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China’s energy transition
towards carbon neutrality:
A multidimensional framework
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Introduction

Climate change is reshaping human existence with unprecedented breadth and depth.
According to the latest data from the Sixth Assessment Report of the United Nations
Intergovernmental Panel on Climate Change (IPCC), global surface temperatures
have already risen by 1.15°C compared with pre-industrial levels. If current emission
trajectories persist, the critical threshold of 1.5°C is projected to be breached between
2030 and 2035 (IPCC 2023). The ecological and environmental challenges posed by
climate change may represent the greatest uncertainty confronting human society.

In this context, China, as the world’s largest developing country, has pledged
to achieve peak carbon emissions by 2030 and carbon neutrality by 2060. This
commitment not only underscores China’s responsibility as a major global power but
also necessitates the establishment of a comprehensive low-carbon transformation
system encompassing the entire industrial chain. Within this transformative process,
the energy sector—recognised as the ‘main battlefield’ for achieving the dual carbon
goals—has been undergoing a significant transition from ‘light green’ to ‘deep green’
development. Guided by the new energy security strategy of ‘Four Revolutions and One
Cooperation’,' substantial progress has been made in transforming energy production
and consumption patterns, comprehensively enhancing energy supply security and

1 Since the Eighteenth National Congress of the Communist Party of China (CPC), in the face of changes in energy
supply and demand patterns and new trends in international energy development, the CPC Central Committee with
President Xi Jinping at its core has proposed a new energy security strategy of four revolutions and one cooperation’
(a revolution in energy consumption, supply, technology and systems, and full-scale international cooperation) to
provide a guide for high-quality energy development in the new era.
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achieving historic breakthroughs in green and low-carbon energy development. By the
end of 2023, China’s energy consumption per unit of GDP had declined by nearly
26 per cent compared with 2013 levels, while carbon dioxide emissions per unit of
GDP had decreased by more than 35 per cent. Simultaneously, the share of clean
energy consumption rose to 26.4 per cent and the proportion of coal consumption
fell cumulatively by 12.1 percentage points. The installed capacity of renewable energy
generation reached 1.38 billion kilowatts, accounting for 51.9 per cent of the nation’s
total power generation capacity—marking the first time renewable energy capacity
surpassed fossil fuel-based power generation capacity.

China’s ongoing energy transition is fundamentally reshaping its energy production and
consumption landscape. This transformation not only exerts multidimensional impacts
on domestic economic growth, industrial transformation, environmental quality and
public health, but also has transcended national boundaries, generating significant
international spillover effects through global supply chains, technology diffusion and
other channels. From 2013 to 2023, the global share of non-fossil energy consumption
increased from 13.6 per cent to 18.5 per cent, with China contributing 45.2 per cent of
the global growth in non-fossil energy consumption. In 2023 alone, China accounted
for more than half the world’s newly added renewable energy capacity. Driven
by stable policy expectations for the energy transition, China has capitalised on its
dominant position in clean energy manufacturing to actively promote the international
dissemination of green technologies and equipment. Exports of photovoltaic (PV)
cells and wind turbines exceeded US$49.76 billion in 2023, with an export volume of
approximately 255 gigawatts (GW). By providing economically accessible clean energy
solutions to the global market, China has made substantial contributions to global
efforts to combat climate change and achieve sustainable development.

Current research has increasingly focused on China’s energy transition and the development
trends of its energy sector. Existing studies have examined the latest progress in the energy
transition from various perspectives, including industry (He et al. 2022), policy (Li and
Taeihagh 2020), technology (Duan et al. 2021) and governance mechanisms (Hepburn
et al. 2021). These studies explore the prospects and pathways for transforming energy
production and consumption. Notably, regular energy outlook reports published by
international organisations (IEA 2024), research institutions (ERI 2024) and energy
enterprises (CNEEI 2024) are particularly representative. Based on their respective
modelling assumptions and scenario designs, these reports offer diverse pathways and
policy recommendations for advancing China’s low-carbon energy transition. However,
most of these studies focus primarily on demonstrating the necessity of the energy
transition, evaluating its achievements and assessing the feasibility of implementation
strategies. They often lack a comprehensive analysis that captures the full spectrum of
impacts on the economy, society, environment and climate change (Zhang et al. 2024).
Furthermore, forward-looking and systematic research on the spillover effects of China’s
exports of new-energy products, such as PV cells and wind turbines, remains limited. As a
result, developing an integrated assessment model to evaluate the impacts and spillover
effects of China’s energy transition has become critical.
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The remainder of this chapter is organised as follows. Section two introduces the
integrated assessment modelling framework designed to evaluate the multidimensional
impacts and spillover effects of China’s energy transition. This framework integrates
multidisciplinary methodologies, addressing the limitations of single-model analyses
by employing complex and holistic analytical approaches. Section three examines the
cascading effects of China’s energy transition on macroeconomic performance, industrial
structure, carbon reduction, pollution mitigation and public health under various
scenarios. This section also quantifies the spillover effects of global emission reductions
driven by the export of China’s wind power and PV products. Section four concludes by
summarising key findings and offering insights and policy recommendations.

