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Highlights
Innovative Cities and City Sustainability: Evidence from 247 Cities in China
Haiting Han,Feiyan Liang,Jens Leth Hougaard,Shidong Ge

• The study proposes a measurement of City Sustainability. This measure is based on the United Nations
Sustainable Development Goals and the human vision of the city of the future, and uses the concept of efficiency
to find a number that can be accurately characterised between the various inputs, desired outputs and undesired
outputs of the city.

• Comparing the Analytic Hierarchy Process, the Production Function Method and Data Envelopment Analysis,
the slacks-based measure model was selected to measure city sustainability in 247 cities in China, introducing
ecosystem services as inputs, non-economic habitats as desired outputs, and non-desired outputs such as
environmental impacts. Analyse the performance of cities in different clusters and under the influence of different
policies, and explore the reasons for this.

• A Causal Analysis method - Difference in Difference - is applied to evaluate and prove the above Treatment
measurements. The results show that China’s Innovation City Pilot has a significant contribution to the City
Sustainability, and that the statistical tests are reliable and stable. Different cities in different regions and different
types of development show different levels of responsiveness to policy, perhaps even in opposite directions.
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A B S T R A C T
Since cities are the fundamental social production units of modern civilization and host almost
all economic activities, appropriate urban development policies can not only maximize the
economic benefits of land and reap great wealth, but also ensure the sustainability of economic
output and the balance of regional ecosystems to achieve the Sustainable Development Goals
advocated by the United Nations. This article presents a ’quasi-natural experiment’ based on
data from 270 Chinese cities from 2003-2019 to analyze the impact of China’s Innovation Cities
Pilot Policy in 2011 on regional productivity, ecological service capacity, and ecological space.
The study provides a measure of City Sustainability by integrating factor inputs and economic
outputs, ecological regulations, and spatial improvements in human settlements. The results
show that Innovation Cities Pilot Policy has a significant impact on City Sustainability, which
in general implies that innovative cities make an important contribution in promoting a frugal,
green and sustainable society, and quantified its contribution rate to be about 2.8%. Innovation
Cities Policy has the most significant impact on resource-based cities, central and western cities,
and both show a suppressive effect, while in developed areas such as regional centre cities and
eastern cities it shows a promotional effect. In East China it was a facilitation of 4.39%, while in
Southwest China it was a suppression of 12.76%.We feel that it is helpful for the management
and optimization of city sustainability, and it will provide scientific reference to explore the new
sustainable development path.

1. Introduction
Sustainable development is a long-term plan for the well-being and future of the people, and it means a fundamental

change in production methods, lifestyles and development models. Since 1994, China has been formulating a
National Plan for the Construction of Ecological Demonstration Zones, and in 2003 the Chinese government officially
announced the implementation of a Sustainable Development Strategy, which aims to change its economic development
model and consider balancing ecological protection, improving the living environment and economic development
as new goals; promoting the harmonization of economic society with population, resources, and the ecological
environment. As a result, Liu, Liu and Yang (2016) said China became the first developing country in the world
to implement Sustainable Development Goals. The city, as an integrated form of land development, is also a vehicle
for the work of human resources and the environment for citizens to live in. Glaeser and Joshi-Ghani (2013) points out
that as urbanization progresses, cities are no longer just samples for observing the ecological economy, but are also
the creators of ecological and economic problems, if the appropriate policies are not adopted, cities are not any longer
the solution, but are precisely part of the problem.

China (2009) reported In China and a Sustainable Future: Towards a Low Carbon Economy and Society, the
United Nations Development Programme noted that by seizing the historical opportunity of low-carbon, sustainable
and environment-friendly technology development, China will not only be able to achieve the miracle of economic
growth that continues more than 30 years of reform and opening up, but also create more jobs, improve the efficiency
of resource use and energy security, and give its people a better and richer modern life, which is an important approach
to the reform of China’s economic development and the exploration of urban development models. China has introduced
a series of policies to regulate cities, such as Ecological Demonstration Regions (Hui-ping, Xuan, Jia, Dong-jie and

∗Corresponding author
haiting@ifro.ku.dk (H. Han); jlh@ifro.ku.dk (J.L. Hougaard); shidongge@henau.edu.cn (S. Ge)

ORCID(s): 0000-0001-9468-1094 (H. Han)

HT Han et al.: Preprint submitted to Elsevier Page 1 of 18



Leveraging social media news

Cun-kuan (2013)), Major Function Oriented Zone (Fan, Sun, Zhou and Chen (2012)) and the Central City (Wei, Li and
Nian (2021)) to control the scale and synergistic development of cities, as well as Low-Carbon City Pilots(Liu and Qin
(2016)), Innovation City Pilots(Fang, Ma, Wang and Li (2014), Teets (2015)), Smart City Pilots (Yang, Lee and Zhang
(2021)) and Healthy City Pilots (Li (2011)) to promote the transformation and upgrading of cities’ development. All
these are undoubtedly significant practices and useful attempts to explore the future development model in China.

The mechanisms by these policies enhances the capacity and activities of market players to innovate on their
own, thereby improving the efficiency of social production and promoting sustainable development and economic
performance, has been theoretically proven by scholars, but practical evidence has always been lacking. On the other
hand, we lack a uniform definition of a quantitative measure of sustainable urban development.
1.1. Main work and Contributions

For the above analysis, we know that any in-depth analysis of sustainable development, ecological changes, and
economic growth can be studied based on the observed data of the city. So this study collected relevant economic data
for nearly 300 prefecture-level cities in mainland China from 2003-2019, including basic demographic information,
economic data, active facility construction, scientific innovation, etc. After completing data cleaning and finally
selecting 247 cities (including 50 Innovation City Pilots cities) for the following analysis:

1. Firstly, the research investigates the direction of the city’s future development and sustainable evaluation, and
proposes a measurement of City Sustainability that implies the relationship between input and output based on
Slacks-Based Measure model (SBM).

