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Abstract: Dematerialization is a phenomenon in which resource consumption and pollutant
discharge decrease during economic development. In order to explore the optimal paths of Beijing’s
dematerialization, this study combines material flow analysis method and the Tapio decoupling model
to construct a city dematerialization evaluation model, and establishes a system dynamics model
to simulate the comprehensive dematerialization levels and the dematerialization levels of eight
materials under four scenarios. The results show that the key factors affecting the dematerialization
levels of resource and discharge end were non-metals consumption and CO2 emissions respectively.
During 2016–2030, Beijing would achieve weak decoupling state under four scenarios, but the degree
of dematerialization would be different. For the comprehensive dematerialization level, during
2017–2024, an industrial restructuring (IR) scenario, which would strengthen R&D investment and
optimize the industrial structure, would be the optimal choice. During 2025–2030, an environmental
governance (EG) scenario, which means increasing the investment in pollution control, would bring
about the best dematerialization level. There would be differences in the optimal dematerialization
paths for eight materials. For example, economic sustainable degrowth (ESD) and EG scenarios
would be the optimal paths for dematerialization of atmospheric pollutants in the period 2017–2021
and 2022–2030, respectively.

Keywords: dematerialization; material flow analysis; decoupling; system dynamics; resources;
environment; Beijing

1. Introduction

The rapid development of the global economy has brought a lot of resource consumption,
environmental pollution and greenhouse gas emissions [1]. Global GDP increased from USD
33.58 trillion to USD 76.10 trillion during 2000–2016, an increase of 2.27 times [2]. With economic
growth, a large amount of resources are put into economic activities. For example, steel is used for
infrastructure construction to support economic development. Global steel consumption increased
from 846.86 Mt (million tonnes) to 1636.99 Mt during 2000–2016 [3,4]. At the same time, a large amount
of energy consumption in the global economic activities has brought about a sharp increase in carbon
emissions. From 2000 to 2016, global carbon emissions increased by 1.39 times to 32.41 Gt (gigatonnes)
CO2 in 2016 [5]. In the face of this severe development problem, the UN released 17 sustainable
development goals (SDGS) in 2015, which aim to address development issues in the social, economic
and environmental dimensions. The goals point out that sustainable consumption and production
patterns should be promoted [6]. The key to achieving sustainable development over the long term
depends on whether and to what extent resources consumption and environmental pollution can be
separated from economic output, that is, as economic output increases, resources consumption and
environmental pollutants discharge decrease [7]. Many scholars use the concept of dematerialization
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to measure the reduction of resource pressure and environmental pressure in the process of economic
development, which reflects the materials reduction of resource end and discharge end in the whole
system. It not only includes the decrease of material input from ecological environment system to
economic system, but also the decrease of pollutants from economic system to ecological environment
system [8–11].
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Table 1. The comparison of dematerialization studies.

Authors Region Research Object Method Results Years Main Conclusions

Pothen and Welsch [12] 144 countries
The long-run relationship
between national income

and material use

Material Flow Analysis
(MFA), Environmental

Kuznets Curve
1990–2008 There was no absolute decoupling between

material use and economic activity.

Kan, et al. [13] World and eight typical
economies

The relationship between
total primary energy

and GDP

Input-Output Analysis
(IOA), Tapio

decoupling index
2000–2011 Global economy achieved weak energy

decoupling in 64% of the study years.

Bithas and Kalimeris [14] World The elasticity of GDP and
income to DMC

MFA, Tapio decoupling
index 1900–2009

From 1900 to 2009, there was no global
decoupling. After the 1970s, industrialized

economies experienced decoupling, but were
offset by resource intensification in some

developing economies.

Zhang, et al. [15] United States
Decoupling between
primary aluminium
production and GDP

MFA, Improved Vehmas
Decoupling Index 1900–2009

After the 1970s, there was the weak decoupling
between primary aluminium production

and GDP.

Giljum, et al. [16] World The relationship between
DMC and GDP MFA 1980–2009

The global and most countries have achieved
relative decoupling between DMC and GDP.

Absolute decoupling only occurred in countries
with relatively low GDP growth rates.

Krausmann, et al. [17] World

The relationship between
global material use

growth rate and GDP
growth rate

MFA 1900–2005 There was no dematerialization on global
material use.

Gierlinger and
Krausmann [18] United States long-term trends and

patterns of material use MFA 1870–2005 Despite the significant increase in material
intensity, no dematerialization has taken place.

Wu, et al. [19] Typical developed and
developing countries

Decoupling between total
CO2 emissions and GDP

Decoupling index OECD,
Tapio and IGTX 1965–2015

Strong decoupling was found in developed
countries, and developing countries showed

weak decoupling.

Wang, et al. [20] Beijing and Shanghai Decoupling between CO2
emissions and GDP Tapio decoupling index 2005–2015

Both the transportation sector in Beijing and
Shanghai experienced negative decoupling. For

the industrial sector, Beijing showed strong
decoupling, and Shanghai achieved weak

decoupling.

Dai and Liu [21] Beijing

The relationship between
resource and

environmental pressure
index (REPI) and GDP

MFA, Tapio decoupling
index 1992–2015

The relationship between REPI indicators and
GDP was transformed from weak decoupling to

strong decoupling.