Methodology and framework

Comprehensive assessment methodologies typically involve simulating and evaluating
the interactions between multiple factors under varying assumptions within a unified
framework. This is achieved by linking complex system models across different
domains. These methodologies are generally categorised into three types of model: top-
down, bottom-up and hybrid. Building on the theoretical foundations of cost—benefit
analysis, this study develops a novel integrated assessment model for evaluating the
multidimensional impacts and spillover effects of China’s energy transition (Figure 2.1).
The framework comprises two modules.

Module I integrates four submodels: a macroeconomic model, an energy system
optimisation model, a co-benefits approach and a public health benefit evaluation
model. This framework is designed to evaluate the impacts of the energy
transition across multiple dimensions under various policy constraint scenarios.
The macroeconomic model is a multi-sector, recursive dynamic computable general
equilibrium (CGE) model. It simulates and evaluates the effects of economic, social and
environmental constraints on overall economic growth, industrial development
and labour market dynamics. The energy system optimisation (ESO) model, built on
extensive technical data, encompasses the entire energy lifecycle—from extraction,
processing and conversion to transportation and end use. It focuses on modelling key
energy-consuming and emission-intensive sectors, such as industry, building operations
and transportation, to optimise energy transition pathways and estimate the costs of
transition under different policy scenarios. Additionally, the framework establishes soft
linkages with the greenhouse gas and air pollution interaction and synergies (GAINS)
model developed by the International Institute for Applied Systems Analysis (Kilmont
2025) and the public health benefits evaluation (HEL) model. These linkages enable
the quantification of the co-benefits of carbon and pollution reduction resulting from
the energy transition. Furthermore, the framework provides monetised benefits of
public health improvements, offering a more intuitive representation of the synergies
between pollution mitigation and health benefits.
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Figure 2.1 illustrates the coupling relationships among the four submodels in Module I.
Under the constraints of economic and social development goals, carbon reduction and
energy policy, the CGE model generates projections of economic growth and structural
adjustments, which are subsequently transmitted to the ESO model as constraints on
energy service demand forecasting. The ESO model, optimised to minimise energy
system costs, determines long-term transition trends and technological pathways for
key energy-consuming and carbon-emitting sectors. Simultaneously, the ESO model
provides national energy consumption trajectories to the GAINS model, which simulates
and optimises changes in three key air pollutant emissions and particulate matter (PM)
2.5 concentrations. Leveraging the linear and nonlinear exposure-response functions
embedded in the HEL model, health impacts—including morbidity and mortality
cases—are quantified. These results are then fed back into the CGE model, enabling
further analysis of the corresponding economic variation and changes in employment.
This iterative process allows policymakers to evaluate the comprehensive costs and
benefits of the energy transition from a social perspective. By integrating cross-domain
interactions, this framework overcomes the limitations of single-model approaches,
offering a more holistic and interdisciplinary perspective on the energy transition and
its multidimensional impacts.

Module II defines a country’s export contribution to global emission reductions as
the sum of emissions generated in the domestic production process and the emission
reductions realised during the use phase in foreign countries. The measurement
boundaries and key parameters are illustrated in Figure 2.1. For PV products,
production-related emissions can be calculated as the product of net export volumes
and carbon emission intensity, as expressed in Equation 2.1.

Equation 2.1

P = Z::lxif %<0

i j
?j

In Equation 2.1, P, denotes the production-related carbon emissions from the net
exports of photovoftaic products in year j, reflecting China’s contribution to global
carbon emission reductions during the production phase; 7 denotes the product type,
where 7 = 1 corresponds to high-purity silicon, i = 2 corresponds to silicon wafers
and 7 = 3 corresponds to PV cells (Liu et al. 2019); j denotes the year, where j = 1
corresponds to 2015 and j = 9 corresponds to 2023. X, represents the net export value
of product 7 from China to the world in year j; P, denotes the price of PV modules in
year j; and 0. denotes the carbon emission intensity of PV modules in year j, with the
unit of tonnes of carbon dioxide per megawatt (tCO,/MW).