2. Then, based on SBM measurement, we analyzed the trend of City Sustainability in 247 × 17 major city years
in China in terms of time and space. The results show an inverted U-shaped pattern of change in the City
Sustainability of Chinese cities. The Innovation City Pilots are mainly concentrated in developed regions and
therefore their sustainability is not significant, but grows significantly in the later stages. (Show in Figure 3)

3. Finally, we applied the Difference in Difference model (DID) - a quasi-natural experiment - to explore the impact
of innovative city pilots on City Sustainability and its heterogeneous performance in different regions and city
development types. The result verified the positive impact of innovative city pilot policies on urban sustainable
development, and quantified its contribution rate to be about 2.8%. However, in East China it was a facilitation
of 4.39%, while in Southwest China it was a suppression of 12.76%.(Show in Table 6)

The study transforms the traditional Observations-based evaluation into an Efficiency-based evaluation, eliminating
the influence of city size and resource input on the ranking. At the same time, the ecological service capacity is
included in the production function as a factor of production, greenhouse gas emissions and waste water discharge
are included in the efficiency measurement in the form of non-desired outputs, thus achieving an objective evaluation
of City Sustainability, covering the contributions to Sustainable Wellbeing from the dimensions of economy, society,
and nature.

In terms of technical approach, the study using a quasi-natural experiment approach - econometric model DID -
to examine the contribution of Innovation Pilot Cities to City Sustainability and to verify the reliability of the results,
this makes the observations more reliable, avoids the influence of human subjective emotions and makes the results
more convincing: the changes are indeed caused by the Innovation City Pilots policy. Which provides lessons for future
urban policy-making in China and solid evidence for China’s sustainable development efforts.
1.2. Paper Structure

Section 2 of this paper systematically reviews the future city , city sustainability and methodologies for sustain-
ability measurement and treatment measurement. Subsequent section 3 introduced the SBM model and DID model
we adopted, and briefly described the data used. In 4, the spatial and temporal trends of City Sustainability in major
Chinese cities are analyzed in detail through an empirical approach, and the contribution of the Innovation City Pilot
policy to City Sustainability is demonstrated through a DID model. We have not only critically examined the use of
econometric models but also analysed the effect of heterogeneity on the Treatment Measurement. Finally, in 6 the
shortcomings of the model and future research directions are discussed and concluded.
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2. Literature Review
Anganga and Shaojiea mentions that "common prosperity" has always been the ultimate goal pursued by modern

China. Since China’s reform and opening up in 1978, the average annual GDP growth rate has reached 10%, Wang,
Zhao and Chen (2020),Han, Du, Zhang and Qian (2018),Boamah, Du, Boamah and Appiah (2018) explain that in
the face of this tremendous achievement there has been a depletion of resources, environmental destruction. Glaeser
and Joshi-Ghani (2013) think this is especially true of cities as important platforms for prosperity, job creation, and
poverty-reducing development, where urbanization is causing the collapse of public services and infrastructure through
traffic jams, reduced efficiency, and social fragmentation, and where cities will become part of the problem if their
development is not addressed in the course of natural disasters, which is why the china governments have long been
exploring ways to integrate ecological protection, economic construction, political reform, cultural construction, and
social construction, which Wang, Li, Hu and Li (2011)Fan, Fang and Zhang (2019) has called a new urban model that
creates a "social-economic-natural" complex ecosystem.

Scholars have not given a unified answer to the ideal model of the Future City. However, the urbanization of the
population continues, Thornton (10) found that more than half of the population already lives in cities, Habitat (2016)
predicts that the number of cities with more than 10 million permanent residents will reach 43 by 2030. Glaeser
and Joshi-Ghani (2013) points out that without the appropriate policies cities are not any longer the solution, but are
precisely part of the problem. Kothari and Sclar (2020)Sharifi and Khavarian-Garmsir (2020) has observed that 90%
of infections during the COVID-19 occurred in cities and that the decline in economic activity has led to a sharp
reduction in air pollution levels in major cities by 20 − 40%. In addition to this, we are faced with an energy crisis
(Pareto and Pareto (2008)), shortage of water and climate change (McDonald, Green, Balk, Fekete, Revenga, Todd
and Montgomery (2011)), gap between rich and poor (Musterd, Marcińczak, Van Ham and Tammaru (2017)), the
collapse of public services and infrastructure (Kirkpatrick and Smith (2011),Beauregard (2013),Lang (2005)), uneven
development and crime (Squires and Kubrin (2005),Baumol (1967)). What kind of future should we have? And how
do we guard the continuity and well-being of modern civilisation?

The UN Sustainable Development Goal (SDG) 11 - Sustainable Cities and Communities - lists 10 targets, including
affordable and safe living environments, sustainable transport, inclusive and socially participatory urbanization,
protection of the world’s cultural and natural heritage, resilience to natural disasters, care for special groups and habitat
planning, reducing the environmental impact of cities, providing universally safe and inclusive green and public space,
strong national and regional development planning, providing efficiency in resource consumption such as ecology and
supporting balanced urban and rural development through finance, Pradhan, Costa, Rybski, Lucht and Kropp (2017)
believes that all of these means that cities will be a central consideration for sustainable development in the future. This
is not the first time we have explored City Sustainability and Sustainable Development. Sustainable Development is
a rich concept to describe the discussion of the interplay between all development issues and constraints. Tomislav
(2018) Björk (2007) argues that this is itself a controversial concept: action of preserving and action of developing
are two opposing poles. So although the idea of Sustainable Development has always dominated planning and policy-
making, no one can give a precise and responsible definition pointed out by Connelly (2007). Newman (2005) argues
that the inherent complexity and uncertainty of human and natural systems, as well as the innovative capacity of
human societies, dictate that sustainable development must be dynamic. Thus the concept of Ecological Rationality
(Schaltegger and Sturm (1990)) is evolving in parallel. Sustainability then took two different directions: the elements
that need to be included for City Sustainability, and Ecological Rationality/Sustainability measurement techniques.

