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Abstract: This study investigates the development trend of smart-green cities, focusing on seven
megacities in China. It addresses three issues that are common in urban green development, including
the relationship between “smart” and “green”, the scenario analysis of green development, and
the uniqueness of megacities in green development. System dynamics modeling is applied. The
simulation results reveal an “S”-shaped development curve for both aspects, indicating a gradual
and accelerating growth pattern. Notably, the curve representing energy consumption lags behind
the curve for smart city development by approximately three years. After 2030, when the smart city
construction is expected to be completed, the proportion of the tertiary industry and investment
in science and technology will play a significant role in limiting energy consumption. This study
concludes by providing policy suggestions, including the need for long-term plans with phased
targets, considering the specificity of megacities, and addressing external influences.

Keywords: smart-green city; system dynamics modeling; trend forecasting; megacities

1. Introduction

Assuming its role as a responsible global leader, China unveiled the “Dual Carbon”
objective during the United Nations Climate Conference in September 2020. This objective
signifies a commitment to reach a peak in carbon emissions by 2030 and achieve carbon
neutrality by 2060. This initiative not only represents a solemn pledge to the interna-
tional community but also holds a fundamental place within our economic and social
development framework.

Currently, the global urbanization rate stands at 56% (data source: UN-Habitat, World
Cities Report 2022: Envisaging the Future of Cities), with urban areas responsible for
approximately 75% of total CO; emissions. In China, this percentage is even higher,
reaching a staggering 80%. That is to say, cities are playing a critical role in achieving the
“dual carbon” objective in China. The primary contributor to carbon emissions in cities
is the consumption of fossil fuels in industry, transportation, and citizens’ daily lives. To
control the carbon emissions in urban areas, the concept of green cities has emerged.

The notion of green city development centers around striking a balance between
ecological preservation, nature conservation, and human well-being and cultural enrich-
ment [1]. China has the highest urbanization rate in the world. So, it is important to
integrate the green development concept into the process. To achieve the goal of green
development in Chinese urban areas, there are several key approaches to consider, like
adopting a forward-thinking urban planning approach, optimizing the structure of energy
supply and consumption, and promoting the green transformation of urban construction.

With the development of technology, the potential of informative innovation has
drawn more and more attention to driving the green development of cities [2—-4]. The
convergence of technological advancements and urban environments has given rise to
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the concept of Smart Cities [5]. Smart cities represent the forefront of digital economy
applications within urban spaces, offering an effective avenue for vertical and horizontal
connectivity and serving as a catalyst for high-quality urban development. They have
emerged as a powerful tool for emission control and the promotion of green development.

This study places particular emphasis on the impact of smart cities on urban green
development. The concept of the smart city is dissected into four key dimensions: smart
governance, smart living, smart economics, and smart labor. This study aims to address
these four issues. Firstly, it seeks to ascertain the developmental trend of urban green
development. Secondly, it aims to establish the correlation between a “smart city” and a
“green city.” Thirdly, it aims to explore how the trend of urban green development varies
across diverse scenarios. Lastly, it tries to figure out the uniqueness of megacities” green
development. To find the answers, a system dynamics model is constructed.

This paper’s structure is organized as follows: Chapter One serves as the introduction,
providing an overview of the study’s objectives and context. Chapter Two offers a compre-
hensive review of the relevant literature, encompassing key studies and theories in the field.
Chapter Three delves into the data sources and methodology employed in the research,
outlining the approach taken for data collection and analysis. Chapter Four presents a
detailed discussion of the simulation results, analyzing the findings and drawing insights
from different scenarios. Finally, Chapter Five concludes the study, summarizing the key
findings and presenting policy recommendations for enhancing urban green development.

2. Literature Review
2.1. Bibliometric Analysis

Both domestically and internationally, the promotion of urban development through
the concept of “smart and green coordination” has gained significant attention and has
become a hot topic. This approach emphasizes the integration of smart technologies and
sustainable practices to achieve more efficient, environmentally friendly, and livable urban
environments. The combination of smart and green strategies has the potential to address
various urban challenges, including resource management, environmental protection,
transportation efficiency, energy conservation, and quality of life for residents. As cities
strive for sustainable development and aim to enhance their competitiveness on the global
stage, the concept of “smart and green coordination” has emerged as a key focus area.

Over the past decade, research in the field of smart and green coordination has
primarily concentrated on micro-level aspects. Several prominent research areas have
emerged, including the exploration of smart-green communities [6-8], the impact of smart
city initiatives on climate change [9-11], green infrastructure development [12,13], and the
analysis of future challenges [14,15]. The prevalent research approach has predominantly
involved modeling techniques to examine and forecast various scenarios and outcomes [16].
Among these research areas, the smart grid has experienced the longest period of sustained
interest and burst intensity [17-20].