To calculate the emission reductions during the use phase, it is essential to determine the
amount of electricity generated by all exported products. Since polysilicon and silicon
wafers are used in the production of PV cells, their export values must be converted
into the equivalent quantity of PV cells. As trade data in commodity trade statistics
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databases are typically reported in monetary terms, the average price of the products
is used to convert monetary values into the corresponding quantity of PV modules.
Consequently, the electricity generation capacity of PV modules over their full lifecycle
can be calculated using Equation 2.2.

Equation 2.2

n .
CJILxTxnxﬂj
Pj

In Equation 2.2, 7 denotes the average available hours of the power-generating
equipment in photovoltaic power plants; 7 denotes the service life of PV power plants;
$, denotes the electricity emission factor in year j; and C denotes the potential emission
reductions during the use phase of net exported PV products in year j, reflecting China’s
contribution to global carbon emission reductions during the use phase.

The total contribution to emission reductions is calculated by summing the emission
reduction contributions from the production phase and the use phase, as shown in
Equation 2.3. The emission reduction contributions of wind turbine exports are
analogous to those of PV products and will not be elaborated further here.

Equation 2.3
I; =P+

Population growth and urbanisation rates are the key factors influencing economic
development and energy consumption patterns. The social cost of carbon, which
quantifies the economic loss caused per unit of carbon emissions, serves as a critical
tool for conducting cost—benefit analyses of the energy transition and climate policies.
In this study, we comprehensively compared projections of population growth and
urbanisation rates from major institutions, including the United Nations (UNDESA
2024; UN-Habitat 2024) and the National Bureau of Statistics of China. Furthermore,
the latest assessments of the social cost of carbon are systematically reviewed (Wang
et al. 2022; Ricke et al. 2018). To facilitate cross-sectoral comparisons of the costs
and benefits associated with the energy transition and to provide policymakers with
intuitive insights, we monetised the health benefits using environmental valuation,
such as the value of statistical life (Jin and Zhang 2018). The specific assumptions for
these key parameters are presented in Table 2.1. In addition, the data inputs, including
input—output tables, energy balances, industrial statistics and carbon intensity data,
were sourced from government publications, industry associations and relevant
literature (Zheng et al. 2021; Liu et al. 2021; Pan et al. 2022). Emission factors,
product lifespans and average annual operating hours were estimated based on industry
averages. Air pollutant and carbon emission factors were determined using the latest
IPCC Guidelines for National Greenhouse Gas Inventory (IPCC 2019) and data from
China’s Carbon Emission Accounts and Datasets (CEADs).?

2 See details at the CEADs website: www.ceads.net.cn/data/emission_factors/.
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Table 2.1: Pre-set value of China’s population, urbanisation rate, social cost of carbon
and value of statistical life

Parameters 2025 2030 2040 2050 2060
Population (billion) 1.41 1.39 1.36 1.30 1.20
Urbanisation rate (%) 67.2 70.6 75.0 80.0 85.0
Social cost of carbon (USS$/tCO,) 26.8 33.2 4.7 74.9 88.2
Value of statistical life (USS million) - - - - 1.34

Note: To eliminate the impact of price fluctuations and reflect the real changes in monetised results
such as GDP, unless otherwise specified, all monetised values in this study have been adjusted to
constant prices using the 2010 price level as the base year.

Source: Authors’ calculations and forecasts.

In addition to examining economic and social impacts, this study focuses on the
synergistic emission reductions of three key air pollutants—sulphur dioxide, nitrogen
oxides and PM2.5—and their associated public health benefits. Given that PM2.5
pollution is the leading contributor to both mortality and morbidity, the health benefit
valuation in this study exclusively targets PM2.5 pollution, drawing on epidemiological
principles and insights from the Global Burden of Disease studies (Murray et al. 2020;
Xu et al. 2021). The health endpoints and exposure-response coefficients related to
PM2.5 pollution are explained in detail in Table 2.2.

Table 2.2: Exposure-response functions for health endpoints related to
PM2.5 pollution

Endpoint Exposure-response functions
Confidence interval | Medium | Confidence interval
(95%) low (95%) high
All causes (China)? -0.0003 0.0009 0.0018
Chronic obstructive pulmonary diseases®
Lung cancer®
Ischemic heart disease (25y-65y)® Nonlinear function

Cardiovascular disease (25y-65y)°

Lower respiratory infection®

Sources: 2 Cao et al. (2011); ® Pope et al. (2002).