Sustainability 2020, 12, 829 4 of 23

Table 1 shows the results of dematerialization studies in different study regions.
The dematerialization research based on MFA is mainly at the global and national levels, and
there are relatively few studies at the city level. There are differences between the results of the
dematerialization assessment at the global level and the country level. The dematerialization trend of
developed countries or economies may be offset by the resource intensification of developing countries
or economies [14]. Hence, at the global level, it is difficult to determine whether dematerialization has
occurred in country level or economies [13–15,17]. Similarly, due to the different levels of economic
development of cities within the country, it is necessary to conduct dematerialization research at city
level to judge the development stage of the city [20]. In addition, cities are the specific implementers
of global or national policies and the main force driving the realization of the overall goals. In order
to achieve decoupling between economic output and resource environment pressures at the global
or national level, practical policies should be formulated at the city level. From the perspective of
dematerialization evaluation methods, decoupling analysis has been widely used. The decoupling
index usually describes the relationship between changes in the percentage of resources consumption
or pollutants discharge and the corresponding changes in the percentage of GDP, which can accurately
reflect the degree of dematerialization [22,23]. In terms of research objects, there are many studies of
dematerialization focus on the relationship between a single material and economic output, such as
CO2, various other air pollutants [24,25], electricity [26], water [27,28] and waste [29]. However, to
achieve sustainable development requires the coordinated development of resources, environment
and economy. For example, the European Union issued the “Europe 2020 Strategy” as a strategic
platform for sustainable development, and proposed to build a more resource-efficient, greener
and more competitive economy [30]. China proposes “Program” to actively implement UN 2030
sustainable development strategy The Chinese government also proposed “China’s National Plan
on Implementation of the 2030 Agenda for Sustainable Development” to actively implement the
2030 Agenda for Sustainable Development, and proposed a series of measures to effectively use
energy resources and strengthen environmental protection to promote sustained and steady economic
growth [31]. Therefore, it is necessary to establish a resource-economy-environment comprehensive
dematerialization evaluation model at the city level.

In different stages of economic development, the population structure and industrial patterns of
each city are quite different. According to the specific characteristics of the city, feasible development
measures should be proposed that are appropriate for the specific area. Therefore, on the basis of the
evaluation of the dematerialization level, it is necessary to find the factors affecting the coordinated
development of resource-economy-environment. By establishing the interaction between various
influencing factors, the dematerialization level under different policies is simulated, and the specific
development path of city dematerialization is formulated accordingly. The relationship between city
economic development and resources and environment is characterized by nonlinearity, dynamics
and complexity. System dynamics (SD) modelling is especially suitable for solving the problems of
large-scale complex socio-economic system, which can fully reflect the internal nonlinear structure
and dynamic changes of the system, and can simulate the city development trend under various
constraints [1,32–34].

As the capital of China, Beijing is an important economic development centre. In 2016, Beijing’s
GDP accounted for 3.3% of China’s GDP [35]. Meanwhile, Beijing consumed a lot of resources and
generated a large amount of waste. Beijing’s natural gas consumption and domestic waste production
accounted for 7.6% and 4.1% of China’s, respectively [36]. Therefore, the resource and environmental
problems faced by Beijing’s rapid economic development are more prominent. Beijing, as a pioneer in
development, can provide reference for the development of other cities.

Based on the above discussion, this study (1) extends the MFA data of Beijing based on Dai and
Liu [21], adopts decoupling index model to comprehensively evaluate Beijing’s dematerialization level.
Furthermore, the relationship between the dematerialization index of constituent material and the
dematerialization index of resource end and discharge end in Beijing is analyzed; (2) establishes a
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system dynamics (SD) model of city dematerialization development, and demonstrate the applicability
of the SD model in Beijing resource-economy-environment system; (3) discusses the influence of four
development strategies on Beijing’s dematerialization development, including business as usual (BAU),
economic sustainable degrowth (ESD), industrial restructuring (IR) and environmental governance
(EG), and give the optimal paths of Beijing’s dematerialization development.

2. Materials and Methods

The research framework of this study is shown in Figure 1. The analysis of city dematerialization
paths mainly includes three parts. Firstly, using the material flow analysis method to establish a
city material metabolism accounting framework and a detailed material flow account. Secondly, by
studying the comprehensive dematerialization level and relationships between dematerialization
level of constituent materials and dematerialization level of resource end and discharge end, the
development trend and characteristics of city dematerialization are comprehensively analyzed. Finally,
considering various influencing factors of the four subsystems of economy, population, resources and
environment, the system dynamics model is constructed to simulate the development trend of city
dematerialization under different policies, and the optimal development paths of city dematerialization
is determined.

Figure 1. Research framework of city dematerialization development paths.