As we can see in Figure 1, the hot spots have dispersed and iterated rapidly. Most
research focusing on detailed areas and macroscopic research is rare and emerging. The
relationship between “smart” and “green” is one of the newly emerging topics.

The rapid development of the digital economy in China has led to a significant
contribution of research outcomes by Chinese authors, as depicted in Figure 2. Over the
past decade, research in this field conducted in China has been highly concentrated, with a
focus on qualitative studies closely aligned with policy trends [21,22]. Given the frequent
introduction of new policies, the research hotspots in this field are subject to frequent
updates and changes.
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Figure 2. Authors’ nationalities in smart-green areas.

Based on the analysis above, two prominent areas of focus are the interrelation between
“smart” and “green”, as well as the context of China. In this research, we have chosen
to delve into the former topic as our main subject, while also considering the latter as
an objective.

2.2. Study on the Effect Smart Cities Exert on Green Development

With the continuous deterioration of urban environments, research focus has gradually
shifted towards exploring whether smart cities can promote sustainable development and
enhance urban ecological benefits. Firstly, at the conceptual level, the incorporation of sus-
tainability into smart city methods and models has garnered significant attention, leading
to the emergence of compound concepts such as green smart cities and sustainable smart
cities [23-25]. Secondly, there has been a substantial amount of research investigating the
relationships between smart cities, environmental benefits, and sustainable development.
Ahvenniemi et al. [26] argue that a truly “smart” city, in terms of its overall objectives,
must be one that embraces sustainable development. Through the use of a difference-in-
differences (DID) approach, other scholars [27] suggest that incorporating policies and
planning centered around an understanding of the overarching vision of environmental
quality and resilience can better achieve the integration of smart and green city concepts,
thereby facilitating sustainable development.

Although some research [28] has theoretically affirmed the positive effects of smart
cities on sustainable development and ecological efficiency, certain scholars still hold
reservations about smart cities” environmental benefits [29]. There is also ongoing de-
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bate regarding whether smart cities are an effective approach to achieving sustainable
development.

To explore the relationship between smart and green development, scholars often
employ the difference-in-differences (DID) method. They typically select prefecture-level
cities as their research subjects and examine urban energy consumption and emissions
as the dependent variables. They have examined the impact of smart city pilot policies
on ecological efficiency, revealing that smart city construction notably enhances urban
ecological efficiency and that its promotive effect strengthens over time. Overall, research
in China regarding the relationship between smart and green development is characterized
by a close connection to policy trends, frequent updates on research hotspots, and the use
of the DID method to assess the impact of smart city pilot policies on energy consumption
and emissions at the prefecture-level city level.

2.3. Research Gaps

The existing research in the field of smart and green development, as shown in
Table 1, has certain limitations that need to be addressed. Firstly, there is a lack of variable
granularity, with “smart city” often being used as a general explanatory variable without
further deconstruction of its underlying components. Secondly, the reliance on econometric
research methods, while common, may have limitations in capturing the complexity of
urban systems. Thirdly, there are few papers discussing the negative impact of smart city
construction on green development [30]. Lastly, there is insufficient guidance for future
development, as most studies are based on historical panel data with limited consideration
of future trends.

Table 1. Main points of view on how smart cities affect green development.

Main Idea Source

The increased proportion of science and technology
expenditure in financial expenditure promotes the [31-33]
low-carbon development of cities.

The development of the information industry
promotes the upgrading of industrial structure and [34-36]

. thus promotes the low-carbon development of cities.
Mechanism test

Promotes urban low-carbon development through

technological innovation. [31,37,38]
Promotes urban low-carbon development by
. : [34,39,40]
optimizing urban resource allocation.
Reduces the scale of government to offset its impact [41]
on green development.
Smart city construction has a more significant effect
on carbon reduction in cities with low financial [42]
development levels, high human capital levels, and
low export-oriented economy levels.
The effect is more significant in western cities,
southern cities, non-environmentally friendly cities, [34,43]

resource-based cities, and non-provincial
Heterogeneity capital cities.

The effect of carbon reduction in underdeveloped
cities, megacities, and highly administrative cities is [33,35,41]
more significant.

The effect of carbon reduction in cities with obvious
economic agglomeration advantages and strict
environmental regulations
is more significant.

[37,44]
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To address these limitations, this study proposes three solutions. Firstly, it suggests
refining the explanatory variable “smart city construction” into the following four dis-
tinct dimensions based on the innovative quadruple theory: smart governance, smart
living, smart economics, and smart labor. This approach allows for a more detailed un-
derstanding of the different aspects of smart city development and their impact on urban
low-carbon development.

Secondly, this study proposes combining qualitative research methods with system
simulation techniques. By integrating quantitative regression analysis and system dynamics
modeling, this research can better account for the nonlinear, systematic, and dynamic nature
of urban systems. This combined approach provides a more comprehensive understanding
of the complex interactions and feedback loops within the urban environment.