The primary global spillover effects of China’s energy transition are the impacts on
carbon dioxide mitigation in other countries from China’s exports of PV modules and
wind turbines. While the term ‘spillover effects’ can encompass a broader range of
phenomena, such as international knowledge transfers or shifts in global fossil fuel
markets, the scope of this study is focused on the direct impact of technology exports due
to limitations in data availability. These spillover effects encompass both the production
phase (Yang et al. 2015; Wang 2023) and the use phase. Key parameters influencing
these effects include global electricity emission factors, product service lifespans and
average annual operating hours, as summarised in Table 2.3.
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Table 2.3: Pre-set values of global electricity emission factors, product lifespans
and average annual operating hours

Product Product lifespan | Average annual operating | Global electricity emission
(years) hours (hours/year) factor (tCO,/GWh)

Photovoltaic 30 1,700 671

Wind turbines 30 1,900 671

Source: Authors’ calculations and forecasts.

Based on variations in the depth and pace of energy transition, this study develops two
scenarios: the current policy scenario (CPS) and the enhanced action scenario (EAS).
The divergence between these two scenarios underscores the ‘action gap’ that China
must address to accelerate its energy transition and achieve its dual goals of ‘carbon
peaking and carbon neutrality’.

The CPS is grounded in China’s 2021 Nationally Determined Contributions (NDCs)
under the Paris Agreement and reflects the policy intensity and energy system
transformation efforts outlined in sectoral development plans, energy conservation
objectives and carbon reduction targets established under the ‘1+N’ policy framework
for dual carbon goals. This scenario assumes that emission reduction efforts after 2030
will largely follow the current trajectory. Furthermore, it assumes that the global energy
transition will maintain its present momentum, while China’s exports of PV modules
and wind turbines will continue to grow at their current rates.

The EAS is designed to capture the policy intensity and energy system transformation
efforts necessary to address the constraints imposed by China’s socioeconomic and
ecological development goals. Building on the CPS, the EAS further strengthens
and updates more ambitious NDC targets and action requirements, while fully leveraging
the potential for energy conservation and emission reductions. It also intensifies the
stringency and scale of dual carbon-control measures. This scenario is characterised by
a substantial increase in the adoption of advanced energy technologies, the penetration
of low-carbon technologies and the electrification of end-use energy consumption.
Concurrently, the costs of low-carbon energy sources, including wind and solar power,
as well as energy storage, continue to decline. These advances collectively facilitate the
establishment of a new energy system, thereby supporting the realisation of China’s
‘carbon peak’ and ‘carbon neutrality’ goals. Compared with the CPS, the EAS envisions
an accelerated global energy transition, alongside faster growth in China’s PV and wind
turbine exports.
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Results and discussion

The advancement of the energy transition will play a pivotal role in supporting Chinese-
style modernisation and driving industrial transformation. At present, China is in the
mid-to-late stages of industrialisation and urbanisation, steadily transitioning towards a
high-quality development phase under the guidance of its new development philosophy.
In 2024, Chinas GDP was projected to reach approximately US$18.9 trillion,
reflecting a 5 per cent increase from the previous year. Under both the CPS and the
EAS, China’s macroeconomic trajectory is expected to exhibit sustained expansion in
scale, accompanied by a gradual deceleration in growth rates (Table 2.4). By about
2035, China’s GDP is anticipated to surpass that of the United States, positioning it as
the world’s largest economy.

Table 2.4: Changes in China’s average GDP growth rate

Scenario 2026-30 2031-35 2036-40 2041-50 2051-60
CPS 5.0 4.5 4.5 34 2.4
EAS 4.5 35 35 2.5 1.5

Source: Authors’ calculation.

Against the backdrop of China’s “Two Centenary Goals™ and historical trends in the
industrial structure of developed countries, China’s future economic development can
be divided into three distinct phases (Figures 2.2a and 2.2b).

Now until 2035

The growth rate and drivers of the economy will enter a critical period of transformation.
The share of secondary industry is expected to stabilise and gradually decline, with a
steady reduction in the scale of energy-intensive manufacturing industries. Despite this,
China will retain its position as a major manufacturing powerhouse, while continuously
optimising and upgrading its industrial structure. High-tech manufacturing sectors,
including new-energy vehicles and strategic emerging industries, are projected to
maintain rapid growth. Meanwhile, tertiary industry will steadily increase its share in
the national economy and its contribution to overall economic growth. By 2035, per
capita GDP is anticipated to reach the level of moderately developed countries, marking
the basic realisation of socialist modernisation and the ‘Beautiful China’ vision.

