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In September 2020, President Xi pledged that 

China would peak its carbon dioxide (CO2) emis-

sions before 2030 and achieve carbon neutrality 

before 2060. In April 2021, he announced China’s 

plan to strictly limit the increase in coal consump-

tion over the 14th Five Year Plan (FYP) and phase 

it down in the 15th FYP. In September 2021, Pres-

ident Xi made further pledges that China would 

stop building new coal-fired power plants over-

seas. Throughout 2021, President Xi and other 

high-level Chinese officials reiterated and rein-

forced China’s commitment to the “30/60” goals 

on multiple occasions, signaling the country’s 

intention to accelerate low-carbon transition. 

These pledges communicate a serious commit-

ment to climate change mitigation. But, like other 

countries moving forward on climate, the pathway 

to reach these goals is not free of  obstacles or 

choices about which of  many different possible 

roads China should take. Many of  these obstacles 

are present today, as China implements its 14th 

FYP and perceives its 15th and subsequent FYPs 

on the horizon. 

Energy security is one of  the top priorities of  

China’s development strategy. Current world 

events pose new challenges to China’s energy and 

economic development. In the wake of  the Rus-

sia-Ukraine conflict, global energy markets are in 

turmoil with rising oil and gas prices. China, as 

an energy importer, has been experiencing higher 

energy costs and commodity prices. Domestically, 

China has struggled with several power shortag-

es in 2021 and 2022, making stable and reliable 

energy supply the country’s prime concern. 

Meeting China’s climate pledges will require 

significant energy system transition. Ensuring 

energy security in this transition is a key priority. 

Electrification is a core part of  China’s pathway 

to carbon neutrality. Electrification of  end-use 

sectors, coupled with demand-side measures and 

power system decarbonization, can help achieve 

a low-emissions future while promoting energy 

security. As the Chinese electricity mix is currently 

quite carbon intensive, transitions in end-use sec-

tors and the electricity system need to go hand in 

hand. By replacing fossil fuels in buildings, indus-

try, and transportation with electricity generated 

from low- or zero-emissions fuels, significant CO2 

emissions reduction can be achieved. Meanwhile, 

modernizing the grid system and using more 

indigenous renewable resources in electricity 

generation can foster a flexible and reliable power 

system and improve energy security. 

This report is the second in a series of  multi-in-

stitution reports that assess China’s carbon neu-

trality transition. The first report, published in 

2020, highlights China’s pathways towards carbon 

neutrality and transitions throughout the econo-

my. This report provides an overview of  China’s 

new policies and energy and emissions trends 

since 2020. It also conducts deep dives into the 

role of  electricity and focuses on the double tran-

sitions of  electrifying end-use sectors and decar-

bonizing the electricity sector to achieve China’s 

carbon neutrality target. It is developed based 

on new, multi-model, multi-institution analyses, 

deep-dive working papers on specific sectors, and 

an assessment of  existing research (Box 1.1). It 

aims to: explore integrated strategies for China’s 

carbon neutrality transition, provide an updated 

understanding of  pathways to carbon neutrality; 

present and synthesize both existing and new 

transition scenarios from multiple modeling and 

research teams; assess recent policy development 

in China; and analyze the alignment between 

China’s near-term policy targets and its long-term 

goals. This report particularly highlights the role 

of  electrification and associated electricity system 

transformation in achieving China’s “30/60” goals 

and identifies a set of  near-term sectoral actions 

and long-term sectoral strategies that can be tak-

en to accelerate electrification and power sector 

decarbonization to put China on a successful, 

low-emissions growth pathway. 
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BOX 1.1: ANALYSES USED IN THIS REPORT 

1　 CO2 FFI refers to Fossil-Fuel Combustion and Industrial Process emissions, CO2 AFOLU refers to Agriculture, Forestry and Other 
Land Use.

This report synthesizes a number of quantitative analyses 
from national and global models, including China DREAM, 
China TIMES, GCAM-China, MESSAGEix-China, IPAC-AIM/
Technology, PECE_LIU_2021, and PECE V2.0 (see Table B1.1 
for detail). Participating models conduct analyses based on 
two coordinated scenarios: Updated Nationally Determined 
Contribution (NDC) to Carbon Neutrality  and Original NDC 
to Carbon Neutrality . These scenarios achieve net-zero 
greenhouse gas emissions by 2060, but have different peaking 
times (see Section 3.1 for detailed scenario description). We 
do not attempt to harmonize assumptions across models, 
and the results shown in this report reflect model-specific 
interpretation of socioeconomic and technological development 

in China. Building on these modeling analyses, teams also 
developed deep-dive analyses to address key issues and 
technology options for electrification in different sectors. 
These deep-dive papers include provincial-specific renewable 
energy investment needs, stranded assets and credit risks 
in China’s coal power transition, and electrification and 
transition strategies in industry, transportation, and buildings. 
Insights from these deep-dive papers are synthesized in this 
report to provide additional sectoral, spatial, and technological 
granularity to the analyses. These deep-dive papers are  
published with this report to provide additional context and 
information.

TABLE B1.1: SUMMARY OF PARTICIPATING MODELING TEAMS

Model Name Organization
Spatial 

Resolution
Modeling Methods

Scenarios 
Modeled

Gases 
Modeled1

Docu-
men-

tation/ 
Source

GCAM-China

Pacific Northwest 
National Laboratory 
(PNNL) / University 
of Maryland (UMD)

Global
(China is 

an indepen-
dent region 

in GCAM)

A dynamic recursive 
model that represents 

the behavior of, and 
interactions between, 

five systems: the 
energy system, water, 

agriculture and land use, 
the economy, and the 

climate.

Updated NDC 
to Carbon 
Neutrality; 

Original NDC 
to Carbon 
Neutrality

CO2 FFI, CO2 
AFOLU, CH4, 

F-Gases, 
N2O

(GCAM, 
2022); 

(Calvin et 
al., 2019)

IPAC-AIM/ 
Technology

Beijing University of 
Technology

National

The currently used mod-
els and methods include: 

computable general 
equilibrium model; the 

dynamic economic model; 
the partial equilibrium 

mode; the minimum cost 
optimization model, based 

on linear programming 
techniques described 
in detail’ and industry 

simulation models.

Updated NDC 
to Carbon 
Neutrality; 

Original NDC 
to Carbon 
Neutrality

CO2 FFI, CO2 
AFOLU, CH4, 

F-Gases, 
N2O

(IPAC, 
2020)
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Model Name Organization
Spatial 

Resolution
Modeling Methods

Scenarios 
Modeled

Gases 
Modeled1

Docu-
men-

tation/ 
Source

MESSAGEix- 
China

International 
Institute for Applied 
Systems Analysis 

(IIASA)

Global
(China is 
an inde-
pendent 
region)

Global systems engineer-
ing optimization model 

used for medium-to long-
term energy system 

planning, energy policy 
analysis, and scenario 

development.

Updated NDC 
to Carbon 
Neutrality; 

Original NDC 
to Carbon 
Neutrality

CO2 FFI, CO2 
AFOLU, CH4, 

F-Gases, 
N2O

(IIASA, 
2021); 
(Hup-

pmann et 
al., 2019)

China 
DREAM

Lawrence Berkeley 
National Laboratory 

(LBNL)
National

A bottom-up national 
energy system model 

whose primary drivers 
include physical and 

socioeconomic activity, 
energy intensity, and 

technology trends, built 
using the Low Emissions 
Analysis Platform (LEAP).

Updated NDC 
to Carbon 
Neutrality

CO2 FFI
(LBNL, 
2022)

China TIMES Tsinghua University National

A dynamic linear 
programming energy 
system optimization 
model used for near- 
and long-term energy 
system analysis and 

climate change mitigation 
pathway development.

Updated NDC 
to Carbon 
Neutrality; 

Original NDC 
to Carbon 
Neutrality

CO2 FFI
(S. Zhang 
& Chen, 
2022)

PECE_
LIU_2021

Harbin Institute 
of Technology, 

Shenzhen; Renmin 
University of China

National

A national energy system 
model which focuses 
on China’s long-term 
low carbon transition 
roadmap for climate 
targets, built in Low 
Emissions Analysis 

Platform (LEAP)

Updated NDC 
to Carbon 
Neutrality; 

Original NDC 
to Carbon 
Neutrality

CO2 FFI, CO2 
AFOLU

(J. Liu et 
al., 2021)

PECE V2.0
Energy Foundation 

China
National

An integrated 
assessment model, 

which is based on partial 
equilibrium framework 

and quantifies the future 
energy demand, supply 

and emissions. 

Updated NDC 
to Carbon 
Neutrality; 

Original NDC 
to Carbon 
Neutrality 

CO2 FFI, CO2 
AFOLU, CH4, 

F-Gases, 
N2O

(Fragkos 
et al., 
2021)
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2.1 RECENT SOCIOECONOMIC, ENERGY, AND 
EMISSIONS TRENDS 

Changing Economic, Energy, and Emissions Trends Since 2020

Starting in 2020, the Chinese economy has en-

tered a new era marked by the “Dual Circulation” 

strategy (Xinhuanet, 2020). This strategy empha-

sizes both expanded domestic markets (domestic 

circulation) and growing exports (international 

circulation). The carbon neutrality goal aligns with 

the “dual circulation” strategy of  greater self-reli-

ance through more clean energy resources and ad-

vanced clean technologies and facilitates China’s 

complete transformation in both the economy and 

the energy system. In the past years, new trends 

in China’s energy sector have been observed, 

including fast renewable expansion, an uptick in 

coal consumption, and a relatively steep increase 

in carbon emissions.

With growing additions of  renewables, China’s 

dependence on coal has declined in recent years. 

China is the world’s biggest energy producer and 

consumer since 2009 and relies heavily on coal. 

In 2021, coal still supplied 56.0% of  China’s total 

energy consumption of  5.24 billion tons of  stan-

dard coal equivalent (SCE), compared to 72.4% 

of  2.61 billion tonnes in 2005 (NBS, 2022c). 

Meanwhile, China’s renewable energy capacity 

has expanded rapidly in recent years. China had a 

record expansion of  renewables in 2020, a rapid 

expansion that continued during 2021, when the 

grid-connected wind power generation went up by 

40.5% and solar power generation rose by 25.2%, 

compared to 8.4% increase of  thermal power 

(CEC, 2022a). Moreover, China installed just under 

17 GW of  offshore wind capacity in 2021, com-

pared to 3 GW in 2020, an extraordinary expan-

sion before the expiration of  feed-in tariffs, mak-

ing it operate almost half  of  the world’s installed 

offshore wind (CPNN, 2022). At the end of  June 

2022, China had 2,446 GW of  installed power 

capacity, of  which, hydropower, wind power, and 

photovoltaic (PV) reached 400 GW, 342 GW and 

336 GW, respectively, ranking the highest across 

the world (CEC, 2022c). The amount of  renew-

able power generation (including hydropower and 

biomass) in China reached 2,480 TWh, accounting 

for 29.7% of  the annual power generation in 2021 

(The State Council, 2022b). 