Lastly, this study aims to incorporate trend prediction and dynamic scenario simu-
lation. By focusing on overall trend changes and predicting urban green development
trajectories under different scenarios, this research can elucidate the whole picture—both
the positive and negative effects—and provide more targeted and forward-looking in-
sights to support urban decision-making processes. This approach allows for a deeper
understanding of potential future outcomes and will help inform policy and planning
strategies accordingly.

3. Data and Methodology
3.1. Research Objects

This study focuses on seven megacities in China, namely, Shanghai, Beijing, Shenzhen,
Chongging, Guangzhou, Chengdu, and Tianjin. These cities represent complex and exten-
sive urban systems characterized by various internal subjects, relationships, and external
environments, all of which significantly influence the functioning of the overall system.

In terms of internal subjects and relationships, megacities demonstrate distinct “triple
characteristics”. Firstly, they experience scale expansion, with their populations, infrastruc-
ture, and economic activities rapidly growing and expanding. Secondly, diverse demands
emerge as these cities accommodate the wide range of social, economic, and environmental
needs of their large and diverse populations. Lastly, these cities exhibit feature emergence,
where unique characteristics and challenges arise due to the presence of multiple subjects
within their urban fabric.

In terms of complex relationships, megacities face significant management tasks,
increased management difficulty, and intensified management risks. The sheer size and
complexity of these cities create challenges in effectively managing various aspects such
as urban planning, transportation, public services, and environmental sustainability. The
interplay and interactions among different stakeholders and sectors further contribute to
the complexity of managing these megacities.

Moreover, megacities are influenced by the dynamic external environment. Factors
such as informationization impact, the pressure to achieve the “dual carbon” target (car-
bon peak and carbon neutrality), and policy constraints shape the context in which these
cities operate. The rapid development of information and communication technologies,
along with the increasing focus on sustainable development and carbon reduction, cre-
ate both opportunities and challenges for these megacities in their pursuit of smart and
green development.

By acknowledging and analyzing these triple characteristics, complex relationships,
and dynamic external environments, this study aims to provide a comprehensive under-
standing of the challenges and opportunities faced by the seven megacities in China in
their pursuit of smart and green development.
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3.2. Research Framework

This study consists of four steps:

Firstly, the concept of a “smart city” is explained through four aspects based on the
quadruple theory. These aspects include smart governance, smart living, smart economics,
and smart human resources, which collectively form the components of a smart city system.

Secondly, an index system is designed. This study takes into full consideration the
“Smart City Evaluation Model and Basic Evaluation Index System” issued by the National
Standards Committee and designs indicators based on the availability of comprehensive
data. Smart governance is assessed using indicators such as the urban auto cleaning
rate and the online service adoption rate for civic administrative affairs (referred to as
“E-governance” in the model). Smart living is assessed through indicators such as the
internet adoption rate and the penetration rate of new energy vehicles. Smart economy
is assessed using indicators such as the income of IT employees and the number of IT
employees. Smart human resources are assessed through indicators such as the number of
R & D staff in colleges and the number of universities in the city. Additionally, scenario
settings are provided.

Thirdly, a simulation model, referred to as the “smart-green” model, is constructed.
The results are analyzed from both a timeline perspective and in terms of scenario changes.

Lastly, based on the aforementioned analysis, policy recommendations are provided
on how to develop a “smart-green” megacity.

The framework of this research is shown in Figure 3 below.
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Figure 3. Framework of this study.

number of

3.3. Data and Indicator System

There are 29 variables in “smart-green” system model. The dependent variable that
we want to observe is green development level, which includes “Energy consumption”
and “CO, emission”. Their values are obtained directly from the energy section of the
statistical yearbook.

As for the independent variables, there are three level variables, three flow variables,
twenty auxiliary variables, and one shadow variable.

The level variables are external factors that influence the system model. They are the
economic level, represented by GDP; industrial structure, represented by the proportion of
the tertiary industry; and the social development level, represented by population. The
flow variables are the level variables’ growth rate.

There are two types of auxiliary variables: the smart city system and scenario variables.
The smart city system is built based on the innovative quadruple theory in Figure 3, and
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includes four aspects: smart governance, smart life, smart economy, and smart human
capital. The scenario variables are composed of environmental control investment and
technology and science investment. Environmental control investment is represented by
the proportion of environmental protection investment to GDP, and technological financial
investment is represented by the proportion of R & D expenditure to GDP.

The values of some critical variables are listed in Table 2 below. The data were collected
from the “China City Statistical Yearbook”, city statistical bulletins and official news reporting.
Some missing data were imputed using the method of nearby-year mean interpolation.

Table 2. Data used to build the simulation model.