3 The CPC first proposed the “Two Centenary Goals’ in 1997. The first centenary goal was, by 2021—the
centenary of the CPC—to build China into a moderately prosperous society in all respects and doubling GDP and
per capita income against 2010. The second centenary goal is, by 2049—the centenary of the People’s Republic of
China—to build a modern socialist country that is prosperous, strong, democratic, culturally advanced, harmonious
and beautiful.
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Figure 2.2a: Changes in the proportions of China’s industrial structure under the CPS

Figure 2.2b: Changes in the proportions of China’s industrial structure under the EAS
Source: Authors’ calculation.
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2035-50

During this second phase, economic growth will be predominantly driven by the
service sector and domestic consumption. Tertiary industry will consolidate its
dominant position, accounting for more than 62 per cent of GDP. Concurrently,
manufacturing will undergo a transformation characterised by digitalisation, high-end
innovation and green development, elevating China to the ranks of the leading global
manufacturing powers.

2050-60

In the third phase, China’s economy is expected to play an increasingly prominent
role in driving global development, fostering the emergence of numerous new business
formats and innovations. A green economy will take centre-stage globally, with China
positioned as a key engine and stabiliser of global economic growth.

The energy transition will catalyse a transformative leap forward in clean energy
development. China’s total primary energy consumption (TPEC) is expected to follow
a trajectory characterised by sustained growth, followed by a gradual decline. This
transition can be attributed to four primary factors: 1) the earlier than anticipated
peak in population imposes an upper limit on the expansion of domestic aggregate
demand, thereby diminishing its supportive effect on energy consumption; 2) the
stabilisation and gradual slowdown of economic growth rates create favourable
conditions for controlling total energy consumption; 3) industrial restructuring and
upgrading contribute to a progressive reduction in energy intensity across sectors;
and 4) technological advancements, coupled with the deepening of demand-side energy
conservation behaviours, enhance energy efficiency. Taken together, these factors will
significantly decelerate the growth rate of energy consumption, leading to a peak, after
which consumption will steadily decline.

Under the CPS, TPEC is projected to rise from 5.97 billion tonnes of standard coal
equivalent (btce) in 2024 to 6.21 btce by 2035, after which it will plateau. During this
period, energy consumption will gradually decouple from economic growth, declining
to 5.42 btce by 2060 (Figure 2.3a). Under the EAS, with the implementation of stricter
carbon constraints, improvements in energy efficiency and more intensive demand-side
conservation measures, TPEC is expected to peak earlier, in 2030, at a lower level of
approximately 5.85 btce. By 2060, it is projected to decrease further, to 4.98 btce
(Figure 2.3b).

With the continued advance of the energy transition and the implementation of the
‘carbon peak and carbon neutrality’ goals, China’s energy consumption structure is
expected to undergo significant transformations, characterised by three key trends:
1) a gradual, stepwise decline in the shares of coal and oil consumption; 2) natural gas
consumption initially increasing before declining; and 3) a rapid and substantial rise in
the share of non-fossil energy consumption.
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Figure 2.3a: Changes in China’s total primary energy consumption under the CPS

Figure 2.3b: Changes in China’s total primary energy consumption under the EAS
Source: Authors’ calculation.

Under the EAS, the share of non-fossil energy is projected to reach 82 per cent of total
energy consumption by 2060, surpassing the policy target of 80 per cent outlined in
China’s energy and climate strategies. Meanwhile, considering the dual imperatives of
energy security and cost constraints, the phased withdrawal of fossil fuels will adhere
to the principle of ‘establishing new energy systems before dismantling old ones’.
Coal and oil consumption are expected to peak by about 2025. For natural gas, peak
consumption is projected to occur about 2040 under the CPS, while under the EAS,
the peak is anticipated to arrive earlier, by approximately 2035. Overall, fossil fuels will
continue to play a vital role as a cornerstone of energy security and maintaining a stable
energy supply during the transition period.
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The energy transition will significantly contribute to the substantial reduction of carbon
dioxide emissions while further unlocking the potential for synergistic mitigation
of other greenhouse gases (GHGs). The CPS aligns with China’s current stage and
characteristics of development, recognising the need for a certain level of carbon
emissions to ensure the low-carbon transition of the economy and society before peaking
about 2030. Under this scenario, carbon dioxide emissions are expected to peak at
approximately 11.4 billion tonnes. From 2030 to 2060, the low-carbon transformation
of the energy structure is expected to accelerate under the EAS, with greater efforts
directed towards achieving carbon neutrality through enhanced technological efficiency
and industrial restructuring. These efforts will contribute significantly to emission
reductions, with economic growth increasingly decoupling from energy consumption
and carbon emissions. By 2060, carbon dioxide emissions are projected to decline to
830 million tonnes, representing a reduction of 1.02 billion tonnes compared with the

CPS (Figure 2.4a).