China’s impressive growth in renewables is ex-

pected to well exceed the government’s Nationally 

Determined Contribution (NDC) target of  over 

1,200 GW installed solar and wind power capacity 

by 2030. Since August 2021, the government has 

ended the central subsidies for new photovoltaic 

power projects and onshore wind projects. Step-

ping into the post-subsidy era for renewables, the 

National Development and Reform Commission 

(NDRC) announced its first batch of  clean energy 

bases (larger-scale solar and wind energy proj-

ects) for 97 GW in November 2021 and revealed 

the second batch of  455 GW in February 2022, 

concentrated in the resource-rich desert area in 

northern China. In total, China nearly added 54.8 

GW new renewable electricity generation capacity, 

accounting for 80% of  the total newly-installed 

power generation capacity in the first half  of  

2022 (NEA, 2022a). Along with the national-lev-

el projects, provincial-level targets and project 

pipeline installation reflect a far more aggressive 

deployment pace than the NDC target. Based on 

progress to date, China’s 1,200 GW target will be 

met years earlier than 2030.

The rapid expansion of  renewable energy and 

related up and down-stream industries (manufac-

turing, installation, etc.) have become China’s new 

growth drivers and created numerous job oppor-

tunities (CCICED, 2022). As the largest producer 

of  wind and solar energy, China claims the bulk of  

worldwide renewable energy related employment. 

With 5.37 million jobs in 2021, China accounts 

for 42.3% of  total renewable energy employment 

worldwide (IRENA & ILO, 2021). Furthermore, 

China is the dominant producer of  components 

for batteries and the largest market for electric 
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vehicles (EVs) as well. In 2021, new energy vehi-

cles (NEVs) sales totaled 3.52 million, including  

electric vehicles (BEVs) (82.8%), plug-in hybrids 

(17.1%), and fuel cell vehicles (0.1%), an increase 

of  160% compared to 2020 (MIIT, 2022). China’s 

EV market currently accounts for more than 50% 

of  new EV sales globally. With an average 13.4% 

penetration rate of  EVs in 2021, China has set 

national targets to reach 20% by 2025 and 40% 

by 2030. In the first half  of  2022, the penetration 

rate of  NEVs has already exceeded the target and 

reached 21.6% (CAICT, 2022). China's EV industry 

has been and is expected to continue to trigger in-

dustry-wide changes and spark economic growth 

and job creation. Although China’s hydrogen 

industry is in an early stage of  development, the 

rising awareness of  the importance of  hydrogen 

at both the national and local levels has created a 

favorable environment for the hydrogen industry 

to boom in the near future. By 2050, hydrogen 

is expected to make up 10% of  China’s energy 

mix, with an output value of  $1,772 billion (CHA, 

2020).

The outbreak of  Covid-19 led to more fluctuations 

in China’s energy consumption and emissions. 

With a strict lockdown and plummeting output in 

early 2020, both energy use and emissions tem-

porarily fell, and China’s economy hit a historical 

low growth rate (2.2% in 2020) in more than four 

decades. The government implemented a new 

infrastructure investment and business-orient-

ed stimulus package to boost the economy, and 

China's economy saw a strong rebound, achiev-

ing 8.1% growth for 2021, the fastest in nearly a 

decade (The State Council, 2022a). As a result, 

emissions rose in 2021, and, according to IEA’s 

estimate, China’s energy sector CO2 emissions 

increased by 750 Mt over the two-year period 

between 2019 and 2021(IEA, 2022a). Another 

COVID-19 outbreak in early 2022 (especially in 

Shanghai and Beijing) exacerbated weak house-

hold consumption and worsened the troubled 

real estate market. China’s economy grew by just 

0.4% in the second quarter and only 2.5% in the 

first half, far below the official yearly goal of  5.5% 

in 2022 (NBS, 2022b). Energy consumption and 

emissions appear highly likely to remain high in 

2022 as a result of  strong coal consumption, even 

in the context of  the continued real estate slow-

down and fast expansion of  renewables.

Entering 2022, the Russia-Ukraine crisis has 

exerted both short- and long-term impacts on 

China’s energy industry. China’s crude oil imports 

from Russia hit a record level in 2022, as refin-

ers bought up discounted Russian supplies. High 

global energy prices caused by the crisis and 

slower energy demand growth have resulted in 

China’s lower energy imports. China's natural gas 

imports were down by 10% in the first six months 

of  2022, compared to the same period in 2021; 

crude oil down by 3.1%, and coal down by 17.5% 

in the same period (China Economic Net, 2022). 

The government has boosted domestic coal pro-

duction to ensure supplies and energy security in 

a tight global market. Raw coal output reached 

2.19 billion tonnes, up 11.0% over the first half  

of  2022 (China Economic Net, 2022). Also as a 

result of  demand for electric vehicles booming 

globally and the crisis’s impact on commodity 

markets, the market price of  battery-grade lithi-

um carbonate has risen outrageously (the price as 

of  June 2022 was almost six times higher than in 

June 2021), placing a financial strain on battery 

manufacturers and hindering China’s adoption of  

EVs. A similar situation with silicon, a major mate-

rial used in PV equipment, threw another price 

shock to China’s PV market. Since the beginning 

of  2021, silicon has seen prices tripled, due to the 

rising demand from downstream PV manufactur-

ers driven by the rapid PV expansion, supply-side 

disruption of  China's “Dual-control” policy (control 

the high energy use and high emissions projects), 

and the crisis’s impact. The silicon price increase 

slowed the expansion of  production capacity in 

the PV industry and further caused the total in-

stalled capacity of  new PV projects in 2021 to be 

less than the expected.

Owing to the rebound in coal use, China’s carbon 

emissions have reached a record high in 2021 and 

may enter a carbon emissions plateau in the next 

few years. Driven by economic growth, China’s 

carbon emissions had been on an upward track 

since the 1990s until 2013, when it reached a 

plateau. However, since 2017, coal consumption 

has witnessed an uptick, as the Chinese econo-
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my faced headwinds and the government sought 

to stimulate industrial growth. As of  2020, Chi-

na’s greenhouse gas (GHG) emissions reached 

around 13 GtCO2-equivalent (CO2-eq), equating 

to 9 tCO2-eq per capita. This accounts for about 

a quarter of  global emissions, up from 10.2% in 

1990. Nevertheless, the carbon intensity of  GDP 

dropped from a peak of  nearly 810 gCO2 in 2005 

to 450 gCO2 over the year 2020 (IEA, 2021a, 

2021b). With rapid GDP growth and strong export 

performance, electricity demand in China grew by 

10.3% in 2021, faster than economic growth of  

8.1% (CEC, 2022a). Half  of  the 790 TWh increase 

in electricity demand was met by coal, and Chi-

na’s CO2 emissions had reached a record high of  

11.9 billion tonnes, accounting for 33% of  the 

global total in 2021(IEA, 2022a). Over the next 

few years, significantly growing renewable power 

will probably outstrip coal and become the domi-

nant source to meet the rise in electricity demand.

Regional Disparity in Renewable Deployment and Emissions 

China is a vast country characterized by huge 

regional disparity. While Beijing and other places 

have already entered the carbon emissions plateau 

period, northwestern provinces such as Ningxia, 

Xinjiang, and Inner Mongolia have witnessed a fast 

emissions growth in the past decade. In addition, 

in 2021, China’s 19 provincial governments ap-

proved new coal power plants (EFC, 2022). The 

provinces with the most planned coal projects are 

Hunan, Shanxi, Shaanxi, and Guangdong  (EFC, 

2022). As of  2021, Jiangsu, Guangdong, and 

Henan are the leaders in wind capacity addition; 

while the top three provinces of  China’s new 

installed solar capacity are Shandong, Hebei, and 

Henan (NNECM, 2022).

Going back to 2021, although the decision-makers 

emphasize carbon peaking and carbon neutrality 

plans to be hierarchical and orderly, planning and 

implementation vary across local governments. 

Under the current “Dual-control” mechanism, 

aimed at reducing energy intensity and limiting 

total energy consumption, some provinces curb 

dual-high projects and resort to power rationing to 

meet Dual-control targets. The result is a shortfall 

in coal supply, because coal mining and coal-fired 

power plants belong to the dual-high projects. 

At the same time, the reopening of  the global 

economy after the pandemic brought about a 

surging demand for China’s export industries and 

the corresponding increased electricity demand, 

which coincided with the shortfall in coal supply 

and pushed up coal prices and costs of  generat-

ing electricity. As the government strictly controls 

electricity prices, coal-fired power plants are 

reluctant to operate at a loss, hence many have 

reduced their output. China encountered a severe 

shortage of  electricity that started in the summer 

in 2021 and rippled across most of  eastern China. 

Energy-intensive industries, such as cement, steel, 

and aluminum smelting are among the industries 

most hit by the power outages. Silicon prices were 

also affected by the lack of  power supply. To guar-

antee winter heat and power supplies, the NDRC 

had adopted a series of  measures to stabilize the 

record-high coal prices. Coal producing companies 

are ramping up production, and coal-fired power 

plants are expanding coal procurement channels. 

The boost in coal production puts the production 

of  raw coal at a record high of  4.07 billion tonnes 

for past years. Coal consumption as of  2021 has 

nearly reached the previous coal consumption 

peak in 2013 of  4.24 billion tonnes (NBS, 2022a).

There exists a large spatial mismatch between 

supply and demand of  renewable energy in Chi-

na. Most renewable energy sources are located in 

the northwest, while the highest power demand 

is in the southeast. This geographical mismatch, 

combined with the limited grid connections from 

renewable energy power plants to the electricity 

grid, underdeveloped cross-regional power trans-

mission grids, lack of  power trading systems 

across provinces, and restricted energy-storage fa-

cilities, has resulted in the continued curtailment 

(deliberate reduction in output) of  renewables 

and further hindered renewables development. 

As of  the end of  2021, the wind curtailment rate 

– the ratio of  curtailed electricity to total wind 

generation – exceeded 10% in Qinghai. The PV 
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curtailment rate reached almost 20% in Tibet and 

nearly 14% in Qinghai (NNECM, 2022). In addi-

tion, as the government speeds up the construc-

tion of  clean energy bases concentrated mainly in 

northern China, fast expansion of  the transmis-

sion capabilities connecting energy sources in the 

northwest with power-hungry needs in the east is 

becoming increasingly challenging.

2.2 RECENT POLICY DEVELOPMENT 

2021 is the first year of  China’s 14th Five-Year 

Plan (2021-2025). It also marks the first year of  

the nationwide endeavor to peak carbon emis-

sions since President Xi’s announcement of  the 

dual carbon, “30/60”, goals at the 75th session of  

the United Nations General Assembly in Septem-

ber 2020. Throughout 2021, the political will in 

advancing the dual-carbon agenda has remained 

high. Important policy signals have been an-

nounced at national and international meetings, 

and the “1+N'' series of  policies directing carbon 

neutrality and carbon emissions peaking efforts 

were released. 