Antunes and Barroca (2021) reported that it is not only SDG-11, which also echoes the other UN SDGs, thus,
but they also identify 12 megatrends for the city of the future which include green public space, smart, healthy, and
accessible cities, mass participation and inclusive societies, sustainable buildings and infrastructure, and technological
enablers. Foreign Policy Sassen and Lynd (2010) focuses on business activity, human resource culture, cumulative
political engagement, and information exchange in its ranking of global cities. The Economist Unit (2008)’s Liveable
Cities evaluates the liveability of global cities in terms of culture and environment, healthcare education political
participation, infrastructure, and social stability. The Mercer Life Survey and the European Quality of Life Survey
(EQLS) also gave their own evaluation criteria. While China takes a different narrative approach, it also proposes the
building of Ecological Civilisation(Wei, Hulin and Xuebing (2011)), Low-Carbon Cities(Wei et al. (2011)) and City of
the Future ( XUDONG, LEIJIE, MIN, BEI and QIONGYUAN (2018)), which advocates economic development while
focusing on ecology, i.e. green and low-carbon, building smart and sound infrastructure and improving the ability of
cities to cope with disasters and public services, i.e., Newman, Beatley and Boyer (2009) Desouza and Flanery (2013)
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Figure 1: The dimensions of the future city mentioned in the literature needs attention. The most important of these are
community safety, transport, housing, employment, political rights, green public space, health, and the natural environment.
See also Table in Lowe et al. (2015)

Chan, Chen, Gu, Peng and Sang (2022) called them Resilient Cities. Lowe, Whitzman, Badland, Davern, Aye, Hes,
Butterworth and Giles-Corti (2015) surveyed different planning documents and scholarly perspectives, and counted
the popularization of key indicators of sustainable cities to inform urban planners, what can be find in Figure 1.

Dryzek (1983), Lafferty (2000) and Dryzek, Downes, Hunold, Schlosberg and Hernes (2003) developed the concept
of ecological rationality as a form that could be used as a guarantee for policy recommendations and decisions, which
is further defined by the OECD to emphasize the harmonization of economic values and environmental benefits
(Buttel (2000)), and which can be described as the ability of an economy to achieve economic output while reducing
the consumption of natural resources and the emission of environmental pollutants (Tietenberg and Lewis (2018)).
The concept of eco-efficiency, with its accessibility and simplicity of calculation, is quickly becoming an indictor
of the relationship between economic production, finance, the environment and sustainable development. Since the
World Business Sustainable Council Development (WBSCD)Verfaillie (2000) strongly promoted eco-efficiency, it
has been implemented and applied at different levels and in different types of applications. Liu et al. (2016) examine
the outcomes of ecological civilization from three perspectives: ecosystem services (ES), ecological footprint (EF), and
GDP per capita, exploring the changes between resource endowment, human occupation of natural ecosystems, and
economic growth. Wang and Li (2021) constructs an evaluation system with environmental pollution, fiscal system,
urbanization, GDP per capita, industrial structure, environmental protection investment, and economic openness as
the core. Zhang (2019) constructs an evaluation index system based on production, living and ecological space,
dividing agricultural production, secondary and tertiary industry production, ecological balance, resource security,
social security, and living services as the guideline layer, and further selected 23 indicators such as arable land area,
vegetation index, gross regional product and per capita income of residents to evaluate the sustainable development
of the city. Costanza, Daly, Fioramonti, Giovannini, Kubiszewski, Mortensen, Pickett, Ragnarsdottir, De Vogli and
Wilkinson (2016) proposed one potential hybrid Subjective Wellbeing Index (SWI) combination consists of three
basic parts, each covering the contributions to sustainable wellbeing from the dimensions of economy, society, and
nature. The calculation of efficiency is clearly different from the subjective choice of indicators, which also serves as
a bridge between the concept of sustainability and the technical approach.

Geers and Economou (2015) calls rank and compare new cities "computable for liveability", quantitative tools
provide a stable and comparable way of ranking and decision-making in the multi-objective context. The core of
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evaluation methods is to avoid the arbitrariness of subjective evaluation, trying to find a meaningful number to describe
the relations between the factors and then evaluating the quality or the efficiency of the Decision-Making Units (DMUs)
(Girardin, Bockstaller and Werf (1999)). Geers and Economou (2015) applies the Support Vector Machine (SVM) and
Wang (2019) applies the Data Envelopment Analysis (DEA) technique to evaluate global cities respectively. But,
can the evaluation be used as a benchmark to help understand the best resources to invest in urban infrastructure?
Which Bogetoft and Hougaard (1999) described as the selection of an appropriate reference scheme to evaluate DMUs
and measure performance slack. Wenkai, Dashu and Ying (2020) then introduced Production Function based on the
Cobb-Douglas (C-D) model, set energy use levels and public health as inputs to analyze the relationship between
economic output, economic structure, and environmental change. Qian, Wu and Ren (2019) then used the Constant
Elasticity of Substitution (CES) Production Function method to evaluate the spatial variation and carbon production
efficiency of low carbon policy implementation in China. However, the condition of production function that is
too stringent and must we have clear input-output relations, including traversing all factors and preventing pseudo-
production relations. The non-parametric statistical analysis technique like DEA method created by Charnes, Cooper
and Rhodes (1978) is favored by scholars. Then Super-efficiency-DEA model was used by Wu, Wang and Qian (2020)
to analyze the efficiency and dynamic evolution of the green economy in each region of China. However, traditional
evaluate models seldom consider the case of undesired outputs, such as urban development, where we expect economic
output with as little effluent and emissions as possible, so Tone (2001) proposed a slacks-based measure model (SBM)
that incorporates undesired outputs into the model and also solves the slackness problem of input-output variables
in traditional DEA model measures. At this point, the analytical framework to address a range of needs for DMU to
include production relationships, non-radial expansion of production inputs, comparable efficiency, slack measurement,
etc. through non-parametric models was completed. Tone and other scholars subsequently evolved and extended the
super-SBM (Tone (2001)), Dynamic-SBM (DSBM) model(Tone and Tsutsui (2010)), etc. Then we will also use the
SBM model to measure the City Sustainability.

3. Research area, Data Description and Modelling Preliminary
Our research area is the 247 prefecture-level cities in mainland China (excluding Hong Kong, Macau and Taiwan).

However, due to the shortage of data, relatively few western cities were selected for this study. Following the division
method of the National Development and Reform Commission of China, we divided the 247 cities into six regions:
North China, Northeast China, East China, South Central China, Southwest China and Northwest China (Yan, Dianmo
and MacKinnon (2002)). In addition, we also divided the cities into small and medium-large cities, non-central and
central cities, and resource-based and non-resource cities based on their size, status and resource content. Of these,
medium large and large cities are those surveyed by the National Bureau of Statistics of the People’s Republic of
China since January 2011, when the Residential Sales Price Survey Programme began to be implemented (Yang, Yu
and Deng (2018)), and include municipalities directly under the Central Government, provincial capitals, autonomous
regions’ capitals and planned cities, and a total of 70 other cities . Central cities refer to modern metropolises that
are strategically located in the country, shouldering national missions, leading regional development, participating in
international competition, and representing the image of the country, including 9 national central cities and 70 regional
central cities (Li, Chen, Yan, Zhu, Liao and Chen (2021)), most of which overlap with medium-large cities. Resource
cities are the 262 cities whose production and development are closely related to the exploitation of resources, as
identified in the Plan promulgated by the State Council on 3 December 2013 (Yu, Li and Zhang (2019)), and are the
main battlegrounds for promoting new industrialisation, urbanisation and sustainable development. Show in Figure 2.

