement in the long term, and there is no need to introduce
new sewage treatment plants in Dongsheng district. Jungar Qi, however, is famous for its energy
industry, the fast development of which will make the water environmental burden more serious; thus,
one sewage treatment plant will need to be built in Jungar Qi.

The economic aggregate of Dalad Qi, Etuoke Qi, and Ejin Horo Qi ranks second in Ordos.
Their rapid development in the coal mining industry, chemical industry, and metal and non-metal
manufacturing industries have caused a great demand on water resources, and resulted in inefficient
water utilization and poor water quality. In order to realize the planning targets on water resources
management, there are, respectively, 19, 17 and 10 new sewage treatment plants that will need to be
built in Dalad Qi, Etuoke Qi and Ejin Horo Qi. After that, the ratio of sewage treatment will achieve
100%, and the reuse rate of reclaimed water will attain 70% in Dalad Qi, 94% in Etuoke Qi and 70% in
Ejin Horo Qi.

Etuokeqian Qi, Haggin Qi and Uxin Qi are located in the desert and semi-arid areas and as such
they have a less developed economy and fragile ecological environment. In order to protect the water
environment and achieve water management planning targets, two kinds of new sewage treatment
plants are suggested to be built in each district. By the year 2025, the ratios of sewage treatment
of Etuokeqian Qi, Haggin Qi, and Uxin Qi will rise from 6%, 23%, and 34% to 85%, 85%, and 99%,
respectively, as well as the reuse rate of reclaimed water from 0% to 50%, 50% and 69%, respectively.

5. Conclusions and Policy Implication

An integrated model combining the multi-objective optimization model with input–output
analysis has been developed to help achieve the tradeoffs among economic growth, water utilization
and environmental protection. To illustrate the application of the model, possible pathways for
sustainable development in the resource-based city of Ordos have been considered. This dynamic
model includes socioeconomic sub-model, water supply–demand sub-model, water quality control
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sub-model, air quality control sub-model, energy consumption control sub-model and integrated policy
sub-model, and these six sub-models interact with each other. After the simulation, this study proposes
an efficient solution of industrial restructuring by maximizing economic output under the constraints of
specific energy conservation and emissions reduction goals, and presents the exercisable water resource
recycling plan by maximizing the local water supply through sewage treatment technology selection,
introduction and installation. The key conclusions and implications for sustainable development are
summarized below.

Concerning the industrial restructuring, the local government is suggested to provide financial
subsidies worth 1.759 billion RMB to curtail the industries with high water and energy consumption
and high pollution emissions, while encouraging the industries with higher added value products,
less pollutant discharge and lower energy consumption. Therefore, during the target period, the
proportion of primary industry, coal mining industry, non-coal mining industry, metal and nonmetal
manufacturing industries, other manufacturing industries, and electricity and water producing
industry should decrease 8.8%, 1.02%, 5.64%, 2.69%, 2.63%, and 2.97%, respectively; while the
petroleum and chemical industry, equipment manufacturing industry, construction industry, and
tertiary industry should expand 3.1%, 0.25%, 2.6% and 17.6%, respectively. When we adopt the plan of
industrial restructuring, the GRP in Ordos will increase 690.8 billion RMB, with an average annual
growth rate of 6.4%. Furthermore, all energy conservation and emission reduction planning targets
are achieved.

From the aspect of water supply plan, a financial subsidy of 3.791 billion RMB is needed to
support the construction of 53 new sewage treatment plants with EBMR technology in Ordos during
the target period. To be specific, 1, 19, 17, 10, 2, 2, and 2 new sewage treatment plants should be built
in Jungar Qi, Dalad Qi, Etuoke Qi, Ejin Horo Qi, Etuokeqian Qi, Haggin Qi and Uxin Qi, respectively,
utilizing subsidies of 22 million RMB, 759 million RMB, 724 million RMB, 363 million RMB, 63 million
RMB, 50 million RMB and 51 million RMB. The water allocation should be consistent with industrial
restructuring. After that, the amount of treated water will increase by 82.4 million m3; the output of
reclaimed water will increase by 78.28 million m3; the reuse rate of reclaimed water will be improved
from 57.37% to 79.21%; and reclaimed water accounts for 6.3%, more than the 2% in 2012. The planning
goals on sewage treatment and water reclamation in each district have been achieved.

However, there are still some limitations that need to be considered for future extensions. First,
the introduction and investment in municipal sewage treatment plants only consider the function
of public finance; the roles of enterprises, residents and other stakeholders are not included in the
model, and there is no cost and benefit analysis of different stakeholders when new sewage treatment
plants are introduced. Second, this model only set energy consumption and air pollution emissions
as constraints, the key technologies and controlling measures for improving energy consumption
intensity and environmental quality are not embedded in the model. However, as more data become
available, they can easily be incorporated into the model.