Political Commitment to Climate Action

Throughout 2021, the political will to marshal the 

entire nation to peak carbon emissions and reach 

carbon neutrality has stayed strong. President Xi 

and other high-level national officials reiterated 

and reinforced China’s firm dedication to “30/60” 

goals and multiple important international events 

and venues. These goals are also reflected in 

China’s updated NDC and Long-term Strategy. 

Domestically, the integral role of  carbon peaking 

and carbon neutrality in achieving overall prosper-

ity for China have also been emphasized on sev-

eral high-level political occasions. For example, a 

top-level “Leaders Group on the Works of  Carbon 

Peaking and Carbon Neutrality” headed by Vice 

Premier Han Zheng and consisting of  heads of  

ministries involved in the work of  peaking carbon 

emissions and reaching carbon neutrality, has 

been formed (You, 2021). Serving as the high-lev-

el coordinator in climate neutrality, the Leaders 

Group holds regular plenary meetings to review 

progress and emphasizes priorities in achieving 

the climate goals (Boer, 2022; Xinhuanet, 2021a).

However, entering 2022 the Russia-Ukraine con-

flict and its ramifications for the global energy 

supply have shaped the political agenda for co-pri-

oritizing securing energy supply and achieving 

carbon neutrality. It was emphasized during the 

13th National People’s Congress that, while tak-

ing proactive and prudent steps to advance dual 

carbon goals, China must also ensure the security 

of  energy, food, and industrial and supply chains, 

echoing previous policy signals sent at a Politburo 

session earlier this year (Bloomberg News, 2022; 

Global Times, 2022). In addition, under the bleak 

macroeconomic climate, the green economy that 

is closely associated with carbon neutrality is be-

lieved to be the new growth engine, which, in turn, 

enhances the political will at the highest levels to 

commit to climate actions.  

The “1+N” Policy Framework

In October 2021, China announced a “1+N” policy 

framework for carbon peaking and carbon neu-

trality, which consists of  a series of  implementa-

tion plans for CO2 emissions in key sectors and 

areas with a variety of  supporting policies (MEE, 

2021c). On the eve of  the 2021 United Nations 

Climate Change Conference, the highest-level 

guiding document for China’s climate action, 

Working Guidance for Carbon Dioxide Peaking and 

Carbon Neutrality in Full and Faithful Implementation 

of the New Development Philosophy (referred to as 

Working Guidance) was published by Central Com-

mittee of  the Chinese Communist Party and State 

Council, setting out the fundamental principle of  

the country’s future development. This document 

is known as the “1” in “1+N” policy framework 
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(Xinhuanet, 2021b). The Working Guidance sets 

high-level goals for crucial energy and carbon 

indicators by 2025, 2030, and 2060 (Table 2.1). 

Closely following the Working Guidance, China sub-

mitted its renewed NDC, outlining the new goals 

and measures for climate change mitigation and 

adaptation and reaffirming the aforementioned 

climate targets. 

TABLE 2.1: GOALS SET IN THE WORKING GUIDANCE FOR CARBON DIOXIDE PEAKING AND CARBON NEUTRALITY .

Goals

2025

	► To establish an initial framework for a green, low-carbon, and circular economy.
	► To greatly improve energy efficiency of key industries.
	► To reduce energy consumption per unit of GDP by 13.5% compared to 2020 level.
	► To decrease carbon dioxide emissions per unit of GDP by 18% compared to 2020 level.
	► To increase the share of non-fossil energy consumption to around 20%.
	► To increase forest coverage to 24.1% and to increase forest stock volumes to 18 billion m3.

2030

	► To align energy efficiency in key energy-consuming industries with international levels.
	► To significantly reduce energy consumption per unit of GDP.
	► To decrease carbon dioxide emissions per unit of GDP by over 65% compared to 2005 level.
	► To increase non-fossil energy consumption to around 25%.
	► To increase total installed capacity of wind and solar power to over 1,200 GW.
	► To increase forest coverage to 19 billion m3.
	► To peak and to reach the plateau of carbon emissions, and carbon emissions start to decline.

2060
	► To increase the share of non-fossil energy consumption to over 80%.
	► To achieve carbon neutrality.

Soon later, a nation-wide carbon peaking action 

plan describing how China intends to peak its car-

bon emissions by 2030, known as the Action Plan 

for Carbon Dioxide Peaking Before 2030 (referred to 

as the Action Plan below), was announced (Xin-

huanet, 2021c). It is regarded as the first in the 

“N” series of  policy, including the major action-

able areas in the endeavor for peaking carbon 

emissions. The “1+N'' policy framework empha-

sizes that China’s carbon mitigation action should 

take a whole-of-nation approach that features 

a balance between development and emissions 

reduction, between overall and local imperatives, 

and between short-term and long-term consider-

ations. Guarding against risks is also highlighted 

in the Working Guidance, in line with the recent 

change of  tone on coal-related policies during the 

first half  of  2022. 

Into 2022, sectoral and thematic plans have been 

subsequently released to support carbon peak-

ing action under the guidance of  the Leadership 

Group, putting the “N” framework into shape. As 

outlined in Figure 2.1 below, sectoral plans have 

been sequentially released for industry, urban-ru-

ral construction, and agriculture and rural regions, 

while the mitigation efforts of  the transportation 

sector are guided by a high-level implementation 

opinion on achieving the dual carbon goals. Also, 

guidelines to mobilize fiscal instruments and 

policies to achieve dual carbon goals and to syn-

ergize carbon reduction with pollution abatement 

have been released. Research into and drafting of  

action plans for iron and steel, petrochemicals, 

non-ferrous metal, electricity, oil, and gas are in 

full swing and might be unveiled in the coming 

months (NDRC, 2021a). Additional enabling pol-

icies are on the way for instance, the action plan 

for using science and technology to support car-

bon emission peaking and carbon neutrality will 

be published by NDRC in the near future (NDRC, 

2021b).
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Similarly, subnational roadmaps to carbon emis-

sion peaking are being developed across the 

nation. By the end of  July 2022, eleven provinces 

and cities have released their own guiding docu-

ments and/or carbon peaking action plans, as dis-

played on Figure 2.1. The national carbon peaking 

goal is further broken down and manifested as 

quantitative targets in the subnational roadmaps, 

reflecting the overall philosophy of  peaking CO2 

emissions hierarchically and in an orderly pro-

gression across all regions by promoting green 

and low carbon development compatible to local 

conditions. For example, to unlock the tremen-

dous potential of  green finances in the Greater 

Bay Area, Guangdong province has established a 

sound and prudent green finance service system 

to support climate actions and investments that 

lead to carbon peaking in the province (People’s 

Government of  Guangdong Province, 2022).  With 

as many as 37 sectoral, industrial, and thematic 

policies incorporated into the “1+N” framework, 

the next step will focus on synergistic efforts to 

advance towards the dual carbon goals and to de-

sign and implement detailed rulebooks (L. Zhang, 

2022). 

Sectoral and Thematic Policy Development

In addition to the aforementioned “1+N” policies, 

important policies concerning the low carbon 

transition at central and local levels that cover a 

wide range of  sectors and cross-cutting topics 

have been released (see Figure 2.2). Since rele-

vant work was launched years ago, the formula-

tion and release of  supporting policies are leading 

the entire policymaking process, including com-

pulsory GHG emission information disclosure by 

carbon-intensive enterprises, the yearly updates 

of  green bond endorsed projects catalog, and the 

development of  ecological compensation mech-

anism (MEE, 2021a, 2021b; PBC et al., 2021). 

New arrangements of  supporting measures have 

been put into effect to facilitate the entire econo-

my and society to engage actively with low-carbon 

transition. For example, last November, People’s 

Bank of  China rolled out a carbon emission reduc-

tion facility to mobilize social capital in the de-

velopment of  clean energy, energy conservation, 

carbon reduction technologies, and other relevant 

key action areas (PBC, 2021). 

Moreover, it is worth noting that China has put the 

development of  a modern and new power system 

featuring a high proportion of  stable renewable 

energy and secure grid connection high on its 

national task list, especially during the 14th FYP 

period. As shown in Figure 2.2, beginning in May 

2021, a series of  planning documents have been 

released to map out the future development of  

key technologies and components of  the new 

power system, such as expansion of  pumped 

storage hydropower for energy security; hydrogen 

development as an alternative energy source and 

energy storage; other new energy storage technol-

ogies and projects; and energy pricing reform and 

interprovincial power trading schemes. 

Another milestone was the first anniversary of  

China’s national emission trading scheme (ETS) in 

July, 2022. Until now, China's national ETS cov-

ers 2,162 key emitters in the power sector, which 

together contribute to 4.5 billion tonnes of  CO2 

emissions per year (MEE, 2022b). Over the past 

year, the cumulative transaction volume of  CEA 

(Carbon Emission Allowance) in the world’s largest 

carbon market reached 194 million tonnes. The 

cumulative transaction value is around RMB 8.45 

billion, with a carbon price fluctuating between 

40 to 60 yuan per tonne (MEE, 2022b; K. Wang et 

al., 2022). The current allowance allocation mech-

anism is based on emission intensity of  emitters 

rather than an absolute cap on their emission 

amounts, and only the power sector is included. 

Parallel to the national market are the subnational 

ETS pilots, where emitting enterprises in cement, 

iron and steel, petrochemicals, paper making, 

and aviation industries conduct transactions to 

comply with their emission reduction goals (Zeng 

et al., 2021). During the first and current compli-

ance cycles, China Certified Emission Reductions 

(CCER) credits were allowed to be used to offset 

no more than 5% of  emissions by each emitting 

entity, and a cumulative amount of  169 million 

tonnes were transacted by the end of  2021 (Tan, 
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2022). As regulations and standards on ecological 

compensation and environmental equity financing 

instruments take shape, the national CCER market 

is likely to be rebooted late in 2022 or in 2023 (Xu, 

2022). 

@ Energy Foundation



RECENT DEVELOPMENT IN CHINA’S CLIMATE POLICIES  02

14    SYNTHESIS REPORT 2020 ON CHINA’S CARBON NEUTRALITY: ELECTRIFICATION IN CHINA’S CARBON NEUTRALITY PATHWAYS

FIG
UR

E 
2.

2:
 TI

ME
LIN

E 
OF

 K
EY

 C
LIM

AT
E 

PO
LIC

IE
S 

RE
LE

AS
ED

 IN
 2

02
1 A

ND
 2

02
2.

