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ABSTRACT

Carbon neutrality roadmaps for cities in developing
countries are completely different from those in
developed countries due to historical, social, and
economic limitations. Taking Shanghai as a case, this
study proposes a new framework for sustainable net-
zero carbon transition of cities in developing countries by
integrating multiple purposes within multiple sectors
under carbon budget constraints. The results show that
1) the total carbon emissions of Shanghai decreased
from 2010 to 2020 in general, with a historic peak in
2011; 2) under the traditional trajectory, reaching the
peak before 2030 is difficult; while under the carbon-
neutral scenario, carbon peak will be achieved before
2025, and carbon neutrality can be achieved by 2050; 3)
Great efforts are needed even in the process of peaking
carbon emissions, especially in industrial sectors; 4) the
integration of technology innovation and policy
mechanisms is crucial to realizing zero carbon target. 5)
This study provides improved understanding of urban
carbon peaking and neutrality process from a systematic
perspective, which could potentially help accelerate the
sustainable transition towards carbon neutrality for
cities that face dual challenges of development and
decarbonization.

Keywords: carbon neutrality; sustainability; carbon
emissions; energy transition; scenario analysis

NONMENCLATURE

Abbreviations

Impacts of population, affluence,

IPAT and technology

STIRPAT Stochastic impacts by regression
on population, affluence and
technology

LMDI Logarithmic mean divisia index
SDGs Sustainable Development Goals
CEADs Carbon Emission Accounts and
Datasets
Symbols
% ratio

1. INTRODUCTION

As the main carrier of global energy consumption
and greenhouse gas emissions, cities are the key to
realizing global carbon neutrality and sustainable
development. Urban CO, emissions account for more
than 70% of the global total [5] and are mainly driven by
economic activities and social development [6-9]. To
limit the global mean temperature rise to 1.5 °C, global
net anthropogenic CO, emissions need to achieve net-
zero by 2050 [11, 12]. The Paris Agreement have put
forward new expectations all countries, while some
developed countries have already achieved peak of CO,
emissions [13-15]. As of December 2021, more than 130
countries have announced their carbon neutrality goals
[17], accounting for approximately 72% of the global
greenhouse gas emissions [19]. Further, more than 500
cities have established low-carbon or net-zero carbon
goals [20]. For instance, Tokyo has set the goal of carbon
neutrality in 2050 and put forward various
implementation plans and actions [21].

However, most developing countries are still
struggling in the stage of urbanization and
industrialization, hence their energy consumption and
greenhouse gas emissions are expected to increase
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continuously [23]. At the same time, limited by domestic
economic development and technological level, it is
more difficult for cities in developing countries to peak
carbon emissions and achieve net-zero carbon transition
within a short period [26]. Furthermore, the profound
changes in the external environment require more
comprehensive and detailed CO, emission analysis and
forecasting [27, 28]. For instance, the coronavirus
disease (COVID-19) epidemic has had a huge impact on
the global economy and social development, resulting in
a decline in global CO, emissions in 2020. However, the
economic recovery in the post-epidemic era may lead to
a retaliatory rebound in CO; emissions [29], especially in
developing countries.

In September 2020, Xi Jinping proposed that China
will strive to peak carbon dioxide emissions by 2030 and
achieve carbon neutrality by 2060 [31], which set a rigid
constraint for future carbon emissions. As the economic
and financial center of China, Shanghai has a high-density
population and high-intensity economic activities, which
result in a high proportion of industrial, traffic, and
building emissions [33]. Since 2011, the CO, emissions of
Shanghai have gradually shown a trend of decoupling
from economic development and energy consumption
growth. However, high-carbon energy structure (e.g.,
coal, oil, and imported coal-fired power electricity) and
the share of heavy industries remain relatively high. In
addition, emissions from the transportation and building
sectors are on the rise [32]. In the future, the
improvement of wurban functions and industrial
development may further increase emissions [37].

Therefore, high-quality carbon peaking is an
important goal for the development of Shanghai.
However, the limited space for renewable energy
development, limited potential for ecological carbon
sink, and insufficient storage for low-carbon and carbon-
negative technologies raise huge challenges for
Shanghai. According to the the "Shanghai urban master
plan (2017-2035), Shanghai will take the lead in exploring
the path of carbon peaking, which can be a solid
foundation for carbon neutrality and contribute to the
sustainable transition of other similar cities and regions.