2.1. Material Metabolism Accounting

Material flow analysis (MFA) is a method for measuring the scale and structure of socio-economic
metabolism [37,38]. It quantifies the material input of the particular economic system, the change of
material stocks in an economic system, and the material output to other economies and the environment
in a certain time range in terms of mass [39,40], which can objectively reflect the material flow between
the economic system and the environmental system, and measure the resource and environmental
pressures of the economic system [41,42]. The MFA method has been widely used in resource use
accounting and environmental impact accounting [16,37,43–45]. The MFA was originally a tool for
studying the metabolism of materials at global and national scales [46,47]. Then, the MFA was
developed to the region and city level [36,48–51]. The two most important indicators in the framework
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of city material flow accounting are direct material input (DMI) and domestic processed output (DPO).
The materials that enter a regional economic system mainly include domestic extraction material
(DE) and imports, and the sum of these two parts is called direct material input. The DMI represents
the resources needed to maintain the normal activities of the economic system, which can reflect the
resource demand pressure of the economic system on the natural environment system. In contrast, the
materials flowing out of the economic system include DPO and exports. The DPO is the materials that
enter the natural environment system from the economic system. The DPO indicates the pollutants
discharge returned to the natural environment system after a series of production and consumption
processes in the economic system, which can reflect the environmental discharge pressure of the
economic system on the natural environment system. Exports are materials that enter from one
economic system to another. In order to describe the resources consumption and pollutants discharge
of materials in the economic system in detail and demonstrate the influences of different material
flows on the economic system, the DMI is divided into metals, non-metals, fossil fuels and biomass,
respectively and the DPO is divided into atmospheric pollutants, water pollutants, solid waste and
dissipative materials, respectively [52,53]. The detailed accounting method of the Beijing’s MFA is
shown in Supplementary Information A and the accounting results can be found in Supplementary
Information B. Beijing’s MFA data accounting results are discussed in Supplementary Information C.

2.2. Evaluation Method of City Dematerialization Level

In the decoupling model for evaluating the dematerialization level, there are two commonly used
decoupling indicators, namely the OECD decoupling index [54] and the Tapio decoupling index [55].
The calculation results of the OECD decoupling index are greatly influenced by the selection of the base
year. If the base year is chosen differently, the calculation results of the decoupling index value may
vary significantly. The Tapio decoupling indicator is the elasticity, and the base year is not required
for calculation. Moreover, the OECD decoupling evaluation cannot distinguish between absolute
decoupling and relative decoupling, and cannot further classify undecoupling state [56]. The Tapio
decoupling index provides the more detailed decoupling degree. It can be seen that the division of
Tapio decoupling is the further development and improvement of the decoupling theory. At present,
the Tapio decoupling index has been widely used in related literature [13,19–21]. Therefore, this study
uses the Tapio decoupling model to measure the city dematerialization level. The decoupling model is
constructed as follows:

tk
i, j =

%∆EP
%∆DF

=
(EPi − EP j)/EP j

(DFi −DF j)/DF j
(1)

where, tk
i, j is the decoupling index of year j relative to year i, k = DMI, DPO, REPI (Resource and

Environmental Pressure Index, REPI = 0.5×DMI + 0.5×DPO [21]), which can represent the decoupling
index of resource end, decoupling index of discharge end, and the comprehensive decoupling index;
DFi and DF j indicate the economic drivers of the year i and year j respectively, represented by GDP in
that year; EPi and EP j represent the environmental pressure of the year i and year j respectively. This
study uses DMI, DPO, and REPI to represent environmental pressure of resource end, environmental
pressure of discharge end, and the comprehensive environmental pressure respectively.

From Equation (1), the decoupling index of eight kinds of materials can be defined as follows:

tk
i, j =

%∆EPk
%∆GDP

=
(EPk,i − EPk, j)/EPk, j

(GDPi −GDP j)/GDP j
(2)

where, k = 1, 2, 3, 4, 5, 6, 7, 8, respectively represent eight materials of resource end and discharge end,
namely metals, non-metals, fossil fuels, biomass, atmospheric pollutants, water pollutants, solid waste,
dissipative materials.
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Thus, the materialization index of DMI and DPO can be decomposed as follows:

tDMI
i, j =

%∆DMI
%∆GDP

=
EP1

j

DMI j
•t1

i, j
+

EP2
j

DMI j
•t2

i, j
+

EP3
j

DMI j
•t3

i, j
+

EP4
j

DMI j
•t4

i, j
(3)

tDPO
i, j =

%∆DPO
%∆GDP

=
EP5

j

DPO j
•t5

i, j
+

EP6
j

DPO j
•t6

i, j
+

EP7
j

DPO j
•t7

i, j
+

EP8
j

DPO j
•t8

i, j
(4)

Referring to the Tapio decoupling framework [55], this study divides the degree of decoupling
into three categories: decoupling, coupling and negative decoupling, and further refines it into eight
indicators, as shown in Figure 2. Since Beijing’s GDP has maintained growth since 1992 (4GDP > 0),
all possible decoupling states in Beijing are the four on the right side of the Y-axis in Figure 2 (namely
expansive negative decoupling, expansive coupling, weak decoupling and strong decoupling). As a
result, the decoupling state of Beijing can be uniquely determined.

Figure 2. The framework for dematerialization level judgment based on the Tapio decoupling model
(modified from Tapio) [55].