Based on the concept of sustainable development and the vision of the city of the future, we define the concept of
CITY SUSTAINABILITY, combine the concept of sustainable development of the future city with the eco-economic
efficiency consideration of ecological rationality, and construct an input-output framework that includes production
activities, human habitat, and ecological environment, using its efficiency as a measure of City Sustainability. The
study selected 247 prefecture-level cities in China as the sample, let the set of DMUs be 𝑖 = {1, 2,⋯ , 247}, for each
DMU having 𝑚 inputs , 𝑞 desired outputs and ℎ undesired outputs. In fact, we can get the set of DMUs be 𝑖𝑡 ∈ ℝ𝑇 , T
represents the total number of periods, and each city in each period can be used as a separate DMU, denoted as 𝐶𝑆𝑡

𝑖 ,and the 𝑖-th City’ Sustainability in the 𝑡-th period. 𝐶𝑆𝑡
𝑖 consists of three parts: input X𝑡

𝑖 ∈ ℝ𝑚
𝑖 , desired outputs Y𝑡

𝑖 ∈ ℝ𝑞
𝑖and undesired outputs B𝑡

𝑖 ∈ ℝℎ
𝑖 .

𝐶𝑆 = 𝑓𝑆𝐵𝑀 (X,Y,B) (1)
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Figure 2: Research area

For each DMU, there is an array {(𝑥𝑡𝑖,1, 𝑥
𝑡
𝑖,2,⋯ , 𝑥𝑡𝑖,𝑚), (𝑦

𝑡
𝑖,1, 𝑥

𝑡
𝑖,2,⋯ , 𝑥𝑡𝑖,𝑞), (𝑏

𝑡
𝑖,1, 𝑥

𝑡
𝑖,2,⋯ , 𝑥𝑡𝑖,ℎ)}. This means each DMU

consisting of 𝑚 input variables, 𝑞 desired output variables, and ℎ undesired output variables, shown in Equation 2 and
solve the system of SBM equations, we can get 𝐶𝑆𝑡

𝑖 = 𝜃𝑡𝐼 :

𝜃𝑡𝐼 = 𝑚𝑖𝑛
𝜆,𝑠−,𝑠+

1 + 1
𝑚

𝑚
∑

𝑗=1

𝑠−𝑗
𝑥𝑡𝑗𝐼

1 − 1
𝑞+ℎ (

𝑞
∑

𝑟=1

𝑠+𝑟
𝑦𝑡𝑟𝐼

+
ℎ
∑

𝑘=1

𝑠−𝑘
𝑏𝑡𝑘𝐼

)

𝑠.𝑡.

𝑥𝑡𝑗𝐼 ≥
2019
∑

𝑡=2003

247
∑

𝑖=1,𝑖≠𝐼
𝜆𝑡𝑖𝑥

𝑡
𝑗𝑖 − 𝑠−𝑗 𝑗 = 1, 2,⋯ , 𝑚;

𝑦𝑡𝑟𝐼 ≤
2019
∑

𝑡=2003

247
∑

𝑖=1,𝑖≠𝐼
𝜆𝑡𝑖𝑦

𝑡
𝑟𝑖 − 𝑠+𝑟 𝑟 = 1, 2,⋯ , 𝑞;

𝑏𝑡𝑘𝐼 ≥
2019
∑

𝑡=2003

247
∑

𝑖=1,𝑖≠𝐼
𝜆𝑡𝑖𝑏

𝑡
𝑘𝑖 − 𝑠−𝑘 𝑘 = 1, 2,⋯ , ℎ;

𝜆𝑖 ≥ 0; 𝑠− ≥ 0; 𝑠+ ≥ 0

(2)

where 𝜃𝑡𝐼 denotes the sustainability of the 𝐼-th DMU at 𝑡-th period, 𝑠−𝑗 ∈ ℝ𝑚 denotes the 𝑗-th factor input excess,
𝑠+𝑟 ∈ ℝ𝑚 denotes the 𝑟-th outcome output that can be increased, and 𝑠−𝑘 ∈ ℝℎ denotes the 𝑘-th non-desired outcome
output that can be reduced.

The specific indicator system includes 7 input indicators, 6 desired outputs and 4 undesired outputs show in Table
1. It is worth noting that the fossil energy input component consists of both coal gas and petroleum gas (Oil gas), and
HT Han et al.: Preprint submitted to Elsevier Page 6 of 18
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Type Factor Code Unit Data Source

Input

Urban construction land area 𝐿𝑎𝑛𝑑𝑢𝑠𝑒 productivity iFinD
Number of Employees 𝐻𝑅 104 China Statistical Yearbook

Foreign Investment Attraction 𝐹𝐷𝐼 104 CNY China Statistical Yearbook
Annual Electricity Consumption 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐 104kW·h China Statistical Yearbook
Annual Fixed-asset Investment 𝐹𝐴𝐼 104 CNY iFinD

Coal gas coalgas tons Wind
Petroleum gas oilgas 104𝑚2 Wind

Desired Output

annual Gross Domestic Product 𝐺𝐷𝑃 104 CNY iFinD
annual tax Tax 104 CNY China Statistical Yearbook

domestic road mileage Road productivity China Statistical Yearbook
beds at health institutions Bed 1 PCs iFinD
annual patent applications Patent 1 PCs ZHIHUIYA

annual Carbon fixation CF 106 tons Chen, Gao et al. (2020)

Undesired Output

𝑆𝑂2 emissions 𝑆𝑂2 tons iFinD
𝐶𝑂2 emissions CE 106 tons Shan, Guan et al. (2018)

solid waste emissions 𝑆𝑊 104 tons iFind
sewage emissions 𝑊𝑊 tons iFind

Table 1
A Reference Framework for City Sustainability

that they are interchangeable. We use the gas representation in our calculations and get 𝑔𝑎𝑠 = 3 × 𝑐𝑜𝑎𝑙𝑔𝑎𝑠 + 𝑜𝑖𝑙𝑔𝑎𝑠 .
Other indicators are given by integrating the relevant research findings.