Smart Governance Smart Living Smart Economics Sn}f:;;lllrlzgan Dev(glr:}ey%ent
eve
Cf::lt.(i);‘g GoveFr-nance ég‘treerrr;egte C(])E\;Sr?;o’e Inﬁgré\;?f (l)\fh;?l};g. SIia&ftf ll)n OTBII?;:;; Corlssllll‘:lg]:a};ion
Ratio ployees ployees Colleges sities
Unit CNY 1}26(?1% People Universities Wtce
2013 0.9 0.97 0.752 0.11 136,599 58.24 18,600 89 6723.9
2015 0.9 0.97 0.765 0.11 159,486 68.007 19,540 90 6852.6
Beijing 2017 0.9 0.97 0.8 0.19 183,183 77 44 20,000 92 7132.8353
2019 0.9 0.97 0.85 0.19 234,121 85.9131 22,000 93 7360.32
2021 0.9 0.97 0.9 0.08 290,038 86.5 23,000 92 7103.617
2013 0.9 0.95 0.613 0.1 102,922 3.57 7440 55 7881.83
2015 0.92 0.95 0.63 0.12 134,331 4.3541 7816 55 8319.38
Tianjin 2017 0.92 1 0.7212 0.25 151,778 5.3464 8000 57 7831.72
2019 0.92 1 0.7567 0.3105 144,510 6.5728 8800 56 8240.7
2021 0.92 1 0.7633 0.3105 157,725 7 9200 56 8205.69
2013 1 1 0.9203 0.1 120,000 9.39 17,000 80 5333.57
2015 1 1 0.4975 0.1 160,000 10.0529 19,000 81 5688.89
Guangzhou 2017 1 1 0.5813 0.12 200,000 16.5897 21,000 82 5961.97
2019 1 1 0.5933 0.205 220,000 22.6695 23,000 83 6294.2
2021 1 1 0.6 0.3433 240,000 24 25,001 83 6575.64
2013 0.974 0.9362 0.6888 0.1288 100,000 12.5 1600 10 3594.42
2015 0.974 0.9362 0.4765 0.1288 110,000 13.4808 2100 12 3909.91
Shenzhen 2017 1 0.9362 0.5834 0.25 135,000 19.2466 2600 12 4272.64
2019 1 0.95 0.6232 0.4 160,000 30.3677 3000 13 4534.14
2021 1 0.95 0.6029 0.4809 150,000 32 3241 15 4756.67
2013 0.8406 0.9 0.4929 0.0528 98,000 14.54 18,600 53 17,774.57904
2015  0.8406 0.9 0.5625 0.1034 110,000 16.9835 19,540 56 16,680.10628
Chengdu 2017  0.8406 0.9 0.7067 0.25 130,000 31.4432 20,000 56 15,448.7
2019  0.8406 0.93 0.7663 0.3225 150,000 26.1621 22,000 59 16,382.2
2021 0.9 0.93 0.7354 0.3225 170,000 30 23,000 66 16,356
2013 0.9 0.997 0.439 0.1 73,598 13.95 18,100 63 6225.92
2015 0.9 0.997 0.483 0.1 92,958 16.04 20,300 64 6924.77
Chongging 2017 0.9 1 0.5516 0.1524 112,043 4.7844 22,500 65 7251.59
2019 0.93 1 0.8608 0.2033 131,356 4.736 24,700 65 7687.25
2021 0.93 1 0.8542 0.2951 155,067 5 26,900 68 8046.31
2013 1 0.64 0.707 0.1066 153,989 49.43 18,765 68 10,890.39
2015 1 0.64 0.731 0.2677 183,365 27.8195 23,453 67 10,930.53
Shanghai 2017 1 0.73 0.8284 0.3 212,063 30.7312 25,478 64 11,381.85
2019 1 0.73 0.7174 0.4784 237,405 41.768 36,000 64 11,696.46
2021 1 0.73 0.715 0.4784 303,573 45 40,000 64 11,683.02
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3.4. System Dynamic Model

Based on the analysis above, the following “smart-green” model was built and is
illustrated in Figure 4.

Auto-cleaning
ratio
EP rate
o J
upper limit # Auto cleaninX rate A tgrtiary-industr lag———_)

\ Environment
ion inv
& mart governance prot myestment

E governanca GDP

Growth rate
-

Internet
covergae

CDP | GDR G
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b 4

Smart city le;el/ )

E-car E
penetration rate [ Sand
penetration
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R&D staff in - investment
colleges /\ *
Number / Tech & Sci
_of Investment rate
universities

Figure 4. “Smart-green” system model.