T
IM

E
LI

N
E

 O
F 

C
LI

M
AT

E
 P

O
LI

C
IE

S
 R

E
LE

A
S

E
D

 I
N

 2
0
2
1
 A

N
D

 2
0
2
2

B
y 

an
n
ou

n
ce

m
en

t 
ti

m
e

2
0
2
0

Ja
n

2
0
2
1

Fe
b

2
0
2
1

M
ar

ch
2
0
2
1

A
p
ri

l
2
0
2
1

M
ay

2
0
2
1

Ju
ne

2
0
2
1

Ju
ly

2
0
2
1

A
ug

2
0
2
1

S
ep

t
2
0
2
1

O
ct

2
0
2
1

N
ov

2
0
2
1

D
ec

2
0
2
1

2
0
2
2

E
n
h
an

ce
d
 E

n
er

g
y

C
on

se
rv

at
io

n
 a

n
d
 R

E
U

ti
liz

at
io

n
 S

ta
n
d
ar

d
s

3
0
6
0
 G

oa
l

C
lim

at
e 

Fi
n
an

ci
n
g

G
u
id

el
in

es

E
n
te

rp
ri

se
G

H
G

 M
R

V

Va
lu

e 
R

ea
liz

at
io

n
E
co

lo
gi

ca
l 
P

ro
d
u
ct

s

G
re

en
 B

on
d

C
at

al
og

u
e

1
4
th

 N
at

io
n
al

 F
Y
P

C
on

tr
ol

 o
f

D
u
al

-H
ig

h
P

ro
je

ct
s

E
n
er

g
y 

P
ri

ci
n
g 

R
ef

or
m

La
u
n
ch

 o
f

N
at

io
n
al

 E
T
S

U
p
d
at

ed
 N

D
C

 &
 L

T
S

C
O

P
 2

6
 i
n
 G

la
sg

ow

G
u
id

in
g 

O
p
in

io
n
s 

on
E
n
h
an

ce
d
 A

Q
 A

ct
io

n

H
ig

h
-Q

u
al

it
y 

D
ev

el
op

m
en

t 
of

 R
es

ou
rc

e-
In

te
n
si

ve
 R

eg
io

n
s

“W
or

ki
n
g 

G
u
id

an
ce

 f
or

 C
ar

b
on

 
  P

ea
ki

n
g 

an
d
 N

eu
tr

al
it

y”
“C

ar
b
on

 P
ea

ki
n
g 

A
ct

io
n
 P

la
n
”

D
u
al

 C
on

tr
ol

 o
f

E
n
er

g
y 

C
on

su
m

p
ti

onU
rb

an
-R

u
ra

l
G

re
en

 D
ev

el
op

m
en

t

S
yn

er
ge

ti
c 

R
ed

u
ct

io
n

of
 P

ol
lu

ti
on

 a
n
d

C
ar

b
on

 E
m

is
si

on
s

C
oo

rd
in

at
ed

 W
or

k
of

 C
lim

at
e 

C
h
an

ge
an

d
 E

nv
ir

on
m

en
ta

l
P

ro
te

ct
io

n

E
co

lo
gi

ca
l 
P

ro
te

ct
io

n
C

om
p
en

sa
ti

on

C
ar

b
on

 E
m

is
si

on
 in

 E
IA

 -
In

d
u
st

ri
al

 P
ar

ks
 P

ilo
ts

1
4
th

 F
Y
P

on
 C

E

E
V
 S

ec
to

r
P

la
n
n
in

g

G
re

en
 D

ev
el

op
m

en
t

of
 H

ig
h
-T

ec
h
 P

ar
ks

G
u
id

in
g

O
p
in

io
n
s

on
 C

E

1
4
th

 F
Y
P

O
n
 C

le
an

P
ro

d
u
ct

io
n

C
ar

b
on

E
m

is
si

on
s

in
 E

IA
 -
 

In
d
u
st

ry
P

ilo
ts

S
ta

n
d
ar

d
iz

at
io

n

N
ew

 E
n
er

g
y

S
to

ra
ge

 P
ro

je
ct

s

C
oa

l
P
ow

er
R

et
ro

fi
t

M
R

V
fo

r 
E
T
S

P
B

C
C

E
R

F

P
S

H
Lo

n
g-

Te
rm

P
la

n
n
in

g
H

yd
ro

ge
n

D
ev

el
op

m
en

t

M
od

er
n

E
n
er

g
y

S
ys

te
m

s

R
E

M
R

V

E
T

S

E
IA

G
H

G

P
B

C

R
en

ew
ab

le
 E

n
er

g
y

M
ea

su
re

m
en

t,
 R

ep
or

ti
n
g,

 a
n
d
 V

er
if
ic

at
io

n

E
m

is
si

on
 T

ra
d
in

g 
S

ch
em

e

E
nv

ir
on

m
en

ta
l 
Im

p
ac

t 
A

ss
es

sm
en

t

G
re

en
h
ou

se
 G

as

Th
e 

P
eo

p
le

s 
B

an
k 

of
 C

h
in

a

C
E

R
F

C
E

P
S

H

FY
P

N
D

C

C
ar

b
on

 E
m

is
si

on
 R

ed
u
ct

io
n
 F

ac
ili

ty

C
ir

cu
la

r 
E
co

n
om

y

P
u
m

p
ed

 S
to

ra
ge

 H
yd

ro
p
ow

er

Fi
ve

 -
 Y

ea
r 

P
la

n

N
at

io
n
al

ly
 D

et
er

m
in

ed
 C

om
m

it
m

en
t

C
C

E
P

LT
S

C
lim

at
e 

C
h
an

ge

E
nv

ir
on

m
en

ta
l 
P

ro
te

ct
io

n

Lo
n
g-

Te
rm

 L
ow

 G
re

en
h
ou

se
 G

as
 

E
m

is
si

on
 D

ev
el

op
m

en
t 

S
tr

at
eg

ie
s



02RECENT DEVELOPMENT IN CHINA’S CLIMATE POLICIES 

SYNTHESIS REPORT 2020 ON CHINA’S CARBON NEUTRALITY: ELECTRIFICATION IN CHINA’S CARBON NEUTRALITY PATHWAYS    15

Policy Highlights 

The Working Guidance and Action Plan are two of  

the most high-level documents concerning China’s 

delivery of  its climate commitment under the Par-

is Agreement. These documents highlight an array 

of  policy areas as prioritized working fields in the 

coming years. 

Several new one-of-a-kind policies in China’s 

climate endeavor are proposed. First, a new long-

term climate goal: the share of  non-fossil energy 

consumption would be over 80% by 2060, togeth-

er with accompanying goals to control the con-

sumption of  other types of  fossil fuels, including 

the public commitment to peak oil consumption 

during the 15th FYP (2026 – 2030). In addition, 

the Action Plan sets detailed targets for newly-in-

stalled capacity for renewable energy and energy 

storage in particular. 

Second, this marks the beginning of  mainstream-

ing climate change and the low-carbon mindset 

in overall socio-economic development, at both 

national and subnational levels. All medium- and 

long-term plans should and would incorporate 

carbon emission peaking and neutrality goals. 

Specific action plans are formulated in different 

sectors and subnational territories to promote and 

guarantee the achievement of  the 30/60 goals. 

Third, it highlights the critical role played by 

subnational governments in the ultimate achieve-

ment of  30/60 goals. The subnational governance 

performance evaluation system will incorporate 

indicators related to peaking carbon emissions 

and carbon neutrality with great weights assigned. 

Accordingly, the oversight and assessment of  

carbon targets will be strengthened and be sub-

jected to the Central Inspections on Environmental 

Protection. Local authorities have often prioritized 

economic development over climate and energy 

goals, and the Working Guidance is believed to give 

them enough political motivation to overturn the  

economic-focused mindset (Hsu, 2021).

Fourth, the Working Guidance underscores the 

strength of  market mechanisms and socio-eco-

nomic instruments, particularly stressing the im-

perative role of  investment policies, green finance, 

and tax, fiscal, and pricing policies. It also, iden-

tifies the need to upgrade existing laws and reg-

ulations and formulate an auxiliary or supporting 

policy framework to cover several key areas, such 

as: deepening energy and power market reform; 

improving the measurement, reporting, and verifi-

cation system, containing irrational expansion of  

dual-high projects; upgrading the standardization 

system; and promoting a low-carbon lifestyle and 

working philosophy among the public and busi-

nesses. 

Finally, the Action Plan rolls out ten major action 

areas that cover almost all key sectors of  China’s 

economy, including energy, industry, transporta-

tion, residential sector, urban-rural development, 

and circular economy. For each sector, the Action 

Plan lays out a brief  roadmap, with key enablers 

and leverage points, to reduce energy consump-

tion and shift towards sustainable methods. The 

holistically-designed Action Plan emphasizes that 

peaking carbon dioxide emissions and achieving 

carbon neutrality are two society-wide undertak-

ings and should progress in tandem with China’s 

transition to a high-quality growth mode. 

Policy and Implementation Gaps

Though a range of  restrictive and quantitative 

targets is set to guide the low-carbon transition, 

there are not a set of  quantitative targets or 

dwindling cap on total carbon dioxide emissions 

at either national or subnational/sectoral levels. 

The current carbon market is not of  a cap-and-

trade design either. This indicates the absence of  

a nationwide and political recognition of  carbon 

as a production factor, without which it will be 

hard for China to plan and implement an orderly 

peaking of  carbon dioxide emissions at subnation-

al and sectoral levels (Caijing, 2021; Gao, 2020; 

T. Ma, 2020). The absence of  these targets is also 

observed in the previously released 14th FYP and 

updated NDC. However, releasing quantitative 

carbon emissions caps in the near future may be 

on the horizon. In December, the Central Econom-

ic Work Conference discussed that China should 

expedite the shift from an energy-based dual con-
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trol system to a carbon-based dual control system 

(Sino-German Cooperation on Climate Change, 

2021). 

Legislation still lags behind the fast-paced poli-

cymaking process in climate action. For example, 

the Renewable Energy Law and the Energy Con-

servation Law should be updated to accommodate 

the new restrictive targets and strict control over 

dual high projects. More important, a Climate 

Change Law or Climate Act is needed to grant 

legal status to the restrictive energy and carbon 

targets and to strengthen implementation from a 

law enforcement level. In addition, a Climate Act 

will also provide a legal basis for the establish-

ment of  the national carbon emission cap and 

facilitate the transition of  carbon allowance allo-

cation mechanism from performance-based to a 

cap on absolute amount by determining the initial 

allocation of  carbon ownership (T. Ma, 2020). 

Emissions inventory and a sound MRV (Measure-

ment, Reporting, and Verification) system lay 

the very foundation of  scientific and equitable 

carbon mitigation action and policies.The most 

updated official GHG inventory is available only 

for year 2014. Many sectors (e.g., transportation, 

industries, and agriculture) are still waiting for a 

standard MRV manual and inventory methodology 

to direct real-world MRV practices at all levels, be 

it sectoral or emitting unit level. Lacking reliable 

base data has already postponed the expanding 

of  the national carbon market to include other 

industries, making it an urgent gap to be fulfilled 

as soon as possible (Tao, 2022). Furthermore, to 

foster an honest and transparent transaction en-

vironment for future scaled up and development, 

governmental capacity to oversee MRV process-

es should be enhanced to eradicate data fraud 

events. 