2.3. System Dynamics Model of City Dematerialization Development

2.3.1. Establishment of the System Dynamics Model

In order to simulate Beijing’s dematerialization development in different scenarios in the future,
the system dynamics model was established for simulation analysis. The system dynamics method can
study the interaction of multiple factors in complex systems, and can effectively simulate the changes
of various indicators in the system under different policies [1]. Based on the relationship between
the variables in the system, this study determines the causal relationship and the feedback loop, and
uses Vensim (Vensim is a visual modeling tool which could build simulation models based on causal
diagrams and flowcharts. In the software, various types of variable marks are required to be connected
by various graphical arrow marks, and the quantity) to describe the relationship between the indicators
as the causal relationship map and the stock flow graph [1,34,57]. Finally, the flow chart of system
dynamics model of city dematerialization development is established, as shown in Figure 3.
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Figure 3. Beijing’s dematerialization development system dynamics model flow diagram.
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In this model, nine dematerialization index variables are set to comprehensively reflect
the city dematerialization level, including the city comprehensive dematerialization level, four
dematerialization indexes at resource end and four dematerialization indexes at discharge end. In order
to illustrate the flow chart of the system dynamics model (see Figure 3), this whole flow chart has been
decomposed in Supplementary Information D, and all the formulas and parameters used in the model
are shown in Supplementary Information E, which can improve the transparency of structure and data
of the model.

This study sets parameters and variables based on the statistical data of Beijing from 1992 to 2016.
The relationship between four key variables (metals consumption, non-metals consumption, fossil fuels
consumption, and biomass consumption) is obtained by nonlinear fitting, which can better simulate
the city dematerialization index under the influence of multiple parameters. The main variables and
their influencing factors are shown in Table 2.

Table 2. Main variables and influencing factors.

Main Variables Influencing Factors Reference

Metals consumption

Population Xuan and Yue [58]

GDP per capita Crompton [59]

Industrial structure Fernandez [60]
Urbanization rate

Science and technology
investment Crompton [59]

Buildings under construction Moynihan and Allwood [61]
Highway mileage

Non-metals consumption

Population

Cao, et al. [62]

GDP per capita
Industrial structure
Urbanization rate

Science and technology
investment

Buildings under construction
Highway mileage

Fossil fuels consumption

Population

Yuan, et al. [63]
GDP per capita

Industrial structure
Urbanization rate

Science and technology
investment

Biomass consumption

Population

Sheng and Song [64]GDP per capita
Industrial structure
Urbanization rate

2.3.2. Scenario Design

The problems of uncoordinated development of resource, environment and economy in Beijing
need to be resolved. Hence, by comparing the Beijing’s dematerialization development level under
different development policies, the development paths of dematerialization in Beijing could be
optimized. Based on the comprehensive consideration of the model structure, the actual background
of Beijing and the existing relevant literatures, four scenarios were set up. The first is business as
usual (BAU) scenario. According to Beijing Municipal Commission of Development and Reform [65],
Beijing’s economic growth rate will gradually decrease from 2016 to 2030. Beijing’s GDP growth rate
refers to Zhang, et al. [66]. In the light of the historical trend, this study set two parameters of Beijing’s
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industrial structure and the proportion of R&D investment in GDP in 2030, while other parameters and
variables would remain the current value (2016). The second scenario is economic sustainable degrowth
(ESD). According to the study of degrowth theory, economic degrowth is a development model in
which social throughput is reduced sustainably and fairly. Through a series of economic contraction
measures under this development model, people will successfully reduce the excess demand for
material. These measures can eventually bring the economy to a stable and balanced development
state that does not excessively pursue rapid GDP growth, that is, people have moderate demand
for materials and energy, and the social resources consumption and environmental emissions are
greatly reduced [67,68]. Meanwhile, The People’s Government of Beijing Municipality [69] proposed
that Beijing should appropriately slow down the economic growth rate and improve the quality of
development. So in ESD scenario, this study set the GDP growth rate of Beijing to reduce by 5% per year
on the basis of BAU [70]. The third scenario is industrial restructuring (IR). The People’s Government
of Beijing Municipality [69] announced that Beijing would strengthen investment in R&D and rely on
technological innovation to optimize the industrial structure. This scenario refers to the proportion
of tertiary industry in developed cities. For example, the proportion of tertiary industry in Tokyo is
maintained at around 90% [71]. This study set the proportion of tertiary industry in Beijing to 90% in
2030, and assume that the proportion of investment in R&D would increase by 10% annually. The last
scenario is environmental governance (EG). Based on IR scenario, this scenario would strengthen the
end treatment and promote an environmentally friendly, cost-effective economic development model.
The annual investment in industrial pollution and household waste control would increase by 15%
and 10% respectively compared to BAU scenario based on the historical trends. Table 3 shows the
specific parameters of four scenarios.
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Table 3. Parameter settings of four scenarios.