The remainder of this paper is structured as follows:
Section 2 reviews available research on CO;, emissions
home and abroad. Section 3 provides methodology and
data sources used in this study. Section 4 outlines the
total energy consumption, energy structure, total CO;
emissions and structure expected by 2050 under three
scenarios. Section 5 proposes a framework of net zero
carbon transition of cities and provides policy
suggestions. Finally, Section 6 gives the conclusion.

2. LITERATURE REVIEW

Carbon neutrality roadmaps for cities in developing
countries are completely different from those in
developed countries due to historical, social, and
economic limitations[39]. Specifically, how to achieve
net-zero carbon transition in developing countries while
maintaining economic growth is a challenging problem
[40, 41]. Cities in developing countries usually face
multiple socio-economic and environmental
requirements [43], which need a cost-effective and
acceptable roadmap to achieve sustainable carbon
neutrality [45]. However, there are few benchmarks and
successful models available for urban carbon neutrality
of developing countries [48].

Many studies have developed various carbon
emission analysis models and methods [49-52], such as
the impacts of population, affluence, and technology
(IPAT), stochastic impacts by regression on population,
affluence and technology (STIRPAT), and logarithmic
mean divisia index (LMDI) models as well as the KAYA
identity. In 1971, the IPAT model was put forward by
Ehrlich et al. [49]. The theoretical basis and expression of
the IPAT model are relatively simple but it cannot reflect
the mutual influence of population and economy, nor
does it considers the difference between pollutant
production and emissions [53]. Based on the IPAT model,
Dietz et al. [50]established a STIRPAT regression model to
estimate the population, economic development, and
technological level; however, it did not solve the most
prominent problems of the IPAT model. In 1990,
Japanese professor Yoichi KAYA proposed the KAYA
identity and established a corresponding relationship
between greenhouse gas emissions and population,
economic development level, energy utilization
efficiency, and carbon emission factors through a
factorization method [51]. In 2004, Ang proposed the
LMDI model, used to decompose CO, emissions [54] and
energy consumption [55], to analyze different
contributions of the selected indicators. Because it has
the advantage of no residual decomposition [56] and is
universal [52], this model is widely applied in carbon
emission decomposition studies.

The previous studies on CO, emissions estimation
and driving forces analysis in some typical countries and
cities are presented in Table 1. In terms of the
methodology, models (such as the KAYA identity, LMDI
model) and scenario analysis are commonly used.
However, the carbon peaking and neutrality process and
associated driving factors are still in debate.
Consequently, the transition path to net-zero carbon
development remains uncertain, especially for cities in