In terms of  goal-setting, the “1+N” policy series 

has put forward clear-cut targets for the 14th FYP 

(for the year 2025) and 15th FYP, (for the year 

2030). The next milestone in the policies jumps 

to 2060, missing the important year of  2035. 

According to the 14th FYP and Vision 2035, China 

should have basically achieved the socialist mod-

ernization and the Beautiful China Initiative by 

then. 2035 marks an important year point for the 

transition period from peaking. By 2035 China’s 

carbon dioxide emissions would steadily decline 

after peaking; however, no quantitative and de-

tailed targets for total carbon emission, carbon 

intensity, total energy consumption, or energy 

intensity have been specified. The current land-

scape also lacks quantitative goal-setting for non-

CO2 GHG emissions, such as methane, HFCs, N2O, 

PFCs, and SF6. 

Finally, several thematic areas are not given suf-

ficient consideration in the current policy frame-

work. They includes cross-sectoral coordination at 

subnational level, an overall plan for orderly sub-

national action roadmaps, and enabling policies to 

take care of  stranded assets for retired capacity 

and vulnerable communities. For example, transi-

tion risks became a major concern for subnational 

governments and sectors that have high depen-

dence on fossil fuels. Yet no specific Action Area 

is dedicated to exploring and proposing a fair and 

just transition mechanism to help ease the pain 

exerted upon certain populations and enterpris-

es, and to guarantee that no one is left behind in 

China’s low-carbon transition. 



03THE PATHWAY TO NET ZERO BEFORE 2060 

SYNTHESIS REPORT 2020 ON CHINA’S CARBON NEUTRALITY: ELECTRIFICATION IN CHINA’S CARBON NEUTRALITY PATHWAYS    17

03 THE PATHWAY TO 
NET ZERO BEFORE 
2060

@ Energy Foundation



THE PATHWAY TO NET ZERO BEFORE 2060  03

18    SYNTHESIS REPORT 2020 ON CHINA’S CARBON NEUTRALITY: ELECTRIFICATION IN CHINA’S CARBON NEUTRALITY PATHWAYS

To better understand the different pathways for 

meeting ambitious climate targets, and to deter-

mine how near-term policies align with long-term 

goals, this report evaluated results from seven 

modeling teams (see Box 1.1) across two different 

2　 In China’s Mid-Century Long-Term Low Greenhouse Gas Emission Development Strategy, China reiterated the goal of  achieving 
carbon neutrality before 2060. In a speech delivered in 2021, Minister Xie mentioned that China is working towards net-zero GHG 
emissions by 2060. The target of  net-zero GHG emissions by 2060 reflects our understanding of  China’s long-term climate goals and is 
consistent with the target of  achieving carbon neutrality before 2060.

scenarios that are defined by different near-term 

policy choices. This analysis can help to identify 

priorities for climate change mitigation policy and 

outline areas of  uncertainties across modeling 

teams.

3.1 SCENARIOS

This year’s report explores two main scenarios 

designed to assess the implications of  reach-

ing net-zero GHGs before 20602 (Table 3.1). The 

scenarios are identical in that they require GHG 

emissions to reach net-zero in 2060, but they 

differ in how quickly China’s emissions peak be-

fore declining to meet 2060 goals. In the Updated 

NDC to Carbon Neutrality scenario, in line with the 

updated NDC submitted by China to the United 

Nations Framework Convention on Climate Change 

in October 2021, China’s emissions peak between 

2025 and 2030, allowing it to rapidly turn toward 

the long-term goal. To achieve the earlier peaking, 

this pathway would call for policies over the com-

ing decade that are more ambitious than those 

are currently on the books. The Original NDC to 

Carbon Neutrality scenario explores the consisten-

cy of  current policies that are aligned with Chi-

na’s original NDC submission from 2015 and the 

long-term goal. In this scenario, current policies 

are kept in place, and China’s CO2 emissions do 

not peak until 2030. The majority of  this report 

focuses on the Updated NDC to Carbon Neutrality 

scenario, while the implications of  different peak-

ing times are discussed in the Sections 3.1 and 

3.2. Model results shown in Chapters 4-9, if  not 

specifically explained, are from the Updated NDC 

to Carbon Neutrality scenario. 

TABLE 3.1: SCENARIO DEFINITIONS. 

Scenario Net-Zero GHG Year Net CO2 Emissions Peak Year Alignment with Near-Term Policies

Updated NDC to Carbon 
Neutrality

2060 2025-2030 Aligns with updated NDC up to 2030

Original NDC to Carbon 
Neutrality

2060 2030 Aligns with first NDC submission up to 2030

Not all models in this study include all GHGs. For 

models that only include CO2 emissions, net CO2 

emissions were assumed to reach zero in 2050 in 

both scenarios. This assumption is based on the 

results from the scenarios in this report and in 

the Synthesis Report 2020, which show that CO2 

emissions will reach zero about ten years before 

total GHG emissions reach zero. In this sense, 

a 2060 net-zero GHG goal is roughly equivalent 

to a 2050 net-zero CO2 goal. In addition, China 
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DREAM and China TIMES do not include land-use 

sector emissions. Instead, they use an estimated 

amount of  -500 MtCO2-eq annually from other 

sources in their reporting (Forsell et al., 2016). 

Land-use emissions from other models are either 

endogenously calculated or calculated based on 

emissions inventory or domestic expert estimates. 

3.2 EMISSIONS PATHWAYS

To achieve carbon neutrality before 2060, as 

shown by the multi-model results (see Figure 3.1), 

China needs to peak its CO2 emissions before 

2030 and dramatically reduce emissions after-

wards. The peak amount of  net CO2 emissions 

between 2025 and 2030 is within the range of  

10.3–11.7 and 10.5–12.1 GtCO2. China’s CO2 

emissions from energy and industrial processes 

peak around the same time, with the range of  

11.0–11.9 and 11.3–12.2 GtCO2 in the Updated 

NDC to Carbon Neutrality and Original NDC to Car-

bon Neutrality scenarios, respectively. China’s net 

CO2 emissions reach zero around 2050/2055 and 

get to about negative 0.6–1.8 GtCO2 by 2060 to 

offset remaining non-CO2 emissions. In terms of  

net GHG emissions, China’s GHG emissions peak 

around 2025/2030 at the level of  12.3–14.3 and 

12.9–14.7 GtCO2-eq in the Updated NDC to Carbon 

Neutrality and Original NDC to Carbon Neutrality 

scenarios, respectively, and get to around zero by 

2060. 

FIGURE 3.1: EMISSIONS PATHWAYS TO NET-ZERO GHG EMISSIONS BY 2060.

The left panel shows China’s net CO2 emissions across models in Updated NDC to Carbon Neutrality pathways (green) and Original NDC to Carbon Neutrality  pathways (blue). These 
two scenarios indicate larger variations in system transition and emissions reduction in the near term across models and between scenarios. The right panels show normalized 
trajectories (2015=1) of emissions reductions for non-CO2 GHGs. Absolute emission levels of non-CO2 GHGs are not used here due to large inventory uncertainties: CH4 ±30%; N2O 
±60%; F-gases ±30% (Shukla et al., 2022). 
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Non-CO2 emissions in China were about 2 Gt-

CO2-eq in 2015. Among them, CH4, N2O and F-gas-

es (HFCs, PFCs and SF6) account for about 56%, 

31% and 12%, respectively (ICCSD, 2020). The 

multi-model results show that non-CO2 emissions 

peak around 2025-2030. N2O and CH4 decline 

relatively quickly, between 2025/2030 and 2040. 

The near-term F-gases emissions trend varies 

across models before 2030, but after 2030, emis-

sions decline rapidly (see Figure 3.2). CH4 emis-

sions are mainly from coal extraction and from 

livestock and rice cultivation of  the agricultural 

sector (about 0.54 and 0.47 GtCO2-eq in 2015, re-

spectively) (ICCSD, 2020). In the Updated NDC to 

Carbon Neutrality scenario, driven by the phase-out 

of  coal use in the energy sector and reduction in 

coal production, CH4 emissions decrease signifi-

cantly over time, with 60-80% reduction between 

2020 and 2060. Most of  the remaining emissions 

are from the agricultural sector. N2O is emitted 

mainly from fertilizer use, manure management, 

and certain industrial processes, about 0.6 billion 

tons CO2 GtCO2-eq in 2014 (ICCSD, 2020). With 

more effective use of  fertilizer, better manure 

management, and improved pipeline controlling 

in related industrial processing, models indicate 

a range of  45-95% reduction of  N2O emissions 

between 2015 and 2060. F-gases emissions 

primarily come from the production processes of  

refrigerants, blowing agents for foams, etc. There 

are larger variations across models on F-gases 

emissions reduction, as models indicate differ-

ent rates of  reduction in HFCs, PFCs and SF6. 

Not all models could submit all three F-gases, so 

only four models are included in the panel. F-gas 

emissions are reduced by 40–71% by 2060, as 

compared to 2020 emissions.  

@ Energy Foundation
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BOX 3.1 HOW DO CHINA’S CARBON INTENSITY TARGETS ALIGN WITH NET-ZERO PATHWAYS? 

China’s 14th FYP targets reducing the carbon intensity (i.e., 
energy CO2 per unit GDP) of the country by 18% in 2025 
compared to 2020. In addition, China’s updated NDC requires 
carbon intensity reduction by over 65% in 2030 compared to 
the 2005 level. The multi-model results show that China’s 14th 

FYP and updated NDC targets on carbon intensity reduction 
are roughly aligned with the net-zero transition pathways 
but can be further enhanced. All the participating models 
achieve these targets in the Updated NDC to Carbon Neutrality  
scenario (see Figure B3.1).

FIGURE B3.1: CARBON INTENSITY REDUCTION IN ALIGNMENT WITH CHINESE POLICY TARGETS.

Carbon intensity is measured as energy-related CO2 emissions per unit of GDP. To assess the alignment with China’s 14th FYP target (18% reduction in energy CO2 per 
unit of GDP between 2020 and 2025), we use modeling results for 2020 and beyond. To assess the alignment with China’s updated NDC target (over 65% reduction 
in 2030 compared to the 2005 level), we use model data for models that report 2005 data and use historical 2005 CO2 emissions and GDP data for models that do 
not have 2005 data. Historical data is from the Chinese Energy Statistical Yearbook (CESY).  GDP assumptions are not harmonized across models in this study, and, 
therefore, changes in carbon intensity reflect differences in both the rate of economic growth and mitigation pathways across models. 