Scenarios Annual GDP
Growth Rate

The Proportion of
Industrial Pollution
Control Investment

to GDP (%)

The Proportion of
Household Wastes
Control Investment

to GDP (%)

The Proportion of
R&D Investment

to GDP (%)

Industrial Structure in 2030 (%)

The Proportion of
Primary Sector

Output Value to
GDP

The Proportion of
Secondary Sector
Output Value to

GDP

The Proportion of
Tertiary Sector

Output Value to
GDP

BAU

6.80% during
2016–2020, 6.00%

during 2021–2025 and
5.50% during

2026–2030

0.055 0.24 Increase by 5.00%
annually 0.50 13.10 86.40

Economic
sustainable

degrowth (ESD)

On the basis of BAU,
decrease by 5.00%

annually
0.055 0.24 Same as BAU 0.50 13.10 86.40

Industrial
restructuring (IR) Same as BAU 0.055 0.24 Increase by 10.00%

annually 0.50 9.50 90.00

environmental
governance (EG) Same as BAU Increase by 15.00%

annually
Increase by 10.00%

annually Same as BAU 0.50 13.10 86.40
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2.4. Data Sources

The specific classification and data sources of material metabolism accounting are shown in
Table 4. The material flow data under the three-level classification of input and output of Beijing is
calculated. For example, the input end is divided into two parts: domestic extraction material and
imports, and these two parts are divided into metals, non-metals, fossil fuels and biomass. The data
sources of system dynamics model are shown in Table 5. When the data are missing in the statistical
process, the interpolation method is used to supplement.

Table 4. Data sources of material metabolism accounting.

Items Primary Level Secondary Level Tertiary Level Data Sources

Input end

Domestic
extraction used

material

Metals Iron ore National Bureau of Statistics of China (NBSC) [72];
Editorial Office of China Mining Yearbook [73];
Beijing Municipal Commission of Planning and

Natural Resources [74]Non-metals Industrial minerals and
construction materials

Fossil fuels Raw coal, crude oil,
natural gas National Bureau of Statistics of China (NBSC) [75]

Biomass

Biomass production in
agriculture, forestry,
animal husbandry,

fishery, etc.

National Bureau of Statistics of China (NBSC) [35];
The state forestry administration of China [76];

Ministry of Agriculture and Rural Affairs of
China [77]

Imports

Metals Iron ore, Steel
National Bureau of Statistics of China (NBSC) [72];

Editorial Office of China Mining Yearbook [73];
Beijing Municipal Commission of Planning and

Natural Resources [74]Non-metals Cement, flat glass

Fossil fuels Raw coal, crude oil,
natural gas National Bureau of Statistics of China (NBSC) [75]

Biomass Biomass production
and consumption

National Bureau of Statistics of China (NBSC) [35];
The state forestry administration of China [76]

Output end

Domestic
processed output

(DPO)

Atmospheric
pollutants

CO2, SO2, NOx, smoke,
industrial dust Ministry of Ecology and Environment of China [78];

National Bureau of Statistics of China (NBSC) [35]

Water pollutants

Total nitrogen, total
phosphorus, Chemical

oxygen demand,
ammonia nitrogen

emissions, petroleum,
volatile phenols, etc.

Solid waste
Industrial solid waste,

household waste,
construction waste

Dissipative
materials

Organic fertilizer,
mineral fertilizer,

pesticide, agricultural
plastic film

National Bureau of Statistics of China (NBSC) [79]

Exports

Metals Iron ore, steel
National Bureau of Statistics of China (NBSC) [72];

Editorial Office of China Mining Yearbook [73];
Beijing Municipal Commission of Planning and

Natural Resources [74]Non-metals Cement, flat glass

Fossil fuels Raw coal, crude oil,
natural gas National Bureau of Statistics of China (NBSC) [75]

Biomass Biomass production
and consumption

National Bureau of Statistics of China (NBSC) [35];
The state forestry administration of China [76]
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Table 5. Data sources of system dynamics model.

Variables Data Sources

GDP Beijing Municipal Bureau of Statistics; NBS Survey
Office in Beijing [80]

Population Beijing Municipal Bureau of Statistics; NBS Survey
Office in Beijing [80]

Urbanization rate Beijing Municipal Bureau of Statistics; NBS Survey
Office in Beijing [80]

Production of atmospheric pollutants, water
pollutants, solid waste and dissipative materials

National Bureau of Statistics of China (NBSC);
Ministry of Ecology and Environment of China [81];
Ministry of Ecology and Environment of China [78]

Treatment of atmospheric pollutants, water pollutants
and solid waste

National Bureau of Statistics of China (NBSC);
Ministry of Ecology and Environment of China [81];
Ministry of Ecology and Environment of China [78]

Industrial pollution control investment, Household
waste control investment Ministry of Ecology and Environment of China [78]

3. Results and Discussion

The results and discussion are mainly divided into three parts. The first part shows the
historical trend of the comprehensive dematerialization level in Beijing, and the relationship between
the dematerialization indexes of eight constituent materials and resource end and discharge end.
The second part verifies the feasibility of Beijing’s dematerialization development system dynamics
model and sets the business as usual (BAU) scenario, the economic sustainable degrowth (ESD)
scenario, the industrial restructuring (IR) scenario and the environmental governance (EG) scenario.
In the last part, through the system dynamics simulation analysis under four scenarios, the optimal
paths for Beijing’s comprehensive dematerialization and eight constituent materials are given.