Then, considering China’s Innovation City Pilots as a quasi-natural experiment, this paper uses a DID model
to investigate the impact of the implementation of the Innovation City Pilots on City Sustainability. DID is a
widely used method for assessing the effects of policies, and is most widely accepted for analysing the effects
of policy implementation by comparing differences in the time dimension, between the ’treated’ and ’untreated’
groups. Compared with the Interrupted Time-Series model (ITS), in situations where there is a clear control and
experimental group, DID allows for a more accurate measurement of the impact of the policy (Bernal, Cummins and
Gasparrini (2017),McDowall, McCleary and Bartos (2019),Gottman, Glass and Kratochwill (1978),Schaffer, Dobbins
and Pearson (2021)). Following the methodology of Beck, Levine and Levkov (2010), this paper constructs a two-way
fixed model (cum individual fixed effects and time-fixed effects) to assess the net effect of the innovative city pilot
policy on changes in city sustainability through a double difference model. The specific model setup is as follows:

𝐶𝑆𝑡
𝑖 = 𝛼 + 𝛽 × 𝑃𝑜𝑠𝑡𝑡𝑟𝑒𝑎𝑡𝑖,𝑡 + 𝛾 ×𝑍𝑖,𝑡 + 𝛿𝑗 + 𝜑𝑡 + 𝜀𝑖,𝑡 (3)

where the predicted variable is 𝐶𝑆𝑡
𝑖 and the interaction term 𝑃𝑜𝑠𝑡𝑡𝑟𝑒𝑎𝑡𝑖,𝑡 is the dummy variable indicating whether

city 𝑖 is an innovative pilot city in year 𝑡-th, taking the value 1 or 0, respectively, for being a pilot city or is not a pilot
city. 𝛿𝑖 is a fixed effect for 𝑖-th city, describing the same characteristics caused by city differences (cum consistent
performance across time); 𝜑𝑡 is a fixed effect for 𝑡-th year, describing the same other effects on all cities in the same
year; and 𝜀𝑖,𝑡 is a random perturbation term. The coefficient 𝛽 of 𝑃𝑜𝑠𝑡𝑡𝑟𝑒𝑎𝑡𝑖,𝑡 is the core parameter of this study and
represents the average difference in the sustainability level of the pilot city before and after the implementation of the
policy. A positive value of 𝛽 indicates that the implementation of the Innovation City Pilots policy has increased the
City Sustainability, while a negative value of 𝛽 indicates that the implementation of the policy has suppressed the City
Sustainability. 𝑍𝑖,𝑡 is a set of time-varying city-level control variables, and in this paper We choose Annual foreign
direct investment attraction (FDI), Population, Tertiary GDP as a share of total GDP (GDP of the City), Government
Finance Expenditure (gov), GDP per capita, as shown in Table 2.

4. Results and Findings
4.1. Evaluation of City Sustainability

According to the SBM model, 247 × 17 efficiency values (City Sustainability) can be calculated, from 2003-2019,
CITY SUSTAINABILITY for all cities in China took values ranging from 0.00135 to 1, with a mean value of 0.306.

0According to the World Energy Council (WEC), the calorific value of combustion per kilogram of LPG is 11,000 calories, while the calorific
value of combustion per cubic meter of LPG is 25,200 calories; the unit of consumption of Coal gas in the model is 10,000 cubic meters, while the
unit of consumption of LPG is tons.
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Table 2
Data Description

VARIABLES
(1)
N

(2)
mean

(3)
sd

(4)
min

(5)
max

Posttreat 4199 0.106 0.308 0 1
fdi 4199 0.0204 0.0231 1.80e-06 0.419

populace 4199 458.7 338.6 10 2,759
thirdindustrial 4199 38.87 9.781 11.05 83.52

gov 4199 0.155 0.0760 0.0123 1.485
lgdp 4199 6.974 1.047 3.747 10.55

Number of DMU 247 247 247 247 247

During the study period, the City SUSTAINABILITY had a nonlinear relationship (quadratic polynomial) with year
(shown in Figure 3 a). The mean City Sustainability of China decreased gradually to 0.225 before 2009 and increased
to 0.515 in 2018. The trend of City Sustainability of the pilots and control cities over time is more similar to the overall
trend, showing an overall downward trend followed by an upward trend (shown in Figure 3 b), with the mean values
increasing to 0.51 and 0.533 from 2003 to 2018 respectively. It is worth noting that City Sustainability in the pilot
cities is significantly higher than in the control cities until they reach the same level in 2018. Possible reasons for this
would be that before the 2008 financial crisis China’s economic growth was rapid, but crude, high energy and resource
consuming, high polluting (Fu (2012)); since then there has been a significant change in the way China’s economy
develops and sustainability has increased significantly; the pilot policies are often chosen as a reward for economically
developed regions (Zeng, Niu, Li, Zhou and Zhao (2016)), but in fact China’s economically developed regions have
been obtained at the expense of the natural environment and living comfort, and their sustainability is not significant
(Barancik and Shapiro (1992),Templet (1999)), which is an important reason for China’s To Flee BSG in recent years
(Yi, Li and Zhang (2021)).

Figure 3: City Sustainability Trends

Analysing the spatial and temporal changes, we find that the areas of China rich in sustainability are concentrated
east of Heihe-Tengchong Line, which follows the same pattern of development as the economic geography of China,
where the main economic and demographic activities of China take place, as shown in Figure 4. The result show that
sustainability-rich cities are concentrated in Hulunbeier in northeastern Inner Mongolia, most of Heilongjiang province
(the Daxinganling region), most of Shaanxi province and central-western China represented by Inner Mongolia’s
Ordos, and most of Fujian in eastern and South China, this is consistent with Li, Chiu and Lu (2018)’s view. Due
to the fact that western cities have fewer productive operations, less undesired outputs such as pollution and carbon

0To Flee BSG stands for To Flee Beijing, Shanghai, Guangzhou and refers to the social phenomenon of people fleeing the country’s first-tier
cities due to high housing prices, high work stress, poor working environment and overcrowded public services. They also use the terms Ant Tribe
and Sub-Healthy to describe their state of existence.
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emissions (Wang and Wei (2014)), and fewer resource inputs such as human and capital; most of the northeast and
Inner Mongolia are due to rich and well-protected forest resources (Ding, Jimoh, Hou, Hou and Zhang (2018)), while
benefiting from high levels of fiscal transfers from developed regions (Raiser (1998),Ahmad (2013)). After a decline in
sustainability from 2002 to 2010, as of 2018, the number of highly sustainable cities, represented by regions with weak
production and large transfer payments, has gradually decreased, replaced by economically developed regions with a
focus on economic production and habitat construction, demonstrating the role of innovative city pilots in promoting
the industrial restructuring and sustainability of Chinese cities.