120%

100%

80%

60%

40%

20%

0%

-20%

P
er

ce
n
t 

C
h
an

ge
 C

om
p
ar

ed
 t

o 
2
0
2
0

P
er

ce
n
t 

C
h
an

ge
 C

om
p
ar

ed
 t

o 
2
0
0
5

18%

204020202005 20052060

FIGURE 3.2.2:
ENERGY RELATED C02 PER GDP REDUCTIONS IN ALIGNMENT WITH POLICY TARGETS

14th five year plan commits 18% reduction in energy CO2 per unit of GDP by 2025, and NDC commits to a 65% reduction by 2030

120%

100%

80%

60%

40%

20%

0%

-20%

2020 2040 2060

65%

Updated NDC to Carbon Neutrality Original NDC to Carbon Neutrality CESY



THE PATHWAY TO NET ZERO BEFORE 2060  03

22    SYNTHESIS REPORT 2020 ON CHINA’S CARBON NEUTRALITY: ELECTRIFICATION IN CHINA’S CARBON NEUTRALITY PATHWAYS

BOX 3.2 IMPLICATIONS OF DIFFERENT PEAKING TIMES

As shown by the multi-model results in Figure 3.2 

and Table 3.2, in the Updated NDC to Carbon Neu-

trality scenario CO2 emissions from the industrial 

sector peak around 2020-2025 with the amount 

of  emissions about 4.2–4.8 GtCO2, then decrease 

to about 0.4–1.4 GtCO2 in 2050 and to 0.09–0.5 

GtCO2 in 2060. Although the industrial sector 

would not be fully decarbonized by the mid-centu-

ry, models indicate 69–92% reductions by 2050 

and 87–98% reductions by 2060, compared to 

2020 levels. CO2 emissions from the transpor-

tation sector peak between 2025-2035 across 

models, at the level of  1.04–1.3 GtCO2. In order 

to achieve net-zero GHG emissions by 2060, 2020 

emissions need to be reduced by about 54–100% 

in 2050 and by 84–100% in 2060. As for the 

buildings sector, the peak time of  its CO2 emis-

sions is quite uncertain with different models. For 

the involved seven models, three models in 2015, 

two models in 2020, and two models in 2025, 

the amount of  peak emissions of  the buildings 

sector ranges from 0.65–0.81GtCO2, and such 

peak emissions need to decrease significantly, by 

about 70–100%, in 2060. The modeling analysis 

indicates that CO2 emissions from the electricity 

sector peak around 2020–2025, with an amount 

of  3.8–4.9 GtCO2, and reach zero or negative 

emissions between 2040 and 2050 across mod-

els. Four of  the models indicate that the electricity 

sector would be a source of  negative emissions 

to offset the remaining emissions from the energy 

system. However, estimates for negative emis-

sions from AFOLU and the electricity sector vary, 

highlighting uncertainty in potential offset from 

these sectors. For land sinks, the range across 

models was about negative 100–650 MtCO2 in 

2050 across scenarios, with one model estimat-

ing AFOLU offset of  about negative 1,300 MtCO2. 

Several models foresee biomass with carbon 

capture and storage in the electricity sector being 

a significant source of  negative emissions, with 

estimates ranging from negative 500–900 MtCO2, 

while three models project limited negative even 

positive emissions from the power sector by 2050.

Our Updated NDC to Carbon Neutrality  scenario assumes 
emissions peak between 2025 and 2030, as the updated NDC 
commitment aims to peak before 2030, and most models 
operate in 5-year timesteps. To better understand the 
implications for different peaking times on climate change 
mitigation goals, five modeling teams submitted an additional 
scenario with CO2 emissions peaking around 2030 (Table 3.1).

All models meet or exceed the NDC near-term 2025 and 2030 
targets in the Updated NDC to Carbon Neutrality  scenario, 
suggesting higher ambition may be needed in the near term 
to meet long-term goals. However, under the Original NDC 
to Carbon Neutrality  scenario, not all models meet the 2030 
targets. If emissions peak in 2030, our results suggest that 
energy CO2 emissions per unit of GDP will only decline by 54-
70% from 2005 levels, indicating that not every model meets 
the 65% reduction target (Box 3.1). Non-fossil fuel shares in 
2030 also decline in the Original NDC to Carbon Neutrality  
scenario, and not all models meet the target of around 25% 
(Box 3.3). Solar and wind capacity, targeted to be above 1,200 
GW by 2030, only ranges from 900-1,600 GW across models. 

Under the Original NDC to Carbon Neutrality  scenario, models 
still meet GHG neutrality by 2060 but have less time to meet 

this goal. Not only is there less time for mitigation, but also 
more emissions to abate, as emissions continue to grow 
through 2030, and the peaking emissions level is higher. By 
2045, most models in both scenarios reach less than 3,000 
MtCO2-eq, but cumulative emissions from 2020-2060 are 
about 5-12% higher in the Original NDC to Carbon Neutrality  
scenario (with the exception of one modeling team that kept 
cumulative emissions constant across scenarios). Carbon 
Neutrality results show the continued use of coal through 
2030, increasing the likelihood of stranded assets (assuming 
continued coal use involves the development of new coal-fired 
power plants) and delaying the deployment of renewables. 
Other research finds additional benefits to peaking before 
2030, with increased employment in green energy if progress 
is accelerated prior to 2030, as well as a lower annual 
emissions reduction rate, allowing more time for markets, 
consumers, and businesses to adapt (IEA, 2021a).

This sensitivity analysis highlights the importance of peaking 
time on both near- and long-term goals. Peaking in 2030 
has long-term implications, including potentially additional 
expenses, increased coal consumption, and more cumulative 
emissions. 
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FIGURE 3.2: GHG EMISSIONS BY SECTOR IN THE UPDATED NDC TO CARBON NEUTRALITY SCENARIO.

“Other” includes “Heat", "Solids", "Gases", and "Liquids" (which includes feedstock use, upstream oil refining, heating, coal to gas/oil). China DREAM and China TIMES do not 
include land use sector emissions, instead they use an estimated amount of -500 MtCO2-eq annually. Land use emissions from other models are either endogenously calculated or 
calculated based on emissions inventory or domestic expert estimates. Some models run through 2050, therefore are not included in the 2060 chart. MESSAGEix-China estimates 
for 2030 are lower than other models, because it assumes rapid retirement of coal plants under low-carbon scenarios. Historical data is from the Chinese Energy Statistical 
Yearbook (CESY). 

3　 Mean power sector emissions reduction is the same in 2060 and 2050, because of  rounding. This suggests that emissions 
reduction in the power sector will largely occur in the near-term, and may level out between 2050 and 2060.
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TABLE 3.2: RANGES ACROSS MODELS OF DIRECT EMISSIONS CHANGE COMPARED TO 2020 LEVELS IN UPDATED NDC TO CARBON 
NEUTRALITY  SCENARIO. 

Emission percent changes were calculated in relation to modeled 2020 values, and sectors that exceed 100% indicate emissions have negative emissions.

Sector 2030 2050 2060

Minimum Maximum Minimum Maximum Minimum Maximum

Industry -10% -40% -70% -90% -85% -100%

Buildings 5% -50% -40% -95% -70% -100%

Transportation 25% -10% -55% -100% -85% -100%

Electricity 5% -65% -100% -120% -100% -120%3
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3.3 ENERGY TRANSITIONS

4　 Range across models without MESSAGEix-China is 64–71% by 2030.
5　 Range across models without MESSAGEix-China is 38–45% coal share of  primary energy by 2030. 

Primary Energy

Meeting China’s net-zero commitment requires a 

rapid transition of  the energy system, from fossil 

fuels to a new system dominated by low-carbon fu-

els. Our results suggest slow but continued growth 

in primary energy demand in the near-term fol-

lowed by a decline after mid-century (Figure 3.3). 

There is significant agreement among base-year 

primary energy across models, and differences af-

ter 2025 are largely due to different assumptions 

about coal phase-out and energy supply make-up. 

In the Updated NDC to Carbon Neutrality scenario, 

fossil primary energy, including fossil fuels with 

carbon capture and sequestration (CCS), declines 

from 79–85% in 2020 to 46–714% in 2030, and 

less than 16% in 2060. The fossil fuel with the 

largest and most rapid decline across models is 

coal, which comprises the majority of  China’s 

primary energy supply today. Coal declines from 

51–62% of  total primary energy supply today 

to 18–45%5 by 2030 and less than 6% by 2060. 

Gas may increase until about 2040, then decline 

(Figure 3.4), suggesting that it may be relied on 

during the transition to renewable energy and 

other low-carbon sources. 

FIGURE 3.3: PRIMARY ENERGY TRANSITIONS IN THE UPDATED NDC TO CARBON NEUTRALITY  SCENARIO: (A) TOTAL PRIMARY ENER-
GY; (B) PRIMARY ENERGY BY TECHNOLOGY.

All results were calculated using the average efficiency method. Historical data is from the Chinese Energy Statistical Yearbook (CESY). The rapid reduction and increase in 
MESSAGEix-China primary energy is due in part to rapid retirement of coal plants under low-carbon scenarios, the fast growth of renewables, and conversion between direct 
equivalent and average efficiency substitution methods.
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BOX 3.3 HOW ARE NATIONAL PRIMARY TARGETS ALIGNED WITH MODELING ANALYSIS? 

6　 Range across models without MESSAGEix-China is 29–36% non-fossil primary energy of  the total primary energy in 2030.
7　 Range across models without MESSAGEix-China is 84–88% non-fossil primary energy of  the total primary energy in 2060.

To accelerate the long-term transition from 

fossil fuels, several short-term targets have 

been adopted. Most models show greater 

savings than the 13.5% below 2020 primary 

energy per unit of  GDP target, with a 14–31% 

reduction by 2025, compared to 2020. Model-

ing analysis also shows non-fossil share of  pri-

mary energy meets or exceeds Chinese policy 

targets in 2025. Non-fossil energy use in 2030 

is affected by peaking times. In the Updated 

NDC to Carbon Neutrality scenario, models 

shows 29–546% of  non-fossil primary energy, 

exceeding the national target of  25% non-fos-

sil primary energy in 2030. Non-fossil share 

continues to increase to 84–977% by 2060, 

exceeding the 80% target outlined in China’s 

long-term strategy. Higher non-fossil targets 

indicated by modeling analysis suggest that 

there is room for higher ambition and more 

rapid system transition. Near-term policy tar-

gets can be reassessed in the light of  increas-

ing long-term ambition as to whether they 

are aligned with long-term carbon neutrality 

goals and sufficient to facilitate expedient coal 

phase-out and renewable transition.

FIGURE B3.3: NATIONAL PRIMARY ENERGY TARGETS AND COMPARISON WITH MODELING ANALYSIS: SHARE OF FOSSIL 
ENERGY IN PRIMARY ENERGY (LEFT), SHARE OF NON-FOSSIL ENERGY IN PRIMARY ENERGY (MIDDLE), AND PRIMARY 
ENERGY PER UNIT OF GDP (RIGHT).

Non-fossil sources include solar, wind, geothermal, hydro, biomass with and without CCS, and nuclear. Fossil sources include coal, oil and gas with and without CCS. 
Note: These figures exclude one model, MESSAGEix-China, which had rapid fossil reduction in primary energy. 
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FIGURE 3.3.2: 
NATIONAL PRIMARY ENERGY TARGETS: NON-FOSSIL SHARES IN PRIMARY ENERGY; 
PRIMARY ENERGY PER GDP MER.