3.1. Evaluation of City Dematerialization Level

3.1.1. Analysis of the Comprehensive Dematerialization Level

Figure 4 shows Beijing’s comprehensive dematerialization level, resource end and discharge
end from 1993 to 2016. In this period, the trends of the comprehensive dematerialization level, the
dematerialization index of resource end and the dematerialization index of discharge end showed
a downward trend on average, which indicates that all three kinds of dematerialization levels have
increased. In 2016, the comprehensive dematerialization index values, the dematerialization index
values of resource end and the dematerialization index values of discharge end were −0.39, −0.46
and −0.21 respectively. According to the Tapio decoupling framework, their dematerialization levels
were strong decoupling, which means that there is a clear separation between Beijing’s resources
consumption, pollutants discharge and economic development, and the pressure of economic growth
on resources and environment have decreased. During 1992–2016, the coefficient of variation
(The coefficient of variation (CV) is defined as the ratio of the standard deviation to the mean, which is
a statistic that measures the degree of variation in each observation. The coefficient of variation can
eliminate the effect of different units and/or averages on the degree of variability of two or more data.
(https://en.wikipedia.org/wiki/Coefficient_of_variation)) of the comprehensive dematerialization index
values, the dematerialization index values of resource end and the dematerialization index values
of discharge end were 6.40, 6.85 and 7.02 respectively. The dematerialization level of discharge end
fluctuated the most, and the dematerialization level of comprehensive was the most stable. In the
24 years from 1993 to 2016, the years’ proportions of the comprehensive dematerialization level, the
dematerialization index of resource end and the dematerialization index of discharge end reached
strong decoupling were 45.8%, 41.7% and 41.7%, respectively. In general, the strong decoupling

https://en.wikipedia.org/wiki/Coefficient_of_variation
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state is not yet dominant. Although Beijing’s dematerialization level is on the rise, the level of
dematerialization is in the fluctuating state, and the ideal state of strong decoupling is not completely
achieved. It is necessary to further break the coupling relationship between resources, environment
and economic growth. Compared with the resource end, the discharge end is more sensitive to GDP
growth. Therefore, there is greater potential to improve the dematerialization level of discharge end in
the future.

Figure 4. Beijing’s comprehensive dematerialization index, the dematerialization index of resource end
and the dematerialization index of discharge end and their trend.

3.1.2. Analysis of the Relationship between Dematerialization Indexes

It can be known from Formulas (3) and (4) that the dematerialization index of resource end
or discharge end consists of four parts, each part is called the contribution of the material to the

resource end or the discharge end. For example,
EP1

j
DMI j
•t1

i, j
indicates the contribution of metals to

the dematerialization index of resource end. The contribution of each constituent material to the
dematerialization indexes of resource end or discharge end is composed of the product of two parts,
that is, the product of the mass ratio of the constituent material in DMI or DPO in the base year and the

dematerialization level of the constituent material. Still taking metals as an example,
EP1

j
DMI j

represents
the influence weight of dematerialization index of metals on the dematerialization index of resource
end, and t1

i, j
represents dematerialization index of metals.

Figure 5 shows the contribution of each constituent material to the dematerialization index
of DMI and DPO at different periods. It can be seen that the contribution of the biomass to DMI
dematerialization index was relatively stable. The contribution degree of metals and fossil fuels
also varies less, while the contribution of non-metals fluctuated greatly. In 2016, the contribution
proportion of biomass and non-metals decreased by 1.64% and 144.98% compared with 1995. The
non-metals consumption in Beijing was mainly concentrated in the construction sector. From 1992 to
2016, the development of the construction sector in Beijing was slow, the construction completion area
increased by 26.48%, and the GDP increased by 8.73 times, indicating that the growth rate of non-metals
consumption in the construction sector was slow. Compared with 2010, the decrease of non-metals
consumption in 2016 resulted in the strong decoupling and the positive contribution to resource
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end dematerialization level. Non-metals have the greatest impact on the dematerialization index of
resource end and play a positive role. From 1992 to 2016, the contribution of atmospheric pollutants
to DPO’s dematerialization index was dominant, while the proportions of water pollutants, solid
waste and dissipative materials to DPO’s dematerialization were small, mainly because atmospheric
pollutants accounted for 87.07% of DPO on average. The average proportion of CO2 in atmospheric
pollutants was 98.74%, and the CO2 emissions in the period 1992–2016 increased by 39.66%, which
directly determined the weak decoupling trend of DPO. Therefore, from the perspective of contribution
degree, to improve the dematerialization level of resource end, it is necessary to focus on non-metals
consumption. For the discharge end, controlling CO2 emissions is the key.

Figure 5. The contribution of each constituent material to dematerialization level of resource end
or discharge end. (a) The contribution of four materials to dematerialization index of DMI; (b) the
contribution of four materials to dematerialization index of DPO.

3.2. SD Model Verification

To verify the accuracy and validity of the model, the real and simulated values of 8 key variables
such as metals consumption and non-metals consumption from 2012 to 2016 were compared. The results
are shown in Table 6. It can be seen that the relative error has reached the requirement of no more
than 10% which has a relatively large credibility [33,57,82]. Therefore, this model can reflect the
real situation of Beijing’s resource-economy-environment system, and can well simulate Beijing’s
dematerialization development.

Table 6. Verification with historical data (Unit: Million metric tons).