Tab. 1. Integrated analysis framework

Author Period Area Methodology Research content
| t of the COVID-1
Sikarwaretal.[1,2]  2019-2020  Global Modeling mpact of the COVID-19 on carbon
emissions and the economy
| t of t traffi
Jung et al. [3] 2015 u.s. Analytical and statistical models mpact o L.lrb.an centers on trattic
carbon emissions
DI inecllff (DID) Impact of the Tokyo emissions trading
Abe et al. [4] 2010-2018  Tokyo e;ti(r:aetr;gi_ln_ terences scheme on energy consumption and
economic performance
Bjorkegren et al. [10] 2012-2013 London The micrometeorological Carbon emission accounting
approach
Input-output and structural
Su et al. [16] 2000-2010  Singapore Input outp.u't and struFturaI decomposition analysis of carbon
decomposition analysis .
emissions
Wang et al. [18] 2012-2014  Germany energy balance models Engrgy consur’.nptl.on and carbon
emission monitoring
Wang et al. [2] 1995-2014 Yangtze River Grey relational analysis Impact of energy pollcy Oft ENEIEY-
Delta related CO2 emissions
h - £ rel .
Lietal. [22] 2000-2009 Chongming Greenhouse gas emission nergy r.e ated CO2 emissions
Inventory accounting
Li et al. [24] 1995-2020  Shanghai Scenario analysis Energy demand and energy-related
' 8 ¥ CO:z emission estimation and forecast
Guo et al. [25] 2005-2020 Shanghai Scenar'io analysis, system A systgmatic a'pproach to COz emission
analysis reduction at city level
Wei et al. [30] 2007-2012  Shanghai LMDI. SDA CO2 emissions from electricity
. . Analysis of driving factors of urban CO
Luo et al. [32] 1995-2017  Shanghai LMDI. granger causality test na.\ y_5|s ot driving ractors ot tirban L4z
emissions
Analvsis of - .
Liu et al. [34] 1970-2020  China Literature review nalysis of CO: emission drivers and
the path to carbon neutrality
Rode et al. [35] 2000-2300  Earth Pata-drlven spatial climate Soc.lal.cost of energy-related CO2
impact model emissions
Helveston et al. [36] 2006-2018 China Literature review Promotlor? of low-carbon energy
technologies
Analysis of the driving f f
Ma et al. [38] 20002015  China KAYA. LMDI nalysis of the driving factors of CO2
emissions from commercial buildings
Analysis of the driving f f
Yang et al. [26] 1996-2016  China KAYA. LMDI nalysis of the driving factors o
energy-related CO2 emissions
. Analysis of CO2 emission driving
Bel R N N
Hu et al. [42] 1991-2016 elt an.d oad KAYA I,"MDl tapio factors and temporal and spatial
countries decoupling model .
evolution
Jiang et al. [44] 2007-2016  China KAYA. LMDI Analysis on influencing factors of non-
residential electricity consumption
Analysis of infl ing f f
Xu et al. [46] 19952012 China LMD nalysis of inffluencing factors o
regional CO2 emissions
Song et al. [47] 1995-2010 Yangtze River LMD Analysis of the driving factors of

Delta

energy-related CO2 emissions

developing countries with different historical, social, and

economic situations.

3. METHODS

3.1 Integrated analysis framework

Different from previous approaches, this study

setting the parameters of different scenarios. Three

scenarios are developed, including the frozen scenario

(S1),

low-carbon scenario (S2), and carbon-neutral

scenario (S3). The three scenarios describe the change of
carbon emissions under unregulated, regulated, and
strongly regulated conditions, respectively.

introduces the impacts of the SDGs and COVID-19 when

Based on the data of the base year 2019, the forecast



was made by adjusting various energy and industry
parameters to simulate the changing energy
consumption and carbon emissions in Shanghai between
2020 and 2050. In addition, the three scenarios share the
same population, economic level, and total energy
consumption.

The overall framework is shown in Figure 1.
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Fig. 1. Integrated analysis framework

3.2 Scenario Description

The three scenarios are described below:

3.2.1 Frozen Scenario (S1)

The previous economic and social growth model
continues and the energy structure and electricity carbon
emission coefficient remain unchanged since 2019. No
policies and actions are implemented, such as industrial
upgrading, energy transformation, technological
progress, and emission reduction policies.

3.2.2 Low-carbon Scenario(S2)

According to the requirements for the energy
structure adjustment in the current government plans
and the expectation of technological progress, the
energy structure of different sectors is adjusted

accordingly. The main reference documents are the
"Shanghai urban master plan (2017-2035)", the "Outline
of the 13th Five-Year Plan for National Economic and
Social Development of Shanghai", "Outline of the 14th
Five-Year Plan for National Economic and Social
Development of Shanghai and Vision 2035", other special
plans for Shanghai and the "Key Work Arrangements for
Energy Conservation, Emission Reduction and Climate
Change in Shanghai" for each year since 2016.

3.2.3 Carbon-neutral Scenario(S3)

Under the premise of achieving a peak in carbon
emissions by 2025 and net-zero carbon transition around
2050, the parameters and actions are further improved
and enhanced based on the level of S2 and global trend.