Non-Fossil sources include solar, wind, geothermal, hydro, biomass with CCS and nuclear. Fossil sources include coal, oil and gas. 14th Five Year Plan 
commits to 15%, 20% and 25% of  non-fossil share of  Primary Energy in 2020, 2025 and 2030, and 13.5% reduction in Primary Energy per unit of  
GDP by 2025.
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In response to declining use of  fossil fuel resourc-

es, there is a significant growth in cleaner energy. 

Energy supply make-up varies across models, par-

ticularly for two key resources – solar and wind, 

which depend on a range of  economic and policy 

choices in the near- and long- term. In the Updat-

ed NDC to Carbon Neutrality scenario, solar and 

wind contribute 6–20%8 and 7–15%, respectively, 

by 2030, and by 2060, 26–33% and 18–30%9 

(Figure 3.4). By 2060, solar and wind combined 

8　 Range across models without MESSAGEix-China is 6%–12% solar share of  primary energy by 2030.
9　 The wind power maximum declines from 2050 to 2060, because the model with the highest percentage of  wind power in primary 
energy reports only through 2050. No models suggest wind power would decline between 2050 and 2060.

become the dominant fuel source, providing over 

50% of  total energy supply. The remaining supply 

will come from biomass, with CCS, hydro power, 

nuclear, and fossil with CCS. Biomass with CCS 

projections vary across models in the mid-cen-

tury, with GCAM-China anticipating lower AFOLU 

negative emissions and higher industry emissions, 

therefore adopting more biomass with CCS to 

meet mitigation targets. 

FIGURE 3.4: PRIMARY ENERGY SHARE IN THE UPDATED NDC TO CARBON NEUTRALITY  SCENARIO.

Fossil sources include fossil fuels with and without CCS. Historical data is from the Chinese Energy Statistical Yearbook (CESY).

Oil Solar Wind

Coal Gas Nuclear

2000 2020 2040 2060 2000 2020 2040 2060 2000 2020 2040 2060

2000 2020 2040 2060 2000 2020 2040 2060 2000 2020 2040 2060

0.0%

5.0%

10.0%

15.0%

20.0%

0%

10%

20%

30%

0.0%

5.0%

10.0%

15.0%

0%

10%

20%

30%

0%

20%

40%

60%

0.0%

5.0%

10.0%

15.0%

20.0%

S
h
ar

e 
of

 P
ri

m
ar

y 
E
n
er

gy

CESY

China TIMES 

GCAM−China

IPAC−AIM/technology 

MESSAGEix−China 

PECE V2.0

PECE_LIU_2021 

China DREAM

The growth of  nuclear energy is uncertain, driv-

en by uncertainties in costs, policies, and other 

non-technical factors. Most models have a similar 

base-year share of  nuclear in primary energy, 

of  less than 2%. Projections of  nuclear energy 

across models fall within two groups. One group 

has relatively conservative assessment of  nuclear 

energy, with nuclear making up roughly 10% of  

total primary energy by 2060. The other group 

shows more optimistic assessment of  nuclear 

energy, with more than 20% of  nuclear by 2060; 

as a result, this group of  models shows either less 

shares of  fossil fuels with CCS or less renewables. 

The differences in nuclear deployment reflect 

model differences in costs, deplorability, and poli-

cy choices. 
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CCS becomes increasingly prominent after 2030, 

from less than 500 MtCO2/yr, to up to 850–3,172 

MtCO2/yr by 2050, in the Updated NDC to Carbon 

Neutrality scenario. CCS could potentially play a 

role in refining, hydrogen production, power, and 

end-use sectors to offset emissions. Our results 

suggest that CCS would be deployed most exten-

sively in the power sector, given the high level of  

emissions from the power sector, matching be-

tween emission sources and storage reservoirs, 

and negative emission opportunities, such as 

biomass with CCS (S. Yu et al., 2019). Additional 

factors for CCS deployment include geological 

potential for onshore CCS storage, which varies by 

province (S. Yu et al., 2019).

10　 Model range without IPAC-AIM/Technology, which assumes a high level of  electrification in transportation, is 29-46% in 2050.
11　 Models may use different reporting methods for solar in end-use sectors. Some models include BIPV in the electricity sector, while 
others include it in the buildings sector.

Final Energy

The transformation pathways of  end-use sec-

tors show consistency across models. All models 

indicate that the final energy demand would peak 

around 2025-2030, then drop rapidly (Figure 3.5). 

However, the amount of  the final energy demand 

varies significantly, with a range of  3,250–4,000 

Mtce/yr and 2400–3700 Mtce/yr at the peak and 

the carbon-neutral time point (2050), respective-

ly. This is caused mainly by different energy ser-

vice demand projections, various scale of  energy 

efficiency technologies deployment, and diverse 

portfolios of  fuel alternatives.

BOX 3.4: DIFFERENCES IN HISTORICAL ENERGY CONSUMPTION ACROSS MODELS.

End-use electricity consumption shows a substan-

tial increase before 2030, while hydrogen does 

not increase rapidly until 2030. The overall electri-

fication rate in 2050 varies from about 49%–70%, 

with industry, transportation, and building sector 

electrification rates of  42%–65%, 29–61%10 and 

60–88%, respectively. The share of  hydrogen in to-

tal final energy demand, which includes hydrogen 

consumed in the building, industry, and transpor-

tation sectors, in 2050 varies from about 2%–7%. 

Despite the different assumptions about the solar 

water heaters, building integrated photovoltaics 

(BIPV)11, etc., an increase of  solar energy is ob-

served in models, with a range of  18–218 Mtce/yr 

Differences in base-year (2015) energy data across models are 
caused mainly by different data sources used for model calibration. 
Models calibrate historical energy consumption to different energy 
statistics. Global models MESSAGEix-China and GCAM-China model 
use IEA energy balances, while national models China DREAM, China 
TIMES, IPAC-AIM/technology, PECE_Liu_2021, and PECE V2.0 calibrate 
historical energy consumption based on China Statistical Yearbook 
and China Energy Statistical Yearbook. Differences in sectoral 
scope and methodologies between IEA energy balances and Chinese 
statistics result in base-year discrepancies across models. 

Additional efforts were taken to adjust base-year energy use and 
ensure that sectoral scope is the same across models in this report. 
Remaining differences in 2015 energy use in buildings, industry, 
and transportation across models are primarily caused by two 
factors. First, model calibration can be affected by changes in 
energy statistics across years. For example, although both models 

use IEA energy balances, MESSAGEix-China uses the 2017 IEA energy 
balances, and GCAM-China uses the 2019 IEA energy balances. China’s 
total and sectoral energy use in 2015 in these two versions of IEA 
energy balances are different, resulting in base-year differences 
between MESSAGEix-China and GCAM-China. Second, models 
sometimes make specific adjustments to energy balances in the 
calibration process, leading to different base-year energy use across 
models. For example, the statistical methods adopted by the China 
Statistical Yearbook include only fuel consumption by transportation 
companies in the transportation sector. Transportation energy use 
by manufacturing facilities and households are accounted for in 
other sectors. As a result, models that adopt Chinese statistics made 
model-specific assumptions on reallocating fuel consumptions from 
industry, buildings, and agriculture to the transportation sector, 
which leads to slight differences in sectoral energy consumption 
across models. 

https://www.wbdg.org/resources/building-integrated-photovoltaics-bipv
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in 2050. Therefore, the above factors collectively 

contribute to a significant decline in traditional 

fossil fuel consumption (Gases, Liquids, and Sol-

ids) in end-use sectors.

FIGURE 3.5: FINAL ENERGY TRANSITIONS IN THE UPDATED NDC TO CARBON NEUTRALITY  SCENARIO: (A) TOTAL FINAL ENERGY; (B) 
FINAL ENERGY BY FUEL.

Historical data is from the Chinese Energy Statistical Yearbook (CESY) and the International Energy Agency (IEA). 
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BOX 3.5 ROLE OF HYDROGEN IN ACHIEVING CARBON NEUTRALITY IN CHINA

As a clean and sustainable secondary energy, hydrogen energy 
is an important energy carrier for China's energy system 
transition. Hydrogen energy has the potential for storage 
applications across time and space and is an important way to 
achieve deep decarbonization in the end-use sector.

Currently, about 85% of hydrogen is used as industrial 
feedstocks in methanol production, ammonia production, and 
petroleum refining industries. Although only a limited amount 
of hydrogen is currently used as energy input, hydrogen 
energy will become more commonly used in the next 15 
years. In the Updated NDC to Carbon Neutrality scenario, 
5–45 Mtce of hydrogen would be used as an energy source 
in the industrial and transportation sectors by 2035. After 
that, hydrogen energy will enter a period of rapid diffusion. 
Hydrogen energy consumption increases to 43–175 Mtce in 
2050 and further expands to 57–250 Mtce in 2060, with the 
share of the freight transportation sector rising to 36–58% 
of total hydrogen energy consumption. Road freight, hydrogen 
ironmaking, and oil refining are the main sources of the 

popularization of hydrogen energy, while hydrogen use in the 
building sector (natural gas blended hydrogen combustion) 
and the power system (hydrogen storage) also contributes to 
hydrogen expansion.

At this stage, hydrogen in China is mainly produced from 
fossil energy, such as coal gasification to hydrogen, steam 
methane reforming, and naphtha reforming to hydrogen. These 
technologies, although technically mature and suitable for 
large-scale production, do not meet the future requirements 
of clean, low-carbon, and green hydrogen energy. New 
hydrogen production technologies, such as water electrolysis, 
nuclear energy hydrogen production, and biomass hydrogen 
production, have the advantages of flexible production and 
low pollution. Green hydrogen accounts for 70% of the total 
hydrogen production after 2040 in the Updated NDC to Carbon 
Neutrality scenario. The vast majority of models favor the 
use of water electrolysis for hydrogen production, due to the 
decreasing price of electrolyzers and promotion of renewable 
energy sources. With its ability to contribute to negative 
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emissions, biomass to hydrogen with CCS technology also has 
a bright future. 

Hydrogen energy can enable large-scale decarbonization 
production in hard-to-electrify industries, such as steel 
and chemical production, and reduce oil consumption in the 
transportation sector, making it an important technological 
option for the industrial and transportation sectors. The 
hydrogen energy industry chain is divided into several links, 
including hydrogen production, storage and transportation, 
refueling, and end-use. The industry chain is long and requires 
much new infrastructure. As a result, there is a large 
demand for research and development (R&D) in each of these 

segments. Although the cost of hydrogen production and end-
use has declined in recent years, there are still problems of 
low conversion efficiency and harsh production conditions. To 
accelerate hydrogen production and deployment, it is critical 
to mobilize significant investment to improve the distribution 
system and cultivate the whole industry chain to support 
the sustainable development of hydrogen energy. It is also 
important to prioritize R&D into sectors that cannot directly 
electrify or adopt energy efficiency measures, as it is unclear 
what the future cost, availability, applications, and efficiency of 
hydrogen technologies will be (Ueckerdt et al., 2021). 