Figure 4: Temporal-Spatial Changes in City Sustainability

The 247 selected cities were divided into six regions, North, Northeast, East, South Central, Southwest and the
Northeast of China, according to the division method of the National Development and Reform Commission of China
to analyze the changes of city sustainability respectively. We can figure out that: 1, both pilot cities and non-pilot
cities, the mean values of sustainability in Southwest and South Central regions are generally higher than the rest of
the country, but their variance is also the largest, indicating that the development within the domain is not balanced (as
shown in Figure 5 d & e); 2, on the contrary, the sustainability levels of the relevant cities in East China are relatively
stable and at a lower level, but are balanced within the region and less subject to external influences (as shown in
Figure 5 d & c); 3, except for South Central and Southwest China, the city sustainability of most of China’s regional
pilots sustainability tend to be lower than the sustainability of non-pilot cities in the same region (as shown in Figure
5). This is mainly because China’s urban policy tends to be a reward rather than a support policy, and is mainly applied
to reward economically developed cities, so the sustainability of such cities tends to be no stronger than that of forest
cities, provincial capitals in less developed regions, and cities benefiting from fiscal transfers.

As shown in Figure 6 a & b, the Sustainability of small cities is relatively convergent, and there is little difference
in whether they are selected as a pilot city. However, from Figure 6 c & d 1: whether a city is a national or regional
central city greatly affects whether it is selected as a pilot city; 2, the sustainability of central cities is generally lower
than that of non-central cities, and the average sustainability of pilot cities in non-national central cities is weaker,
while the average sustainability of pilot cities in central cities is stronger; 3, overall China’s city sustainability after a
long period of stability and then a rapid increase after a sudden drop around 2014, and the Sustainability of pilot cities
is significantly higher than that of non-pilot cities. In terms of urban development types, non-resource cities have little
influence on the selection of pilot cities, but city sustainability has grown significantly; resource-based cities have a
significant influence on the choice of pilot cities, and pilot cities tend to have lower levels of sustainability (as shown
in Figure 6 e & f). The division of resource and non-resource cities here refers to the research and related results of the
National Development and Reform Commission of China’s "Economic Structural Transformation of Resource-based
Cities" project, which identified a total of 118 resource-based cities in China, involving a total population of 154
million, see Suocheng, Zehong, Bin and Mei (2007).
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Figure 5: Trends in City Sustainability by Regions

4.2. Treatment Measurement
4.2.1. Baseline Regression

The iterative regression results are shown in Table 3 by constructing the equation 3, and introducing the relevant
data to identify the impact of the pilot policy on City Sustainability in innovative cities. It is clear that GDP per capita
and tertiary sector share have a significant effect on the City Sustainability, but GDP per capita has a promotional
effect, while tertiary sector share has a discouraging effect. Table 3 Column (1) shows the results of the OLS regression
without the inclusion of control variables, and the estimated coefficient of the pilot policy dummy variable -𝑝𝑜𝑠𝑡𝑡𝑟𝑒𝑎𝑡-
is significantly positive. Columns (2) to (5) show the results of the regression based on this introduction of the control
variables. The estimated coefficient of 𝑝𝑜𝑠𝑡𝑡𝑟𝑒𝑎𝑡 is often significantly positive and approximately equal to 0.029. This
shows that the Innovation City Pilot Policy has a significant contribution to the City Sustainability.

This paper uses a DID model with two-way fixed effects. Table 4 reports the regression results of the impact of
the Innovation City Pilot Policy on the City Sustainability. Column (1) is the estimated result without considering the
control variables, column (2) is the estimated result with the inclusion of control variables but without considering city
and year fixed effects, while column (3) is the estimated result with both control variables and fixed effects. The results
show that the regression coefficient of posttreat is significantly positive in all cases, further confirming the significant
contribution of the National Innovation City Pilot Policy to City Sustainability.
4.2.2. Parallel Trends Test

The analytical framework of policy evaluation aims to analyse the treatment effect of the Innovation City Pilots
policy, with the main disturbance arising from selection effects or selection bias. Because we are attempting to analyse
a reverse fact, the difference between ’with’ and ’if without’, we cannot impose a double experiment of cum ’with’ and
’without’ on the same subject. We have to use the average effect of participants and the average effect of non-participants
as a proxy for individual effects. We would then have to ensure homogeneity between Treatment and Control groups,
i.e. Treatment and Control groups would need to satisfy the Parallel Trend Hypothesis to ensure that the change in
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Figure 6: Trends in City Sustainability by City Class

effect is caused by the implementation of the policy. In this regard, this paper uses the event study method mentioned
in Beck et al. (2010)Jacobson, LaLonde and Sullivan (1993) to further test for parallel trends, with the model set up as
follows:

𝐶𝑆𝑡
𝑖 = 𝛼 +

9
∑

𝑝≥−9
𝛽𝑝𝐷

𝑝
𝑖,𝑡 + 𝛾 ×𝑍𝑖,𝑡 + 𝛿𝑖 + 𝜑𝑡 + 𝜀𝑖,𝑡 (4)

In the model (equation) 4, 𝐷𝑝
𝑖,𝑡 is a dummy variable for the current period when the Innovation City Pilot policy

was implemented, 𝑝 > 0 denotes the 𝑝-th year after the policy was implemented, 𝑝 < 0 denotes the 𝑝-th year before the
policy was implemented, and the other control variables and parameters are set in line with the underlying regression
model. In this work, the period before the implementation of the Innovative Cities Pilot policy is taken as the base
period and set before and after 9 periods. 𝛽𝑝 is the core coefficient considered here, and 𝛽𝑝 characterises the direction
of impact on City Sustainability before and after the implementation of the Innovation City Pilots policy. When K<0,
𝛽𝑝 is not significantly different from 0, indicating that the parallel trend hypothesis is satisfied. As shown in Figure 7,
the dummy variable coefficients for the relative time before the policy were all insignificant and small, indicating that
HT Han et al.: Preprint submitted to Elsevier Page 11 of 18
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Table 3
Treatment Measurement-Baseline Regression