Variables Year 2012 2013 2014 2015 2016

Metals consumption
Real values 41.60 48.69 56.03 52.96 54.25

Simulated values 47.33 53.11 56.15 57.05 58.71
Error (%) 12.10 8.32 0.21 7.18 7.60

Non-metals
consumption

Real values 91.12 92.64 87.11 78.89 73.54
Simulated values 98.21 94.71 96.71 82.62 79.11

Error (%) 7.22 2.18 9.92 4.52 7.05

Fossil fuels
consumption

Real values 57.00 53.50 50.51 46.65 44.43
Simulated values 54.49 52.82 51.29 47.43 45.53

Error (%) 4.60 1.28 1.51 1.63 2.43



Sustainability 2020, 12, 829 16 of 23

Table 6. Cont.

Variables Year 2012 2013 2014 2015 2016

Biomass consumption
Real values 25.77 24.06 23.84 23.81 23.80

Simulated values 23.96 24.12 24.03 23.90 23.53
Error (%) 7.53 0.26 0.76 0.40 1.17

Atmospheric pollutants
emissions

Real values 73.24 68.70 68.24 67.61 65.83
Simulated values 78.40 71.53 70.15 67.67 72.19

Error (%) 6.58 3.96 2.72 0.09 8.81

Water pollutants
discharges

Real values 0.24 0.23 0.23 0.22 0.11
Simulated values 0.25 0.24 0.23 0.22 0.12

Error (%) 0.68 0.67 1.97 1.88 6.82

Solid waste discharges
Real values 6.94 7.78 6.26 7.29 8.17

Simulated values 6.94 7.79 6.39 7.69 8.93
Error (%) 0.03 0.08 2.07 5.12 8.54

Dissipative materials
discharges

Real values 1.35 1.31 1.29 1.16 1.07
Simulated values 1.41 1.37 1.35 1.22 1.12

Error (%) 4.11 4.08 4.43 4.79 4.87

3.3. Simulation Results

3.3.1. Simulation Results of the Comprehensive Dematerialization Level

The simulation results of Beijing’s comprehensive dematerialization indexes from 1992 to 2030 are
shown in Figure 6. In general, during 2016–2024, the BAU scenario had the highest dematerialization
index, followed by environmental governance (EG) scenario, economic sustainable degrowth (ESD)
scenario and industrial restructuring (IR) scenario. After 2025, the dematerialization index of IR would
surpass the other three indexes values and grow rapidly, while the other three indexes would continue
to grow steadily. Increasing investment in environmental governance can reduce pollutants discharge
and thus increase the comprehensive dematerialization index. The economic sustainable degrowth can
directly reduce the total pressure between resources, environment and economic growth. Industrial
restructuring could have a good impact on the resources consumption end and the pollutants discharge
end, thereby increasing the dematerialization levels.

Figure 6. Simulation results of Beijing’s comprehensive dematerialization indexes under four scenarios.



Sustainability 2020, 12, 829 17 of 23

Compared with the historical trend, after 2017, the fluctuation of the comprehensive
dematerialization index all would slow down and show a upward trend under four scenarios
(see Figure 6). However, it would remain in the decoupling state (the decoupling index value is
between −0.0085 and 1.08). During 2017–2024, under the IR scenario, the dematerialization level
would be the best, but it would only reach the strong decoupling state in 2017. At this time, the
dematerialization index value is –0.0085. The other three scenarios would all be in weak decoupling.
In 2017, the dematerialization index under the IR scenario would drop by 103.86% compared with
other scenarios. From 2017 to 2024, the advantage effect of dematerialization development under
the IR scenario would gradually decrease, because the proportion of the tertiary sector accounted
for GDP would reach 80.90% in 2017, and the proportion of technology investment in GDP would
reach 7.07%. By 2025, the dematerialization index value under the IR scenario would be lower than
the other three scenarios for the first time, that is, before the ratio of three industrial structures is
0.50:13.00:86.50 and the proportion of technology investment in GDP reaches 15.16%, further increase
investment in R&D and promote the optimization of industrial structure can achieve the optimal
dematerialization level. From 2025 to 2030, the dematerialization index would always be the highest
under the EG scenario, and the IR scenario would always be the lowest. This indicates that after
the advantage effect of the IR scenario is minimized (2025), and before the proportion of industrial
environmental governance investment and household waste governance investment reaches 0.39%
and 0.91% respectively, compared with other scenarios, the development scenario of increasing
environmental investment has greater dematerialization potential. By 2030, the dematerialization
indexes for the four scenarios would be 0.58, 0.53, 1.08 and 0.45, all of which would reach weak
decoupling state. In summary, the all four development scenarios would be able to achieve the weak
decoupling state in the future, but the dematerialization level under the BAU scenario is not the best,
so it is necessary to adjust the future development policy. From 2017 to 2024, the investment in R&D
and the industrial restructuring would be able to significantly reduce the value of the dematerialization
index during this period and bring about the greatest improvement of the dematerialization level.
During 2025–2030, continuing to increase investment in environmental governance would be the best
development measure to further increase the dematerialization level.