The relationships between variables are expressed by equations. The variables listed
in Table 3 are mostly assigned through a table function, which means their values come
from real data, for example:

Internet coverage = WITH LOOKUP (Time, Look up ([(0.5,0) — (3000,10)],
(2012,0.75), (2019,0.78), (2025,0.82), (2030,1), (2035,1)))

Population Net growth rate = WITH LOOKUP (Time, Look up ([(0,0) —
(2035,50)],(2012,0),(2013,0.023),(2014,0.018),(2015,0.017),(2016,0.025),(2018,0.012),
(2019,0.012),(2020,0.01),(2021,0.004),(2035,0.01)))

E-governance = WITH LOOKUP (Time, Look up ([(2012,—10) —
(2035,10)],(2012,0.92),(2015,0.93),(2018,0.935),(2020,0.94),(2035,1)))

Others are assigned through equations based on regression analysis, for example:

IT employee = 0.0018 x Population + 0.022 x “Tech & Sci investment” + 56

Auto-cleaning rate = (2 x 107> x “Tech & Sci investment” + 6 x 10~® x Environmental
protection investment + 0.795) x 0.25, initial value 0.78

IT employee = 0.0018 x Population + 0.022 x “Tech & Sci investment” + 56

“R & D staff in colleges” = —2.9 x Population + 13.4 x “Tech & Sci investment” +
19261.7

As for the level variables, their values are controlled using flow variables, for example:
Population = INTEG (Population x Net growth rate), Initial Value = 17464.25
GDP = INTEG(2 x GDP x GDP Growth rate), Initial Value = 13658

tertiary-industry GDP = INTEG(2 x “tertiary-industry GDP” x Growth rate), Initial
Value = 2155.3
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The scenario settings are shown in Table 3:

Table 3. Scenario settings.

Tertiary-Industry GDP Environmental Protection Science and Technology
Growth Rate Investment Rate Investment Rate
IF THEN ELSE . . .
High (“tertiary-industry China’s target value is 3%. HIlgheft ra}:e En 05"; mn
percentage” <0.7, 0.09, 0.02) Srael, which 18 5.
Medium (,,{Ergigﬁn%]fs}; Current value of megacities Current rate in seven
percentage” <0.7, 0.08, 0.01) is around 2%. megacities 2.4%.
Low ("{Srgli'EIjn%]:lss}’gr Current national value is Average value for OECD
y y around 1.5%. countries in 2019 was 2%.

percentage” <0.7, 0.07, 0.01)

4. Results and Discussion

The simulation, covering the period from 2012 to 2035, was validated by comparing
the simulation results with real data from 2012 to 2021. The average error was found to be
3.1%, with the largest error occurring in 2020 at 6.5%. It is worth noting that the COVID-19
pandemic started in 2020, resulting in significant reductions in economic and social activities
in most cities, leading to a sudden decrease in energy consumption. Considering that the
model is considered reliable when the error is below 5%, the “smart-green” model can be
deemed acceptable.

The traditional DID method involves only one single factor, the policy, and it is based
on historical facts. The system dynamics model is a “black box” model. All relevant factors
can be included in this system. Additionally, it is a model that represents the future. This is
the main advantage of the SD method.

4.1. Development Level of Smart Cities

In seven megacities, the trend of smart city construction continues to rise until the
end of the forecasting period. However, after 2029, the growth rate becomes very low,
indicating that after approximately 17 years of construction, the smart city reaches a certain
maturity level, leading to a deceleration in its progress.

In terms of the four dimensions of a smart city, namely, smart governance and smart
human resources, we observe consistent progress. Specifically, the smart human resources
dimension maintains a relatively stable trajectory. This is mainly due to the Education
Bureau of China promoting vocational education and new universities choosing to establish
themselves in other cities due to high land rents and other costs in these seven megacities.
Additionally, these cities have already attracted the most talented technology professionals
in the country, resulting in limited potential for further development. On the other hand,
smart governance continues to grow until the early 2030s. Citizens can fulfill most of
their needs through online apps or by calling the 12345 public service hotline. However,
administrative approvals still require visits to the service hall, and the administrative
reform involved in this process is a time-consuming task.

Smart living and smart economy, on the other hand, are the main driving forces behind
the fluctuations in the smart level curve. In terms of smart living, new energy vehicles are
transforming people’s lives in these cities. Currently, the average penetration rate of new
energy vehicles in the seven cities has reached 30%, but the overall retention rate is only 4%.
There is still a significant gap that must be filled to achieve the target of 30% to 40%. The
Ministry of Industry and Information Technology (MIIT) has released the “Development Plan
for the New Energy Vehicle Industry (2021-2035)”, which indicates that by 2025, the national
penetration rate of new energy vehicles will reach 20%. As megacities, the penetration rate
in these cities will be even higher. Therefore, there will be a noticeable increase in the smart
living curve in 2025, and the trend will become smoother in 2030 when over 50% of new
vehicles will be powered by new energy.
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4.2. Trend of Green Development

As discussed earlier, the overall trend of smart cities can be described as “fast-growing,
slow-growing, and then stabilizing”, and correspondingly, the energy consumption in
these cities has followed a pattern of “fast growth, slow growth, stabilization, and finally a
decrease”. Based on the current scenario, prior to 2030, energy consumption continues to
increase steadily. Between 2030 and 2033, it reaches its peak level. Afterward, it begins a
gradual decline. As shown in Figure 5 below. And correspondingly, the green development
level experiences a “steady-decrease-bottom-increase” process.