Carbon dioxide, as the most dominant GHG by emission share, remains the primary
driver of global climate change. However, numerous studies underscore the critical role
of GHGs other than carbon dioxide, which cannot be overlooked. For instance, nearly
one-third of emission reductions in developed countries have been achieved through
non—carbon dioxide GHG mitigation (Montzka et al. 2011; Rogelj and Lamboll
2024). Without effective control, non—carbon dioxide GHG emissions are projected
to continue rising, potentially offsetting the progress made in reducing carbon dioxide
emissions. Under the CPS, non—carbon dioxide GHG emissions are expected to peak
about 2035, plateauing before gradually declining, with a peak level of approximately
2.89 gigatonnes of GHG carbon dioxide equivalent. By 2060, these emissions are
projected to decrease slowly, to 2.23 gigatonnes of carbon dioxide equivalent. In
contrast, the EAS envisions non—carbon dioxide GHGs peaking concurrently with
carbon dioxide, achieving a peak reduction of approximately 0.33 gigatonnes of carbon
dioxide equivalent compared with the CPS and declining further, to approximately
1.39 gigatonnes of carbon dioxide equivalent by 2060 (Figure 2.4b).

To underscore the indispensable role of non—carbon dioxide GHGs in national climate
strategies, China’s updated NDCs should include explicit peak targets for non—carbon
dioxide GHGs as soon as possible. Furthermore, carbon neutrality goals should
explicitly account for these gases to highlight their integral role in the country’s overall
strategy for addressing climate change.
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Figure 2.4a: Changes in China’s carbon dioxide emissions under different scenarios

Figure 2.4b: Changes in China’s non-carbon dioxide greenhouse gas emissions
under different scenarios
Source: Authors’ calculation.
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Concurrent with decarbonisation, the energy transition has also yielded substantial
improvements in air quality. Historical evidence indicates that GHG emissions and
air pollution challenges in developed countries did not emerge simultaneously. As a
result, these two issues have traditionally been treated as separate problems. However,
in contemporary China, they are deeply interconnected, representing critical domains
for integrated governance. China is currently one of the world’s largest emitters of
sulphur dioxide, nitrogen oxides and particulate matter, with ambient concentrations
of these pollutants exceeding the safe levels recommended by the World Health
Organization (WHO). This has led to a range of environmental and public health issues
(Li et al. 2020).

Based on the energy transition scenarios analysed in this study, Chinas energy
consumption structure is expected to undergo significant transformations in the
coming decades. By continuously strengthening source control and implementing
comprehensive pollution control measures across key industries, emissions of air
pollutants are projected to decline substantially. Under the EAS, greater reductions
are achieved than under the CPS, with sulphur dioxide, nitrogen oxides and PM2.5
emissions declining to 920,000 tonnes, 2.19 million tonnes and 630,000 tonnes,
respectively, by 2060 (Figure 2.5a). Using these emission reductions as inputs, simulations
conducted with the EMEP-CTM atmospheric transport model, integrated into the
GAINS framework (Amann et al. 2020), it is projected that annual average PM2.5
concentrations nationally will decrease to 35.4 micrograms per cubic metre (pg/m?) by
2030 and 17.4 pg/m? by 2060 under the CPS. The EAS reduces PM2.5 concentrations
by an additional 2.8 pg/m? in 2060 compared with the CPS (Figure 2.5b).

Accelerating the energy transition is expected to enable most regions in China to meet
the national secondary air quality standard for PM2.5 (< 35 pg/m?®) by approximately
2030, marking significant progress towards achieving the ‘Beautiful China’ initiative.
However, after the initial substantial reductions, the rate of decline in annual average
PM2.5 concentrations is expected to slow, making further reductions increasingly
challenging. Even under the EAS, China’s PM2.5 concentrations in 2060 are projected
to remain well above the revised 2021 WHO guideline of 5 pug/m®. This underscores
the need for a scientifically designed, integrated approach that leverages the shared
origins of air pollutants and carbon dioxide emissions. By adopting coordinated
strategies for long-term decarbonisation and pollution mitigation, China can achieve
greater synergies, facilitating fundamental improvements in air quality while advancing
its climate goals.