VARIABLES
(1)
CS

(2)
CS

(3)
CS

(4)
CS

(5)
CS

posttreat
0.0292**
(0.0147)

0.0298**
(0.0147)

0.0249*
(0.0146)

0.0286*
(0.0147)

0.0288*
(0.0147)

fdi
-0.1303
(0.1669)

-0.1186
(0.1653)

-0.1242
(0.1653)

-0.1245
(0.1653)

lgdp
0.1820***
(-0.021)

0.1678***
(-0.0221)

0.1679***
(-0.0222)

thirdindustrial
-0.0017**
(-0.0008)

-0.0017**
(-0.0008)

populace
0

(-0.0001)

Constant
0.3216***
(-0.0123)

0.3244***
(-0.0128)

-0.7348***
(-0.1227)

-0.5906***
(-0.1423)

-0.5856***
(-0.1439)

Observations 4,199 4,199 4,199 4,199 4,199
R-squared 0.2126 0.2127 0.2275 0.2283 0.2283
Standard errors in parentheses *** p<0.01, ** p<0.05, * p<0.1

Table 4
Treatment Measurement-Two-way Fixed Effect

VARIABLES
(1)
CS

(2)
CS

(3)
CS

posttreat
0.0292**
(0.0147)

0.0292**
(0.0147)

0.0292**
(0.0147)

Control Variables NO YES YES
Time Fixation Effect YES NO YES
Urban Fixation Effect YES NO YES
Observations 4,199 4,199 4,199
R-squared 0.2126 0.0871 0.2286

Standard errors in parentheses *** p<0.01, ** p<0.05, * p<0.1

there was no significant difference between the pilot and control groups in terms of city sustainability before the policy
occurred and that the model satisfied the parallel trend test. From the point of view of the dynamic effects of the policy,
the year 2010 is taken as the main year of implementation, and the dynamic effects of the policy are analysed over a
period of 9 years, the results show that no significant changes were observed immediately after the implementation of
the policy, however, after a few years (approximately 5 years), the impact coefficient of the Innovation City Pilot Policy
is significantly positive and tends to increase, which indicates that the Innovation City Pilot Policy has contributed to
City Sustainability, but with a certain lag.
4.3. Robustness Tests
4.3.1. Placebo Test

It is clear that there are many unobservable features or factors of the city as a complex system that may also have
an impact on Treatment Measurement. Therefore we randomly select some cities as the virtual pilots and compares
them with the control group, which is so-called placebo test. The study first groups the data by city, then randomly
selects one year as time variables to each city as its policy implementation time. Run the baseline regression model to
figure out the the estimated values of parameter 𝛽, repeat the entire process 1000 times. Shown the distribution of the
𝑝 values of the policy dummy variable and 𝛽 in Figure 8. Coefficients are mainly concentrated around 0 and basically
obeying normal distribution, which is far from the 0.0292 in the baseline regression coefficient of this paper, indicating
that the regression results are robust.
4.3.2. Intrusmental Variables

Usually, the Ordinary Least Squares estimation requires that the explanatory variables are uncorrelated with the
random error 𝜀 and that 𝐶𝑜𝑣(𝑃𝑜𝑠𝑡𝑡𝑟𝑒𝑎𝑡𝑖,𝑡, 𝜀𝑖,𝑡) = 0. In fact, the selection of Pilot Cities often takes into account factors
such as " base of previous work, regional demonstration and representativeness", which shows that the selection of
Pilot Cities is not random, but takes into consideration the level of development of each region, location conditions
HT Han et al.: Preprint submitted to Elsevier Page 12 of 18
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Figure 7: Parallel Trends Test

Figure 8: Placebo Test

and other factors; at the same time, there are many factors affecting the city sustainability, and it is difficult to list them
all through control variables and include them in the model. This may lead to 𝐶𝑜𝑣(𝑃𝑜𝑠𝑡𝑡𝑟𝑒𝑎𝑡𝑖,𝑡, 𝜀𝑖,𝑡) ≠ 0, which is also
known as endogeneity.

The study selected the Relief Degree of the Land Surface (Rdls) as an Instrumental Variable to further test the
baseline regression results in order to address this issue. The lower the Rdls of a city, the more the population and
economic activities are clustered (Xu, Zhao, Zhang and Xia (2018),Deng, Qi, Fu and Wang (2020)) and therefore
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Table 5
Robustness Test : Intrusmental Variables

VARIABLES First-Stage Second-Stage

Rdls
0.0240***
(0.0069)

posttreat
2.8026***
(0.8522)

fdi
0.6857***
(0.1950)

-1.9662**
(0.8119)

lgdp
0.0866***
(0.0080)

-0.3113***
(0.0792)

thirdindustrial
0.0089***
(0.0006)

-0.0250***
(0.0077)

gov
-0.6991***
(0.1131)

2.1057***
(0.5742)

populace
-0.0000
(0.0000)

0.0001
(0.0000)

Constant
-0.7741***
(0.0540)

2.8381***
(0.6816)

F-Value 37.85
Time Fixation Effect YES YES
Urban Fixation Effect YES YES
Observations 4,199 4,199

Standard errors in parentheses *** p<0.01, ** p<0.05, * p<0.1

affect the selection of Innovation Pilot cities, satisfying the correlation hypothesis, cum 𝐶𝑜𝑣(𝑃𝑜𝑠𝑡𝑡𝑟𝑒𝑎𝑡𝑖,𝑡, 𝑅𝑑𝑙𝑠) ≠ 0.
Moreover, the Rdls of a region are determined by naturally occurring objective factors such as the altitude and average
area of the region, which also satisfy the exogeneity assumption, and 𝐶𝑜𝑣(𝜀𝑖,𝑡, 𝑅𝑑𝑙𝑠) = 0. A two-stage least squares
regression analysis was performed and the results are shown in Table 5. The results of the first-stage regression are
shown in column (1), indicating that the selection of the pilot city is correlated with the topographic relief of the city,
and that the first-stage F-value is greater than 10, indicating that the Instrumental Variables satisfy the correlation
condition and there is no weak Instrumental Variables problem. Column (2) shows that the results of the second-stage
regression are similar to those of the previous baseline regression and higher than those in Table 3, possibly because
the Instrumental Variables exclude the non-randomness of the selection of pilot cities, which leads to larger estimated
coefficients. The above results further validate the positive impact of innovative city pilot policies on the sustainability
of cities.
4.4. Heterogeneity Analysis