In summary, this work shows that realizing sustainable development in resource-based cities will
require careful planning and consideration of different objectives, such as water resources, economic
growth and environmental impacts. Such an integrated model can serve as a pre-evaluation approach
for conducting early warning research for resource-based cities to avoid a series of inharmonious
problems, offering concrete and feasible suggestions for government decision-making. Moreover, this
model is generic and can be applied to any country or region suffering uncoordinated development
issues, including socioeconomic, resource and environmental factors.
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Appendix

Table A1. Input–output coefficients of 10 industries.

1 2 3 4 5 6 7 8 9 10

1 0.151 0.001 0.001 0.013 0.000 0.000 0.238 0.000 0.003 0.010
2 0.003 0.040 0.005 0.096 0.029 0.001 0.007 0.109 0.003 0.003
3 0.000 0.000 0.199 0.002 0.008 0.000 0.000 0.000 0.001 0.000
4 0.078 0.057 0.020 0.159 0.044 0.020 0.023 0.002 0.015 0.064
5 0.008 0.021 0.023 0.016 0.221 0.184 0.005 0.005 0.184 0.004
6 0.007 0.000 0.001 0.001 0.004 0.261 0.002 0.001 0.012 0.003
7 0.112 0.001 0.000 0.009 0.005 0.005 0.147 0.001 0.004 0.021
8 0.010 0.005 0.000 0.025 0.045 0.013 0.010 0.173 0.002 0.009
9 0.003 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008
10 0.107 0.180 0.121 0.177 0.126 0.169 0.161 0.127 0.054 0.227

Table A2. Output of 10 industries in eight districts (2012) (Million RMB).

Dongsheng
District Dalad Qi Jungar

Qi
Etuokeqian

Qi
Etuoke

Qi
Haggin

Qi
Uxin

Qi
Ejin Horo

Qi
Value Added

Ratio (%)

Primary industry 259 4831 1485 1724 1181 2555 1969 1193 0.49

Coal mining
industry 31,491 9873 101,128 2736 22,589 216 288 65,528 0.63

Non-coal mining
industry 19 4867 164 141 1 316 39,428 9 0.51

Petroleum and
chemical
industry

4755 10,894 6916 3995 17,072 154 1007 5714 0.29

Metal, nonmetal
manufacturing

industries
907 8727 1217 933 6789 299 4786 1857 0.35

Equipment
manufacturing

industry
500 867 404 403 111 1 97 8 0.15

Other
manufacturing

industries
2401 13,751 58 221 2004 44 8 2 0.37

Electricity and
water production

industry
4898 6179 5220 492 2614 30 2338 900 0.49

Construction
industry 34,726 4648 8616 1154 434 82 554 1004 0.32

Tertiary industry 846 22,344 58,024 4930 11,945 4709 9509 37,917 0.61
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Table A3. Coefficients of 10 industries on water demand and pollutant emission.

Industry
Water Demand

Coefficient
(kt/Million RMB)

Sewage Water
Discharge Coefficient

(kt/Million RMB)

COD Emission
Coefficient

(kt/Million RMB)

Primary industry 81.2475 0.1584 88.15
Coal mining industry 0.5666 0.0088 235.07
Non-coal mining industry 0.1504 0.0625 387.14
Petroleum and chemical industry 0.8385 0.1442 16.9758
Metal, nonmetal manufacturing industries 0.4468 0.0276 9.9297
Equipment manufacturing industry 0.4216 0.2617 5.8559
Other manufacturing industries 3.1646 0.3459 476.1258
Electricity and water production industry 2.8095 0.4105 18.9016
Construction industry 0.2338 - -

Table A4. Coefficients of 10 industries on Air pollutant emission.

Industry SO2 Emission Coefficient
(t/Million RMB)

NOx Emission Coefficient
(t/Million RMB)

Coal mining industry 0.05664 0.01726
Non-coal mining industry 0.37363 0.07383
Petroleum and chemical industry 0.39966 0.24126
Metal, nonmetal manufacturing industries 1.75049 1.8149
Equipment manufacturing industry - 0.01095
Other manufacturing industries 0.52048 0.10004
Electricity and water production industry 10.19257 10.23891

Table A5. Coefficients of 10 industries on energy consumption.

Industry Energy Consumption (Tons of
Standard Coal/Million RMB)

Primary industry 210.24
Coal mining industry 70.21
Non-coal mining industry 49.67
Petroleum and chemical industry 580.33
Metal, nonmetal manufacturing industries 74.7
Equipment manufacturing industry 140.39
Other manufacturing industries 11.76
Electricity and water production industry 2244.63
Construction industry 82.04
Tertiary industry 123.87
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