Energy consumption level

1.2 0.7
1 0.6
0.5
0.8
‘_H_H_,k_*_‘——f—i—‘—‘_H_‘_‘_H—._‘—‘_H_‘_‘OA
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MM:::%:“‘-‘¢”°"'02
0.2 . 0.1
smart governance —#— smart living —&— smart economy ’
0 —&— smart human resource smart city level 0
Men S O 0D — et O 0D — el own
— o= = = = = = = el n o on e o
000 00000000 CcCo o000 00000 CCo QOO0
AR A8 aaaaaaRaAAaaaaaaa A

Figure 5. Development level of smart city.

4.2.1. Industrial Structure Scenarios

When the third industry proportion is higher, the initial energy consumption increases
until 2028, and starts to decrease after that. Compared with the current curve, the peak
is reached earlier (about 4 years earlier), and the maximum value is lower (about 3.1%
lower). Additionally, in a low scenario, energy consumption would be lower for the first 18
years, but exceed the baseline after 2019 and continue rising towards the end of the forecast
period, as shown in Figure 6 below.
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Figure 6. Energy consumption trend under industrial structure scenario.

While the growth of the tertiary sector can improve economic efficiency and competi-
tiveness to some extent, it can also lead to increased energy consumption at the beginning.
There are several reasons for this:
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Increased demand for services: As the tertiary sector develops, there is an increased
demand for services such as transportation, logistics, communication, tourism, and
entertainment. These services often require energy, such as fuel and electricity, for
transportation and energy consumption by information technology equipment. For
megacities, the increased demand for services may exacerbate the “urban diseases”,
which may have an amplifying effect on energy consumption.

Energy consumption in commercial and office buildings: With the growth of the
service industry, the number of commercial and office buildings also increases. These
buildings require lighting, heating, ventilation, and air conditioning infrastructure,
which often consume significant amounts of energy. The developers tend to build
skyscrapers that rely on air conditioners and fresh air ventilation systems in megacities.
This kind of building costs much more energy than traditional ones.

Energy consumption in digitization and information technology: With the digitiza-
tion and widespread use of information technology in the tertiary sector, there is a
corresponding increase in energy consumption from various devices, servers, and
data centers. Technologies such as cloud computing, big data analytics, and artificial
intelligence all require substantial energy support.

But after the updating of industrial structure, the energy consumption will decrease. So,

the optimization of industrial structure has demonstrated a lag effect on energy consumption.

4.2.2. Science and Technology Scenarios

A higher investment rate in science and technology initially results in increased overall

energy consumption. However, after the year 2026, the curve starts to shift below the
original curve and reaches its peak around 2033, followed by a gradual decrease. By the end
of the forecasting period, there is a reduction of approximately 3.5% in energy consumption
compared to the original curve. Conversely, a lower investment rate leads to lower energy
consumption for approximately 16 years, but it continues to grow, surpassing the original
curve. At the end of the forecasting period, energy consumption is approximately 4%
higher, as shown in Figure 7 below.
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Figure 7. Energy consumption trend under science and technology investment scenario.

Increasing investment in technology can lead to an increase in energy consumption in

the initial period, which might be due to the following reasons:
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(1) Increased investment in technology often leads to advancements in production and
consumption activities, resulting in higher energy demands. For example, techno-
logical progress can lead to the emergence of new energy-intensive industries and
products in megacities, such as data centers, cloud computing, and smart devices, all
of which require significant energy supply.

(2) Increased quantity of equipment and facilities: An increase in technology investment
is often accompanied by an expansion in the quantity of equipment and facilities,
such as factories, laboratories, and offices. The operation of this equipment and these
facilities requires energy supply, thereby increasing energy consumption.

(3) Manufacturing and disposal of electronic devices: Increased technology investment
means more electronic devices and computer systems, which consume energy during
their manufacturing, usage, and disposal processes. The manufacturing of electronic
devices involves the extraction, processing, and transportation of raw materials, while
the usage and disposal of devices require electricity and other resources.

Environmental investment rate has little effect on consumption.
Similar to the industrial structure scenario, an energy consumption effects is shown
after a relatively long period of preparation. A lag effect also exists here.

4.2.3. Environmental Investment Rate

Surprisingly, the direct change in environmental investment has little to do with the
energy consumption. There will be only a 5% difference at the end of the forecasting period.
There are some reasons for this:

Increasing environmental protection investment may not have an immediate signifi-
cant impact on energy consumption due to several reasons:

(1) Small difference in scenario settings: China is already one of the top countries that
invest in environmental protection, especially its megacities, which represent the
frontier of China’s development. So, the difference between the current and high
scenarios is very small.

(2) Technology and equipment upgrade cycles: Environmental protection investment
often involves upgrading and replacing existing technologies and equipment to
improve energy efficiency and reduce pollutant emissions. However, equipment
replacement and technology upgrades often require time and money, especially for
large-scale production facilities. In such cases, the impact of environmental protection
investment may require a longer cycle to be reflected in energy consumption.