Accelerating the energy transition can significantly enhance public health. The
cumulative impacts of air pollution pose pressing challenges to society and public
health. In China, approximately 1 million premature deaths annually are attributed
to atmospheric pollutant emissions (Wang et al. 2024). This study further estimates
the number of premature deaths caused by five PM2.5-related diseases under different
scenarios: chronic obstructive pulmonary disease, lung cancer, ischemic heart disease,
cerebrovascular disease and lower respiratory infections.
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Figure 2.5a: Changes in emissions of sulphur dioxide, nitrogen oxides and PM2.5

Figure 2.5b: Changes in PM2.5 concentration
Source: Authors’ calculation.
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Figure 2.6: Changes in premature deaths related to PM2.5 exposure
Source: Authors’ calculation.

Under the EAS, accelerated reductions in PM2.5 concentrations are projected to result
in greater improvements in public health. By 2030, the total number of premature
deaths is estimated to reach 1.55 million, with 91,000 premature deaths avoided
compared with the CPS, underscoring the substantial health benefits of an accelerated
transition. By 2060, the health co-benefits of coordinated emission reductions are
further amplified, as PM2.5-related premature deaths decrease to 970,000 (Figure 2.6).
These findings demonstrate that deep transformations in the energy structure, coupled
with stricter end-of-pipe pollution control measures, can generate significant health
benefits. Such improvements in air quality can offset much of the employment loss
associated with population ageing, highlighting the broader socioeconomic advantages
of pursuing an accelerated energy transition.

While the substantial costs of transformative change cannot be overlooked, China’s
energy transition offers significant long-term net social benefits. Adopting a social
perspective, this study systematically evaluates the potential impacts of China’s energy
transition and establishes a cost—benefit analysis framework (Table 2.5). This framework
integrates energy, economic, climate and health-related costs and benefits, providing a
quantitative assessment of each dimension.
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Table 2.5: Cost-benefit analysis framework for China’s low-carbon energy transition

Classification

Composition

Definition

Benefits Climate benefits | Benefits derived from carbon emission reductions induced by
energy transition.

Health benefits | Monetisation of avoided premature deaths and illnesses resulting
from marginal reductions in long-term PM2.5 exposure, due to
synergistic effects of carbon reduction and pollution control.

Costs Energy costs Changes in energy costs incurred by various technologies and

production processes.

Economic costs

Initial investment and operational maintenance costs associated
with deploying energy transition-related technologies.

Source: Authors’ compilation.

Total costs under both the CPS and the EAS are projected to increase steadily, driven
by higher economic output, large-scale deployment of cleaner low-carbon technologies
and substantial investments in transformative and disruptive innovations. These trends
highlight that the energy transition is a sustained, high-investment process, with
cumulative costs estimated at US$13.2 trillion under the CPS and US$18.8 trillion
under the EAS by 2060 (Figure 2.7). Consequently, policymakers and industry
stockholders should act promptly to define future industrial structural layouts, prioritise
key directions for breakthroughs in emerging technologies and enhance research
and innovation capacities. These measures will help mitigate future cost burdens and
maximise potential benefits.

Figure 2.7: Cumulative costs and benefits of China’s energy transition
Source: Authors’ calculation.
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Nevertheless, the benefits—particularly those related to climate and public health—are
expected to far outweigh the associated costs. Both scenarios yield positive net social
benefits, with the EAS demonstrating significantly greater net benefits compared with
the CPS. This underscores the importance of accelerating the energy transition and
should strengthen policymakers’ confidence and determination to pursue this path. Net
social benefits are projected to grow over time: under the EAS, cumulative net social
benefits reach US$5.3 trillion in 2030, US$13.6 trillion in 2050 and US$24.8 trillion by
2060. These findings highlight the long-term necessity of implementing comprehensive
policy measures to support an accelerated energy transition.

Moreover, a fully realised energy transition is expected to substantially improve
socioeconomic footprints, enhance household welfare and boost employment. However,
due to data limitations, this study does not quantify these additional economic benefits,
suggesting that the net social benefits of the energy transition may be even greater
than estimated.

China’s exports of PV and wind turbine technologies have generated significant global
emission reduction spillover effects. By 2023, the net exports of Chinese PV modules
and critical components had contributed to potential carbon reductions exceeding
20 gigatonnes in other countries over their full lifecycle. Similarly, exports of wind
turbines and critical components contributed more than 3 gigatonnes of potential
carbon reductions. With the continued advancement of the global energy transition,
China’s PV and wind exports are expected to maintain robust growth. Under the CPS,
the cumulative carbon reductions from Chinese PV and wind exports are projected
to surpass 140 gigatonnes by 2060, including approximately 128 gigatonnes from PV
exports (Figure 2.8a) and 12 gigatonnes from wind exports (Figure 2.8b). Under the
EAS, these cumulative reductions are expected to exceed 185 gigatonnes by 2060,
with PV exports contributing around 170 gigatonnes and wind exports approximately
16 gigatonnes.