3.3 KAYA-LMDI Model

According to KAYA-LMDI model, this study analyzes
CO; emissions based on three factors, including activity
level, energy intensity, and carbon emission factor. The
LMDI method can fully factorize during analysis without
leaving residuals [57]. Despite the limitations of zero and
negative values, the probability of negative values is
negligible as the data did not involve any such values
[58]. There are two forms of LMDI models: additive and
multiplicative decomposition, of which additive
decomposition is the easier to use and explain [59]. The
specific formula is as foIIows

n GD TCE;  COs;
’=Zi=1’°x( )x(GDP)( ) X (o)

TCE’ ~ ‘TCE;

In Igoz; = InP +1 (GDP)H (TCE)H (TCE")

Micoze = ME+TIN{—p "\eor) T "\1cE
TCE

where | is the CO, emission, n is the number of
energy sources, P is the population, TCE is the energy
consumption, TCE; is the energy consumption of energy
type i, and CO4; is the CO; emissions of energy type i.

With reference to the KAYA identity and LMDI model,
the energy consumption and carbon emission estimation
formulas are as foIIows

T = Z(leE)—ZA X 13

InT, anl + InE; = lnA + Inr;
where Tis the total energy consumption(lO“tce), Q;
is the GDP of each sector (100 million yuan) or the
permanent population (10* people), E; is the energy
consumption per unit GDP of the sub-sector (tce/10*
yuan) or the per capita annual energy consumption
(tce/person), A; is the consumption by energy type



(ton), and r; is the coefficient of converted standard
coal, which dlffers for different energy types.

I = Z(QLE X W) = Z(A 7 X ;)

Inl; = anl + InE; + lnw = lnA + Inr; + lnw

where | is the total amount of carbon emissions (t
CO,) and w is the emission factor (t CO»/tce), which refers
to the CO; emission coefficient of various energy forms.

3.4 Data

In this study, the final energy consumption sectors
include agriculture, industry, construction,
transportation, terminal retail & other industries, and
residences. The main energy sources are coal, oil, natural
gas, heat, electricity and renewable energy. Both scope 1
and 2 emissions are included. The energy balance sheet
and detailed energy consumption data for 2010-2019 are
from the "China Energy Statistical Yearbook" and the
"Shanghai Statistical Yearbook." In addition, the emission
factors of various energy types were determined
according to the latest guidelines and local information,
including the "2006 IPCC Guidelines for National
Greenhouse Gas Inventories" and the "2019 Refinement
to the 2006 IPCC Guidelines for National Greenhouse Gas
Inventories”, the "Guidelines for the preparation of
provincial carbon dioxide emission peaking action plan",
the "Shanghai Greenhouse Gas Emissions Accounting
and Reporting Guidelines (Trial)" issued by the Shanghai
Municipal Development and Reform Commission in
2012, and local surveys on the government and
academies.

4. RESULTS
4.1 Final Energy Consumption

The forecast of final energy consumption in Shanghai
is shown in Figure 2. Between 2020 and 2050, the energy
consumption demand in Shanghai will gradually
increase, of which the industrial energy consumption will
decrease while the tertiary industry and residential
energy consumption will increase. At the same time, the
energy consumption per unit of GDP decreases
continuously, while the rate of decline gradually
decreases, indicating that there is a "stuck neck"
limitation in the field of core energy technologies. By
2035, the total energy consumption in Shanghai will
increase to 133 million tce and the energy consumption
per unit of GDP will drop to 0.184 tce/10* yuan, which is
lower than the target of 0.22 tce/10* yuan in the 2035
plan. By 2050, the total energy consumption will increase
to 155 million tce and the energy consumption per unit

of GDP will be reduced by 63.00% compared with that of
2020.
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Fig. 2. Final Energy Consumption Forecast

If the energy structure and industrial structure in
2019 are not changed, CO, emissions in Shanghai will
continue to increase, making carbon peaking and carbon
neutrality goals difficult to achieve. Aiming to provide a
possible path towards carbon neutrality, the study
focuses on the analysis of energy consumption and
carbon emissions in the low-carbon scenario and the
carbon-neutral scenario.

4.2 Energy Structure

The forecast of the energy structure in Shanghai is
shown in Figure 3. There are differences in the energy
structure of S2 and S3 but the development trend is the
same. Fossil energy is gradually declining in primary
industry, being replaced by electricity, hydrogen energy,
and biodiesel. Natural gas will become an important
transitional energy source for industries. Electricity will
become the main energy source almost in every final
sector and the proportion of hydrogen energy and
biodiesel will increase. The improvement of the aviation
energy structure will become the key to energy
conservation and emission reduction in the
transportation sector[60, 61]. In the 2040-2050 period
under carbon-neutral scenario, no fossil energy will be
used except for jet fuel.