(3) Environmental protection investment often entails high costs, such as purchasing
energy-efficient equipment, implementing cleaner production processes, or adopting
renewable energy sources. These costs may impose financial burdens on businesses,
particularly during the initial investment phase, which could lead to significant
decreases in energy consumption.

Although the impact of increased environmental protection investment on energy
consumption may not be immediately evident, it remains an essential means to achieve
sustainable development and reduce environmental impacts. As environmental technolo-
gies continue to develop and mature, coupled with increasing environmental awareness,
the effects of environmental protection investment will gradually become more appar-
ent, making more substantial contributions to reducing energy consumption. Therefore,
sustained environmental protection investment and long-term commitment are key to
achieving energy consumption reduction and environmental improvement, as shown in
Figure 8 below.
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Figure 8. Energy consumption trend under environmental protection investment scenario.

4.2.4. Per Capita Scenario

When taking population into consideration, the decrease around 2030 becomes more
significant. All megacities in China are now trying to control their populations. But,
except for Beijing, the other cities” populations are still rising. So, the changing energy
consumption trend becomes more significant, as shown in Figure 9 below.
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Figure 9. The trend of per capita energy consumption.

4.3. Relationship between “Smart” and “Green” Development

As we can see in Figures 3-8, the trends of smart cities and energy consumption are in
synchronization. The energy curve lags behind the smart curve by approximately three
years. They all meet their peak at around the early 2030s. The smart city curve horizontally
shifts at that point, and energy consumption slightly drops, as shown in Figure 10 below.
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Figure 10. Trend of smart cities and energy consumption.

That is to say, when the construction period of a smart city finishes, unless there
are other intervening factors or circumstances that cause a deviation from the expected
pattern, the smart city level will maintain stability for about 5 years. Not until then will its
positive effects on energy consumption starts to occur, and until the end of our forecasting
period, the influence does not reach its limits. Among the four aspects of smart cities, smart
governance and smart living are the main driving forces.

5. Conclusions and Policy Implications
5.1. Conclusions

From the analysis above, the following conclusions can be drawn:

1. Both smart development and energy consumption will experience a growth pattern
characterized by an S-shaped curve in megacities. Correspondingly, the urban green
development level will experience a “steady-decrease-bottom-increase” process. There are
mainly two stages.

Stage one: smart city construction and energy increase. The smart city construction
process costs more energy in megacities. Governors used to believe that a smart city can
reduce its energy consumption in a short time. But our simulation results show that this is
not true. During their construction, smart cities cost more energy, especially in megacities.
The reasons for this are, on one hand, smart city requires high-performance infrastructure
support, sensors, surveillance devices, data centers, etc., which all cost large amount of
power. On a large scale, this is a much bigger problem in megacities than in smaller ones.
On the other hand, smart cities rely on the collection, transmission, and processing of
big data. Large amounts of data need to be transmitted through networks and processed
and analyzed in data centers. These data transmission and processing processes require a
significant amount of electrical power, especially when dealing with large-scale cities and
massive data volumes. This leads to further increases in energy consumption.

Stage two: smart city construction has been completed and the energy consumption
starts to drop. As we can see in the simulation results, when the construction has finished
and all the smart city facilities are put into operation, the energy consumption will decline
significantly. Seeking quick results is not a good idea here.

2. External factors influence the system in different ways. Economic structure, science
and technology investment, and environmental protect investment were considered as
external factors in this model. As discussed in Section 4.2, the first two factors both show
influences on megacity energy consumption. A higher proportion of tertiary industry
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in an economic system means an earlier and lower energy peak; a lower proportion of
tertiary industry in an economic system leads to a later and higher energy peak. So,
during the phase of industrial restructuring, there may be a temporary increase in energy
consumption levels, which is considered a necessary cost and a transitional phase for
long-term sustainable development. S & T investment rate has similar effects to the
industrial structure factor. Environmental protection investment has little influence on
energy consumption in megacities.

3. The energy consumption levels in megacities are higher than the national average
level. In 2022, the energy consumption was 3.83 tce per capita. The average number in
these seven cities was 4.43 tce per capita. And the peak will be 5.51 tce per capita in 2030
and 2031 according to the forecast. The reasons for this might be as follows:

First, high population density: Big cities usually have larger populations concentrated
in relatively small areas, which leads to higher population density. The increase in pop-
ulation density will increase the demand for energy, including energy consumption in
residential heating, household electricity, transportation, etc. Second, the high degree of
urbanization: Big cities are more urbanized and have more businesses, offices, and public
facilities, which require a lot of energy to keep them running. Lighting, heating, cooling
and other forms of energy consumption in commercial areas and office areas are relatively
large. At the same time, large cities also have more transport networks, road lighting, and
public transport systems, which also increase energy demand. Third, the diversification
of economic activities: Larger cities usually have more economic activities and industrial
sectors. These activities involve many fields such as manufacturing, the service industry,
the financial industry, the technology industry, etc. These industries usually have high
demand for energy. For example, industrial facilities such as factories, office buildings, and
large commercial centers consume large amounts of energy. Fourth, the high standard of
living: Big cities usually have a higher standard of living, and people’s spending habits
may be more luxurious. People may have more electronic devices, household appliances,
private cars, and other energy-consuming products, and at the same time, use these devices
and services more frequently.