More importantly, a combination of factors has driven continuous cost reductions in
Chinas PV and wind industries, significantly lowering the global costs of the energy
transition. According to the International Renewable Energy Agency (IRENA 2024), the
global average levelised cost of electricity for solar PV has declined by more than 80 per
cent in the past decade, with China playing a pivotal role. Similarly, Wood Mackenzie
(Forbes-Cable 2023) reports that the cost of producing one megawatt (MW) of PV
electricity in China is 11-64 per cent lower than in other markets. The cost declines in
China’s PV and wind sectors can be attributed to three key factors. First, policy initiatives
and public awareness campaigns have fostered a broad social consensus about and
stable expectations of the energy transition. This has incentivised corporate investment
in new-energy technologies. Since 2021, China has consistently ranked first globally in
clean energy investment. Second, stable transition expectations have facilitated rapid
deployment of new-energy infrastructure, such as wind and solar power. This has created
vast opportunities for the adoption of advanced technologies and the upgrading of energy
products, effectively reducing costs and promoting economies of scale. Third, China’s

37



38

THE GREAT ENERGY TRANSFORMATION IN CHINA

robust manufacturing capabilities have enhanced its competitiveness in equipment
production, technological research and development (R&D) and industrialisation related
to the energy transition. This has enabled the efficient production of high-quality products
essential for global energy transition efforts.

Figure 2.8a: Contribution of China’s PV exports to global carbon emission reductions

Figure 2.8b: Contribution of China’s wind turbine exports to global carbon emission
reductions

Source: Authors’ calculation.
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Conclusions and policy implications

This study develops an innovative integrated assessment modelling framework to
evaluate the comprehensive impacts and spillover effects of China’s energy transition.
The framework systematically simulates and analyses the multidimensional impacts of
varying depths and paces of energy transition on energy and economic systems, climate
change, environmental outcomes and public health. A particular focus is placed on
assessing the global emission reduction spillover effects of China’s PV and wind turbine
exports, enabling a comprehensive evaluation of both the integrated impacts and the
spillover effects of China’s energy transition.

Given the substantial net social benefits and significant global carbon emission
reduction effects derived from accelerating the energy transition, this study argues that
policymakers should maintain strategic resolve in advancing the energy transition and
achieving the dual carbon goals (carbon peak and carbon neutrality). In the face of
escalating global climate crises and increasing domestic structural emission reduction
pressures, China should use its dual carbon goals as a guiding framework to reinforce its
strategic commitment to the low-carbon restructuring of its energy system.

Although the energy transition entails incremental investment pressures, the
comprehensive benefits—including climate change mitigation, health improvements,
job creation and enhanced energy security—are significantly positive and continue to
grow over time. To overcome barriers related to low-carbon financing mechanisms,
technology diffusion and regulatory systems, China should plan clear and actionable
long-term deep decarbonisation pathways for the 2030-60 period. These pathways
should align with current energy conservation and carbon reduction policies, the
forthcoming 2035 NDC targets and their implementation plans, while also accelerating
absolute carbon dioxide emission reductions after 2030. Additionally, China should
strengthen the management and control of non—carbon dioxide GHGs, such as
methane, nitrous oxide and fluorinated gases, while prioritising R&D of breakthrough
technologies for deep emission reductions. Efforts should also be directed towards
enhancing agricultural and forestry carbon sinks to achieve economy-wide deep
decarbonisation and reduction of all GHGs.

China’s green transformation is globally significant. Leveraging its world-leading
industrial scale and technological innovation capabilities, China has established
substantial cost advantages in new-energy sectors such as PV module and wind turbine
manufacturing. Its export trade not only directly alleviates global financial pressures for
the energy transition but also contributes positively to global carbon dioxide emission
reductions. To further advance global energy transition efforts, it is recommended to
deepen international collaboration along the green industry value chain. Technologically
advanced nations could focus on core technology R&D, while emerging economies
capitalise on their manufacturing strengths to establish a tiered collaborative network
encompassing R&D, manufacturing and application. At the same time, caution is
needed to prevent unilateral trade protectionism from driving up transition costs.
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A tariff preference framework for new-energy products should be developed to
transform the production capacity advantages of manufacturing powerhouses such as
China into accelerators for global carbon neutrality.
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