4.3 Total CO; Emissions

Based on the energy demand, energy structure and
carbon emission factors, the energy-related carbon
emission trajectories were simulated, as shown in Figure
4. Except the frozen scenario, the total CO, emissions in
Shanghai decreased gradually since 2011, although in
some years the emissions fluctuated.

Under the frozen scenario, the CO, emissions in
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Fig. 3. Energy structure change under (a) low-carbon scenario and (b) carbon-neutral scenario

Shanghai will continue to increase, hence CO; peaking
cannot be achieved.

Under the low-carbon scenario, technological
progress and energy transition can effectively slow down
the increase in carbon emissions. The CO, emissions will
peak in 2025 with 218 million tons and total CO;
emissions will be reduced to 10° million tons by 2050.
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Fig. 4. CO2 emission change for frozen, low-carbon, and
carbon-neutral scenarios

Under the carbon-neutral scenario, the CO;
emissions will peak in 2023 with 210 million tons CO,. By
2050, Shanghai will achieve zero carbonization of
electricity with aviation fuel emissions being the only
source of emissions. In addition, the total CO, emissions
will be reduced to 23 million tons in 2050, the CO,
emissions per unit of GDP will be reduced to 0.02 tons
C0,/10* yuan, and the per capita CO, emissions will be
reduced to 0.92 tons CO/(person-year). Compared with
the frozen and low-carbon scenarios, the carbon-neutral
scenario has a lower total carbon emission. However,
Shanghai has limited ecological endowments and
insufficient ecological carbon sink potential. It is

therefore necessary to comprehensively consider the
development of carbon capture, utilization, and storage
(CCUS) technology, the carbon trading market, and other
means to achieve net-zero carbon target.

4.4 CO, Emissions Structure

By analyzing the industrial and energy breakdowns of
carbon emissions, the key sectors and main energy types
for net-zero carbon transition were identified (figure 5).

Between 2019 and 2050, the contribution of
emission reduction for each industry was estimated as
follows: agriculture (0.63%), industry (47.48%),
construction industry (2.62%), transportation (17.14%),
other service sectors (19.67%), and household (12.47%).
Energy conservation and emission reduction in the
industry, transportation, and other service sectors are
key sectors to promote the net-zero carbon transition.
The energy consumption of agriculture, industry,
construction, other service sectors, and household in
2050 will account for more than 50%; however, these
sectors’ carbon emissions will drop to zero, indicating
that under the carbon-neutral scenario, all industries
except transportation will achieve zero emissions. The
main carbon emission in the transportation sector comes
from aviation kerosene and the realization of net-zero
carbon transition urgently requires breakthroughs in
aviation fuel technologies.

Between 2019 and 2050, the emission reduction
contributions of various energy sources were estimated
as follows: coal products (14.96%), oil products (32.38%),
natural gas (6.82%), heat (4.79%), and electricity
(41.05%). Currently, coal and oil products are still the
main sources of CO; emissions in secondary energy
consumption, accounting for nearly 60% of the total
emissions. Under the carbon-neutral scenario, emissions
from coal will continue to decrease, while oil and natural



gas emissions will peak in 2024 and 2025 and then
decline. By 2050, the main energy sources will be
electricity, oil products, hydrogen and biodiesel. The
energy structure should be improved by strengthening
the aviation fuel substitution, banning the sale of fuel
vehicles, and providing clean energy alternatives.
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done during and before the 11th Five-Year Plan period.
These works include efforts to improve the energy
efficiency of coal-fired power generation and
introduction of external green power, resulting in a
significant decrease in electricity emission factors in
Shanghai during the 12th Five-Year Plan period [30].
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Fig. 5. CO2 emission structure change under carbon-neutral scenario

In addition, promoting full electrification and zero
carbonization of electricity is the fundamental path to
achieve net-zero carbon transition. Under the carbon-
neutral scenario, the fossil energy is gradually replaced
by electricity and the emission factor of electricity
continues to decline with a zero carbonization of
electricity by 2050, which will play an important role in
the process of decarbonization.