5.2. Policy Implications

Three aspects of policy implications are given.

1. A long-term smart city development plan with phased targets needs to be made,
and it is not rational to pursue immediate results. In China, the plan is the guidance for all
the tasks. As discussed above, the smart city plays a role in urban green development that
starts with restraint and ends with promotion. So, it takes time to meet the “dual carbon”
target for megacities.

When a long-term plan is developed, it is necessary to conduct it in stages. It has been
ten years since the smart city pilot policy was implemented in the cities studied herein.
The policy during that time was to support the smart-city-related industry, construct the
infrastructure, and make an early plan. For the next 8 to 10 years, until the early 2030s,
the key focus should be integrating the fragmented components, developing up-level
applications, and building self-learning organic cities. So, the policy should also put more
efforts into encouraging the development of these areas.

After that, the construction process will transition to a maintenance and optimization
phase. And correspondingly, the financial investment in smart infrastructure should be
tightened and funding for efficiency evaluation should be increased.

With a well-designed long-term plan, smart cities will have better performance in
promoting urban green development.

2. To be smart and green, the specificity of megacities should be fully considered.
As discussed in Chapter 4, this specificity manifests in the following ways. First, scale
and complexity. Megacities have large scales, large populations, vast territories, complex
urban systems and infrastructure networks, and large-scale management and operational
challenges. Second, data processing and analysis. The huge and diverse amounts of
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data generated by megacities, including data from sensors, devices, and citizens, require
powerful data processing and analysis capabilities to extract useful information and insights.
Third, infrastructure requirements. The intelligent construction of megacities requires
strong infrastructure support, such as high-speed networks, communication base stations,
data centers, etc., to meet large-scale data transmission and processing needs.

So, policies need to encourage multi-agent involvement and regional collaboration.
The smart construction of megacities requires the participation and cooperation of the
government, enterprises, academia, and social organizations. It is necessary to establish a
good cooperation mechanism and sharing platform to achieve resource sharing, information
exchange, and collaborative innovation.

Also, it is difficult for megacities to achieve this alone, so regional collaboration is
needed. Cities in the same region should share resources, including sharing experiences,
technologies, data, and best practices. Different cities can learn from each other, jointly
solve problems in smart construction and green development, and avoid redundant con-
struction and wasting resources. And cities can share complementary advantages and
industrial cooperation. Through regional synergy, cities can give full play to their respective
advantages and characteristics and form complementary industrial layouts and coopera-
tive relationships. For example, one city may have strengths in renewable energy, while
another may have unique experience in smart transportation or environmental governance.
Through cooperation and coordinated development, the optimal allocation of resources
and the complementary development of industries can be realized. Additionally, geo-
graphically close cities are able to share infrastructure interconnection and transportation
connectivity. Regional coordination promotes the interconnection of urban infrastructure
and transportation connectivity. This includes building efficient transportation networks,
shared infrastructure, and information platforms to achieve data sharing, service collabora-
tion, and resource integration across cities. This can improve the overall benefits of urban
smart construction and green development. Last but not least, cities can share strategic
coordination and policy support. Regional synergy can promote strategic coordination
and policy support among cities. Cities can jointly formulate and promote consistent
policy frameworks and regulations, forming unified standards and guidance to promote
the common goal of smart construction and green development. At the same time, through
regional cooperation, cities can also obtain more policy support and resource input to
accelerate the process of smart construction and green development.

3. Policies should be more inclined toward the field of scientific and technological
support. Financial support in the field of environmental protection can temporarily main-
tain the status quo. Based on our simulation results, increasing science and technology
investment shows more obvious control of urban energy consumption. China’s current en-
vironmental protection investment is already world-leading, so there is not much potential
in this area. Also, the tertiary industry aspect should be promoted.

5.3. Future Work
There are two directions that future research can focus on:

(1) The scope of the research can be expanded. This research is based on seven megac-
ities in China, but future work could encompass broader objectives beyond China.
This research framework holds applicability for all developing countries currently
undergoing rapid urbanization processes.

(2) The scenarios can be further enriched. As indicated in Section 2.1, various factors
can influence the level of green development. While this study includes industrial
structure, environmental protection investment, and R & D investment, it would also
be intriguing to explore additional variables such as population dynamics, policy
impacts, and other relevant factors.
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