3.3.2. Dematerialization Indexes Simulation Results of Eight Materials

Figure 7 shows the simulation results of the dematerialization indexes of eight materials at resource
end and discharge end under four scenarios. Compared with the BAU scenario, the dematerialization
index of non-metals under the ESD scenario would decrease the most in the eight materials, with
an average annual growth rate of 14.92% from 2017 to 2030, mainly owing to the large impact of
the GDP growth reduction on the investment in the construction. Due to the technological progress
brought by the investment in R&D and the increasing proportion of the tertiary industry, the IR
scenario would enable non-metals, fossil fuels and biomass to reach the optimal dematerialization
level under all four scenarios. Under the IR scenario, the consumption of metals, non-metals, fossil
fuels and biomass in 2030 would be reduced by 70.43%, 32.57% and 3.58%, respectively, compared
with the BAU scenario, while the GDP growth rate would be relatively stable in this scenario, no
more than 6.80% during 2016–2030, which would significantly increase the dematerialization level.
Compared with the BAU scenario, the dematerialization index value of non-metals, fossil fuels and
biomass would decrease by 293.84%, 57.21% and 24.39% respectively under the IR scenario. The EG
scenario would improve the dematerialization level of atmospheric pollutants most significantly.
From 2017 to 2030, the dematerialization index value would change from 0.28 (weak decoupling) to
−2.39 (strong decoupling) mainly due to the fact that water pollutants and dissipative materials have
reached an ideal strong decoupling state in 2016, which means the potential for dematerialization
has become very limited since then. At that time, atmospheric pollutants were still at the weak
decoupling level. The environmental governance investment could improve the treatment capacity of
atmospheric pollutants, thereby reducing emissions of atmospheric pollutants. From 2017 to 2030,
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increasing environmental governance investment would increase the average annual growth rate of
industrial atmospheric pollutants treatment capacity by 131.23% relative to the BAU scenario. As a
result, significant reductions in emissions would occur as the investment in environmental governance
increase, which would show significant dematerialization. The best dematerialization scenarios for
eight materials during 2017–2030 can be found in Supplementary Information F.

Figure 7. Simulation results of dematerialization indexes of eight constituent materials of Beijing under
four scenarios.



Sustainability 2020, 12, 829 19 of 23

4. Conclusions

Based on the material flow analysis method and the Tapio decoupling model, this study constructs
the city dematerialization evaluation model, and obtains the development status and historical trend of
Beijing’s dematerialization development. Through analyzing the interaction between the influencing
factors, the system dynamics model of Beijing’s dematerialization development is established. By
setting four scenarios, namely BAU, economic sustainable degrowth (ESD), industrial restructuring (IR)
and environmental governance (EG), this study simulated and analyzed Beijing’s dematerialization
development levels, and finally obtained the optimal development paths of Beijing’s dematerialization.
The specific contents are as follows:

(1) From 1992 to 2016, Beijing’s comprehensive dematerialization level showed an upward trend
of fluctuation, while strong decoupling was not dominant. Compared with resource consumption end,
the dematerialization potential of the discharge end would be larger in the future. By analyzing the
relationship of dematerialization index between resource end and discharge end and its constituent
materials, it could be concluded that the improvement of dematerialization levels of resource end and
discharge end in the future need to focus on non-metals consumption and CO2 emissions respectively.

(2) The system dynamics model of Beijing’s dematerialization development was established,
taking BAU as a reference, four scenarios of ESD, IR and EG was designed to simulate Beijing’s
dematerialization development from 2016 to 2030. Under four scenarios, Beijing would achieve
the weak decoupling state, and the optimal development policies would be different in different
development periods. In the early stage of development, the investment in R&D and the adjustment of
industrial structure would bring about the greatest improvement of dematerialization level. Under the
IR scenario, strong decoupling would be achieved in 2017, and the other three scenarios would not be
achieved during 2017–2030. During 2017–2024, the IR scenario is the optimal path for dematerialization
development in Beijing. In the period 2025–2030, the EG scenarios would become the best choice for
Beijing’s dematerialization development.

(3) Simulation analysis of the dematerialization level of each constituent materials was completed.
From 2017 to 2030, under four strategies, metals would reach the expansive negative decoupling, solid
waste, and dissipative materials would remain weak decoupling that is, the three materials would have
little potential for future dematerialization. Non-metals, fossil fuels, biomass, atmospheric pollutants
and water pollutants would achieve strong decoupling under four strategies, but the IR scenario would
be the optimal path for the dematerialization development of non-metals, fossil fuels and biomass.
During 2017–2021, atmospheric pollutants would be more inclined to achieve the development of
dematerialization through economic sustainable degrowth measures. From 2022 to 2030, increasing
investment in environmental governance is the optimal path for dematerialization development of
atmospheric pollutants. From 2017 to 2023, the optimal dematerialization path of water pollutants
would vary between ESD and EG scenarios. During 2024–2030, other three strategies would have the
same effect.

(4) Through the city level dematerialization study based on system dynamics and MFA, this
paper finds that the influence of different materials on the overall level dematerialization is very
different. By implementing appropriate development strategies, the degree of dematerialization of
the economy can be effectively improved. In addition, the dematerialization study of Beijing could
provide the foundation for establishing the system dynamics model and formulating dematerialization
development measures on other cities or nations.
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