5. DISCUSSION

5.1 Key factors on carbon emissions reduction

An accurate understanding of the key factors
affecting carbon emissions is the basis for a successful
transition. Based on the KAYA-LMDI, we carried out a
long-term carbon emission forecast of Shanghai under
the influence of multiple factors, such as carbon
neutrality constraint, energy structure adjustment and
the impact of the new crown pneumonia epidemic.

From a historical perspective, three factors play
important roles on the 2010-2019 change of carbon
emissions in Shanghai, including economy, energy
intensity and emission factors (Figure 6). This result is
consistent with the findings of previous studies[62-64]
and provides a refined analysis at local level. In particular,
the decline of energy intensity and emission factors
played a continuous positive role in reducing carbon
emissions. It is worth mentioning that in 2012, the sharp
decline in emission factors made an important
contribution to the reduction in CO, emissions. This is
probably due to the large amount of historical works

However, as the economic center of China and leader of
the Yangtze River Economic Belt in China, the high-
intensity economic activities in Shanghai have played a
great role in promoting the increase in its CO; emissions
[65].
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Fig. 6. Contributions of multiple factors on carbon emissions
(2010-2019)

From 2020 to 2035, economic growth is still the most
influencing factors on carbon emissions. Energy intensity
and emission factor also play positive roles in carbon
emission reduction. The results in Figure 7 indicate that
the energy efficiency management measures before
2035 have a significant effect on the reduction of carbon
emissions under S3, laying the solid foundation for the
future net-zero carbon transformation.
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After 20351, carbon reduction in Shanghai was
mainly attributed to the reduction in emission factors,
ecological carbon sinks and innovative carbon
mechanisms. Energy technology innovation and tailored
low carbon policies can help Shanghai achieve zero
carbon neutrality at a relatively low cost. And kerosene
for aviation will be the major source of carbon emissions
in 2050.

5.2 A technology-policy framework for decarbonization
transition of cities in developing countries

Cities in developing countries cannot achieve carbon
neutrality by following the same path as those in
developed countries because they are different in
institutional arrangement, policy environment and social
acceptance. Most developed countries have already

Carbon Peaking
Control Coal

achieved carbon peaking and only need to consider
carbon neutrality. For instance, the UK [66] and US [67]
achieved peak carbon in 1991 and 2007, respectively. At
the same time, developed cities attach more importance
to environmental protection under the premise of better
economic level and usually have advances in energy and
resource technology. For example, Tokyo concentrates on
breakthroughs in hydrogen energy technology [68] and
Copenhagen owns resource endowment advantages [69].

However, determining an appropriate way to reduce
CO, emissions on the premise of ensuring economic
growth is a huge challenge for cities in developing
countries [70]. Unlike the net-zero carbon transition
paths of many developed countries, this study starts from
the basic requirements of cities in developing countries
to achieve carbon peaking and carbon neutrality through
synergistic cooperation. The strategy of “Scheduled high-
quality peaking and Technology-driven neutrality” is put
forward, which emphasizes that carbon peaking and
neutrality should be scientifically planned with different
priorities for different sectors or areas from a holistic
perspective. In addition, the reduction of carbon
emission intensity should be paid more attention in
short-term. The synergies and trade-offs among
economic development, emission reduction and sink
increase should be considered simultaneously. Therefore,
in order to provide a clearer understanding on carbon
neutrality transition for cities in developing countries,
this study puts forward an integrated technology-policy
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Fig. 8. Net-Zero Carbon Transition Framework

' The LMDI method requires non-zero variables.
Therefore, the contributions of multiple variables can

only be decomposed until 2035 since several variables
will be zero after 2035.



framework of urban net-zero carbon transition (figure 8).
Figure 8 shows the CO; emission trajectory of
developing countries under the carbon neutrality
transition framework. However, due to the rapid
economic development, the developing countries still
needs to work hard on achieving the net-zero carbon
emission by 2050. According to the current situation,
carbon peaking is a policy focus at present and carbon
neutrality is a long-term goal, which depends on the dual
drive of technological innovation and policy innovation.
From 2020 to 2035, CO, emissions will experience a

peak plateau and steadily decline, mainly driven by policy.