As our study area is very large, scattered over 9.597 million 𝑘𝑚2 of land in China, spatial heterogeneity is also an
important and interesting issue that we should focus on. Spatial heterogeneity gives us the opportunity to gain insight
into the impact of policies in different regions, but also implies heterogeneity in the level of development, type of
development, etc. of different cities. Again, we have chosen to use the 6-region delineation method promulgated by
the National Development and Reform Commission of China for grouped regressions. The results show that the policy
impact is negative in the Northwest and Southwest, meaning that the Innovation City Pilots policy will suppress City
Sustainability in this region (As shown in columns 4 and 5 of Table 6). The positive impact is most significant in
the eastern and northern regions, with 3.79% and 4.39% respectively. For the eastern region in particular, we can see
that FDI, GDP per capita and the share of Tertiary Industry in GDP also have significant explanatory power for City
Sustainability (As shown in columns 2 and 3 of Table 6). This is consistent with the inference in section 4.1 above.

5. Discussion
Our findings show that China’s City Sustainability in general shows an inverted parabolic temporal development

trend, with the City Sustainability of each city reaching a low point around 2009, and with the introduction of a series
of policies by the central government, the City Sustainability of each city has been significantly improved, especially
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Table 6
Heterogeneity Analysis

VARIABLES (1)
Northeast

(2)
North

(3)
East

(4)
Northwest

(5)
Southwest

(6)
Central South

posttreat 0.0139
(0.0506)

0.0379
(0.0386)

0.0439**
(0.0205)

-0.0613
(0.0880)

-0.1276**
(0.0630)

0.0275
(0.0357)

fdi -0.2570
(0.3315)

2.2380***
(0.5938)

-0.8169***
(0.2831)

0.4564
(0.7282)

1.3703**
(0.6918)

-0.1237
(0.3463)

lgdp 0.0385
(0.0647)

0.2633***
(0.0610)

0.1277***
(0.0477)

0.1351
(0.1554)

0.0622
(0.1206)

0.2138***
(0.0700)

thirdindustrial -0.0095***
(0.0021)

0.0008
(0.0018)

-0.0042**
(0.0017)

0.0032
(0.0049)

0.0027
(0.0035)

0.0009
(0.0018)

gov -0.6534***
(0.2107)

-0.2798
(0.3689)

0.0524
(0.1177)

-2.2771***
(0.8161)

-0.1980
(0.2091)

0.0862
(0.2091)

populace 0.0005
(0.0018)

0.0003
(0.0003)

0.0001
(0.0001)

0.0013
(0.0013)

0.0004*
(0.0002)

-0.0001*
(0.0001)

Constant 0.5513
(0.5362)

-1.3717***
(0.3983)

-0.4709
(0.3276)

-0.6074
(0.9975)

-0.1506
(0.6874)

-0.8563*
(0.4527)

Observations 544 561 1,275 204 425 1,190
R-squared 0.3467 0.1642 0.3162 0.4006 0.1908 0.2692
Number of citycode 32 33 75 12 25 70

Standard errors in parentheses *** p<0.01, ** p<0.05, * p<0.1

in East China, Northwest China, Northeast China This indicates that after a series of policies introduced by the central
government between 2003 and 2009, the city sustainability of all cities has improved significantly, especially in East
China, Northwest China and Northeast China. This means that after the recession of 2003-2009, by 2018 the number of
’abnormal’ high-sustainability cities, represented by weak production and strong transfer beneficiaries, has gradually
decreased, replaced by economically developed areas with a focus on economic production and habitat development.
It is interesting to note that the city sustainability of the pilot cities selected by the Chinese government is generally
lower than that of other cities, suggesting that the Chinese government’s criteria for selecting innovative pilot cities
are at odds with the ecological and economic level of the cities, although thankfully, over time, the city sustainability
of the pilot cities has generally improved, even surpassing that of the non-pilot cities in many areas.

On a technical side, we compared subjective evaluation methods, production function methods and finally opted
for a non-parametric model. This is because the non-parametric method 1, no need for dimensionless processing of
data, 2, natural suitability for solving multiple outputs and multiple input problems, and 3, optimal weights that can
be derived from actual data. When solving the SBM model we can turn the intractable fractional programming into
linear programming with optimal solutions by means of the Charnes-Cooper transformation (Ahn, Charnes and Cooper
(1988)). In practical implementation, it can be divided into the classical simplex method proposed by Bartels and
Golub (1969) and the interior-point algorithm, which originated from Ponnambalam, Quintana and Vannelli (1992).
In comparison, the interior-point method solves more quickly than the simplex method, but Chuang and Luh (2002)
pointed that the resulting optimal solution is only a non-actual optimal solution that is very close to the optimal point.
According to Hyperplane Partition Theory, the optimal solution to a linear programming problem must occur at the
boundary point, whereas the various algorithms of Karmarkar’s interior point method and its variants produce a Z-
shaped convergence process in the process of approaching the optimal point, but fail to reach it. We use the interior
point method to solve the city sustainability.

6. Conclusions
The study transforms the traditional Observations-based evaluation into an Efficiency-based evaluation, eliminating

the influence of city size and resource input on the ranking. At the same time, greenhouse gas emissions and waste water
discharge are included in the efficiency measurement in the form of non-desired outputs, thus achieving an objective
evaluation of City Sustainability. This not only provides a theoretical framework for the measurement of Sustainability,
but also provides new ideas for its scientific measurement and enriches the toolbox of measurement techniques.

Using a quasi-natural experiment approach, the study employs a Difference in Difference econometric model to
examine the contribution of Innovation Pilot Cities to City Sustainability and to verify the reliability of the results,
which provides lessons for future urban policy-making in China and solid evidence for China’s sustainable development
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efforts. As an initiator and supporter of the community of human destiny, China has steadfastly taken on more green
responsibilities to make a greater contribution to the world-class sustainable development and to explore a new
sustainable development path for other emerging economies.
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