Policy measures include the implementation of total coal
consumption control and full substitution of gasoline and
diesel through structural adjustments of energy
consumption at the consumer end. At the same time, the
comprehensive  electrification and  zero-carbon
transformation of electricity is promoted to achieve a
"less coal and low oil" pattern of final energy
consumption by 2025. From 2025 to 2035, the banning
of fossil fuel vehicles sale will be gradually implemented
and fossil fuel vehicles will be replaced by new energy
vehicles step by step. During this period, natural gas, as
an important energy source in the transition period, will
significantly increase its supply, storage, and usage [71].

From 2035 to 2050, the developing countries will
enter a period of deep decarbonization. The importance
of policy innovation in driving a low-carbon urban
transition has been demonstrated [72]. Carbon
neutralization will be achieved at this stage through a
two-wheel drive mechanism of policy and technology.
Natural gas will be gradually replaced by cleaner energy
forms, such as photovoltaics, wind power, hydrogen
energy and external green power. At the same time, the
carbon emission factor of electricity will continue to
decline and the zero carbonization of electricity will be
achieved by 2050 [73]. By 2040, fuel vehicles are
expected to be completely phased out. Between 2040
and 2050, kerosene consumption in the aviation industry

will become the main source of carbon dioxide emissions.

In 2050, there will still be some carbon emissions and the
focus should center on the replacement of aviation
kerosene and transformation of aviation engine
efficiency. At the same time, neutralization is achieved
through using natural carbon sinks, CCUS technology, and
carbon emissions trading mechanism.

5.3 Policy implications

As the economic center of China, Shanghai offers
multiple advantages and a pivotal strategic position.
Therefore, Shanghai should take a leading role in

achieving carbon neutrality. Based on the above findings,
this study suggests that Shanghai should try to achieve
the target of carbon neutrality by 2050. It is worth
highlighting that Shanghai could achieve final net-zero
carbon not by only relying on its own smaller carbon sinks
but on its technological innovations and the surrounding
resources, such as the renewable and clean power grid of
the Yangtze River Delta region. In addition, as Shanghai is
also the financial center of China, the economic
instruments such as green finance and carbon trading
market will also play an important role. The carbon
neutrality in Shanghai is also conductive to its role as a
leader in East China and the Yangtze River Basin,
providing a benchmark and model for other cities
through regional cooperation and integration.

The following policy recommendations are suggested
based on the previous analysis. In terms of energy, the
consumption of coal and oil products should be strictly
controlled and the development of new energy sources,
such as solar, wind power, hydrogen and biomass energy,
should be further promoted. Distributed energy storage,
distributed photovoltaic, and the associated equipment
construction and power supply guarantee capabilities
should be strengthened. In terms of technology, a long-
term roadmap for local development of carbon neutral
technology should be developed as soon as possible.
Breakthrough energy technologies and negative carbon
technologies such as hydrogen fuel cells, bio-based fuels
and CCUS technologies should be explored according to
local conditions. Clean energy and low-carbon
technological innovation should be continuously
promoted and energy-saving and low-carbon industrial
parks could be established to demonstrate advanced
carbon neutral technologies. In terms of policies and
systems, the cultivation and expansion of the green and
low-carbon financial market should be further enhanced,
such as the promotion of green financial products such
as green bonds, green insurance, and green funds[74].
Relying on the deep integration of digital technology and
carbon finance, carbon inclusiveness mechanism should
be developed and closely connected to the existing
national and local carbon trading markets. The effective
cooperation of multiple stakeholders such as
government, enterprises, think tanks, NGOs and the
public should also be improved.

Finally, different stakeholders could play diverse roles
in achieving carbon neutrality. For instance, the
government could promote the legislation of carbon
neutrality and the improvement of associated standards.
And the enterprises could play a major role in integrating
carbon neutral targets into their main business and long-



term development strategies, promoting the green and
low-carbon transformation of themselves and their
upstream and downstream supply chains. As the
ultimate beneficiaries of green and low-carbon
development, the public is encouraged to adopt green
and low-carbon lifestyles, which can provide the core
driving force for carbon neutrality transition.

5.4 Uncertainties and Limitations

Regarding the methodology, the research was based
on the KAYA identity and LMDI model, which has the
advantages of simple mathematical form, strong data
availability, and strong explanatory power for the driving
factors of carbon emission changes. However, it may
ignore potential complex connections between social-
economic development and ecological constraints under
the goal of carbon neutrality, which can be further
improved in future research. In addition, in late 2022,
China further optimized the measures to prevent and
control COVID-19. The accelerated economic recovery
and the restart of large-scale resumption of work and
production in Shanghai still leave a large uncertainty in
the impact on carbon emissions.

Due to data availability, this study only calculated
energy-related carbon emissions, which accounts for a
large proportion of the total carbon emissions in
Shanghai. Non-energy processes and carbon emissions
from greenhouse gases other than CO,, such as land use
or agricultural fertilizer use, were not considered. In
terms of data accuracy, since the energy balance sheet in
the Shanghai Statistical Yearbook lacks the final energy
consumption classified by energy type, this study used
the Shanghai Energy Balance Sheet (physical quantity)
data in the China Energy Statistical Yearbook as a
substitute. Its statistical caliber may be different from
that in Shanghai, which will have a certain impact on the
research results.

In order to verify the accuracy of the carbon emission
accounting method used in this study, we also compare
the CO, emissions results with the data from the Carbon
Emission Accounts and Datasets (CEADs). Taking the year
of 2019 as an example, the total energy-related carbon
emissions of Shanghai in this study are 209 Mt, higher
than the result of CEADs (193 Mt). We found that the
differences come from two aspects. One is the different
accounting scope, this study calculates the carbon
emissions of Shanghai from scope 1 and scope 2, while
the result of CEADs only includes the carbon emissions of
scope 1 (The carbon emissions of scope 2 are mainly
caused by the net transfer of electricity from other
provinces and cities to Shanghai). According to our

estimation, the scope 2 emission of Shanghai in 2019 is
about 36 Mt, indicating that the scope 1 emission in this
study is lower than that in CEADs. Secondly, the emission
factors are different, as CEADs use the emission factor of
the whole China through a large-scale survey of Chinese
coal mines. In this study, local carbon emission factors
were adopted to provide a relatively more refined and
accurate emission baseline.

6. CONCLUSIONS

The consequences of global climate change are of
great concern and achieving net-zero carbon emission by
2050 seems like a difficult task. Most developed
countries have achieved a smooth transition from carbon
peaking to carbon neutrality. However, the carbon
emission trajectories of developing countries are quite
different as their resources and capabilities for emission
reduction are still very limited. Considering the key
requirements of balancing economic growth and carbon
neutrality in developing countries, this study proposes a
new framework for analyzing carbon peaking and
neutrality process holistically by integrating the KAYA-
LMDI and scenario analysis approach. Three scenarios
are developed to analyze and predict the energy-related
carbon emissions between 2010 and 2050, taking
Shanghai as a case.

The results show that the sustainability of the
current energy structure and development model in
Shanghai is facing huge challenges, resulting in
difficulties in achieving net-zero carbon target. Shanghai
should promote the green transformation of industrial
sectors by enhancing stock optimization and incremental
upgrading, develop advanced new energy and negative
carbon technology, and establish innovative and flexible
policy support system. In particular, carbon market and
associated green finance innovations are crucial to
achieving carbon neutrality at low cost and high
efficiency. A policy- and- technology-driven net-zero
carbon transition pathway is also developed, which
provides the foundation for achieving carbon peaking
and carbon neutrality. In addition, the implementation of
carbon-neutral target requires strong policy support
from the effective cooperation of multiple stakeholders
such as government, enterprises, think tanks, NGOs and
the public. Aiming to provide a sustainable pathway to
achieve net-zero carbon transition, this study provides
improved understanding of urban carbon peaking and
neutrality process for cities in developing countries,
which could potentially help accelerate the sustainable
transition towards carbon neutrality for cities that face
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dual challenges of socio-economic development and
deep decarbonization.
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