FIGURE B3.5: HYDROGEN PRODUCTION ACROSS MODELS IN THE UPDATED NDC TO CARBON NEUTRALITY  SCENARIO.
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@ Photo by American Public Power Association on Unsplash
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The electrification of  a wide range of  energy end 

uses across industry, transportation, and building 

sectors, coupled with the rapid decarbonization 

of  power supply, is an important pillar of  China’s 

strategy for achieving carbon neutrality. Electrifi-

cation, energy efficiency, power decarbonization, 

low carbon fuel substitution, and carbon dioxide 

removal are regarded as the five pillars needed 

to achieve carbon neutrality (Edenhofer et al., 

2014; IEA, 2020a; IRENA, 2019; Keramidas et al., 

2020; S. Yu et al., 2020). To achieve China’s 2060 

carbon neutrality goal, electrification combined 

with power decarbonization could contribute to 

61% of  total carbon reduction, and electrification 

alone would reach 27% (K. Wang et al., 2021). 

Electrification is such an important low-carbon 

transition option, not only because it will be fea-

sible to achieve substantial emissions reductions 

in electricity more quickly than in other sectors, 

but it also offers the opportunity to curb, and 

eventually reduce, final energy consumption due 

to significantly higher efficiencies in many appli-

cations. Promoting electrification in the context 

of  carbon neutrality requires comprehensive and 

cross-sectoral integration. Enhanced coordination 

between end-use sectors and the power sector will 

help develop cost-effective and efficient policies. 

However, currently, each end-use sector in China 

has proposed some electrification goals which 

are disaggregated, unsystematic and lacking in-

ter-sectoral linkages.

4.1 CURRENT STATUS

China has been pursuing increasing electrification 

in end-use sectors for years. The economy-wide 

electricity share of  final energy use was about 

27% in 2019 (IEA, 2021d). Electricity use per 

capita was approaching 5,600 KWh, already ex-

ceeding the UK and Italy, and close to Germany 

and France. Several policies have been implement-

ed with a target of  expanding electrification in the 

buildings, transportation, and industry sectors 

(Table 4.1). However, China’s electrification rates 

in the residential and commercial building sector 

are still below the average of  the Organization for 

Economic Co-operation and Development (OECD) 

and the United States (Table 4.2). The buildings 

sector has the highest electrification rate in all 

end-use sectors, with the electrification rate reach-

ing 26% in residential, and 45% in commercial 

buildings in 2019  (IEA, 2021d). Industry already 

meets close to a third of  its total energy needs 

from electricity, and, despite leading the world in 

electrification of  road transport, only 4% of  all 

transport is electrified in China (Table 4.2). 

@ Energy Foundation
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TABLE 4.1: KEY ELECTRIFICATION POLICIES IN CHINA.

Sector Policy Name Outcome

Buildings
Implementation Plan for Carbon 
Emission Peaking in Urban-Rural 
Construction

Sets a 65% building electrification rate by 2030, pushes for full electrification of 
new buildings (20% new public buildings in 2030)

Buildings

Guiding Opinions on Advancing 
the Replacement by Electricity 
(2016)  and Energy Supply and 
Consumption Revolution Strategy 
(2016 –2030)

Urban and rural electrification as a key area in reshaping energy consumption 
(NDRC & NEA, 2016a) could be treated as the key policies to drive that process.

Total final 
energy

13th FYP on Energy Development
China set targets to increase the share of electricity in final energy consumption 
to 27% in 2020 (from 25.8% in 2015) and for fuel-switching to electricity (across 
all end-use sectors), to lead to a total of 450 TWh of demand (NDRC & NEA, 2016a).

Power, 
Buildings, 
Transport

14th FYP (2021–2025) and Guiding 
Opinions on Further Advancing the 
Replacement by Electricity (2022)

Promotes coal-to-electricity switching, the expansion of recharging infrastructure 
and clean heating and industrial furnace management in Northern areas (The State 
Council, 2021), and the 14th FYP on modern energy system and Guiding Opinions 
on Further Advancing the Replacement by Electricity further set up targets to 
increase the share of electricity in final energy consumption to 30% in 2025 (NDRC 
& NEA, 2022a, 2022b). 

Transport
China’s NEV Industry Development 
Plan

Strategy for innovation in automotive technologies, including EVs. Targets for the 
share of NEVs (battery, plug-in and fuel-cell electric vehicles) in light-duty vehicle 
sales: 20% by 2025 (General Office of the State Council, 2020).

Transport
Action Plan for Carbon Dioxide 
Peaking before 2030

By 2030, the share of incremental vehicles fueled by new and clean energy will 
reach around 40%, carbon emission intensity of commercial vehicles measured 
on the basis of converted turnover will be cut by about 9.5% compared with 2020 
(The State Council, 2021). 

Buildings
Clean Heating12 Plan for Northern 
China in Winter (2017 –2021)

Targets 70% of clean heating coverage in northern regions by 2021 (up from 34% 
in 2016). To tackle air pollution in the provinces of Beijing, Tianjin, Hebei, Henan, 
Shanxi and Shandong, it sets a specific target for 28 Chinese cities to use 100% 
clean energy sources for heating by 2021. The plan also set targets for expanding 
solar, biomass, and geothermal heating in buildings (NDRC & NEA, 2017). 

Industry

2016 Guiding Opinions on 
Advancing the Replacement by 
Electricity and 2022 Guiding 
Opinions on Further Advancing the 
Replacement by Electricity

Identified key sectors and regions for electrification, as well as measures to 
promote industrial electric boilers for steam demand, particularly textiles and 
wood processing on the southeastern coast, and electric furnaces in various 
sectors, including metal processing, ceramics, mineral wool, and glass (NDRC & 
NEA, 2016a, 2022b). 

12　 According to the Clean Heating Plan, clean heating refers to the use of  natural gas, electricity, geothermal heat, biomass, solar 
energy, industrial waste heat, clean coal-fired (ultra-low emission), nuclear energy and other clean energy sources to achieve low-
emission and low-energy heating methods through high-efficiency energy consumption systems. It includes the whole heating process 
with the goal of  reducing pollutant emissions and energy consumption.
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TABLE 4.2: COMPARISON OF SECTORAL ELECTRIFICATION RATE BETWEEN CHINA AND THE OECD AVERAGE IN 2019. 

Electrification rate is defined as the share of electricity consumption in end-use final energy consumption (IEA, 2021d).

Sectors China OECD Average United States OECD Europe

Industry 33% 32% 24% 35%

Transportation 4% 1% 0.2% 2%

Residential Buildings 26% 37% 46% 26%

Commercial Buildings 45% 54% 54% 50%

13　 All the model results from this section and forward, if  not specifically explained, are from the Updated NDC to Carbon Neutrality 
scenario.

Existing electrification rates in China suggest there 

is room for growth across all end-use sectors, 

even in sectors where electrification is higher or 

comparable to the OECD average. The State Grid 

estimates that electrification during the 14th FYP 

could result in 600 TWh of  additional consump-

tion (nearly 8% of  annual electricity consumption 

in 2020), while the China Electricity Council esti-

mates that the share of  electricity in final energy 

consumption could reach 38% by 2035 (CEC, 

2020; State Council Information Office of  the Peo-

ple’s Republic of  China, 2020). 

4.2 FUTURE ELECTRIFICATION PATHWAYS 

According to our results, the share of  electricity in 

final energy in China is projected to grow to 61–

73% in 2060 in the Updated NDC to Carbon Neu-

trality scenario13 (Figure 4.1). This doesn’t include 

indirect use of  electricity for making other final 

forms of  energy, such as the use of  electrolysis to 

produce hydrogen, and synthetic fuels accounting 

for most of  the difference. Electricity becomes the 

main energy carrier in all end-use sectors, though 

trends vary significantly. While end-use electricity 

demand will likely increase through mid-century, 

per capita electricity will likely not exceed con-

sumption in other OECD countries (Figure 4.2). 

Challenges of  pervasive electrification remain high 

in the industry sector and freight transportation 

sector, with alternative fuels, such as hydrogen 

and bioenergy, potentially serving as options in 

the longer-term, when emissions will need to be 

driven out of  the hard-to-decarbonize sectors. 
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FIGURE 4.1: FINAL ENERGY ELECTRIFICATION RATE IN THE UPDATED NDC TO CARBON NEUTRALITY  SCENARIO.

Historical data is from the Chinese Energy Statistical Yearbook (CESY) and the International Energy Agency (IEA). 
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FIGURE 4.2: ELECTRIFICATION IN NET-ZERO PATHWAYS IN THE UPDATED NDC TO CARBON NEUTRALITY  SCENARIO: PER CAPITA 
ELECTRICITY CONSUMPTION RELATIVE TO GDP IN CHINA AND ORGANIZATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT 
(OECD) COUNTRIES (LEFT) AND FINAL ENERGY ELECTRICITY DEMAND ACROSS MODELS (RIGHT).

Historical final energy data in the right panel is from the Chinese Energy Statistical Yearbook (CESY) and the International Energy Agency (IEA). Per capita electricity consumption 
and GDP 2015 data for the OECD countries in the left panel is from the OECD. 
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FIGURE 4.1:
ELECTRIFICATION IN NET-ZERO PATHWAYS: FINAL ENERGY ELECTRICITY DEMAND; PER CAPITA 
ELECTRICITY CONSUMPTION AND GDP. 

End-use electricity demand will likely increase through 2050, but models project per capita electricity will not exceed consumption in other 
OECD countries. 
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Rapid electrification requires systematic transition 

in China, with transformation in all end-use sec-

tors and accelerated decarbonization in the power 

sector (see Figure 4.3 on electrification roadmap). 

The largest share of  CO2 reductions (101–117% 

across models in the Updated NDC to Carbon Neu-

trality scenario) by 2060 compared to 2020 occur 

in the power sector, from rapid phasedown of  fos-

sil fuels, adoption of  carbon capture and storage 

technologies, and expansion of  renewable energy 

sources. Indirect electrification of  fuels supply, 

mainly via the production of  electrolytic hydrogen 

for direct use and hydrogen-based fuels produc-

tion, is projected to increase across models, to 

75–272 Mtce of  hydrogen produced annually by 

2050 in the Updated NDC to Carbon Neutrality sce-

nario.

Significant emissions reductions (85–100% be-

tween 2020 and 2060 in the Updated NDC to 

Carbon Neutrality scenario)  are projected to stem 

from the transport sector, mainly through the 

direct electrification of  light-duty vehicles initially 

and heavy-duty vehicles in the longer term using 

batteries. Across the entire transportation sec-

tor, the electrification rate reaches an average of  

50% (37–57%) by 2060. The use of  hydrogen and 

hydrogen-derived fuels produced by electrolysis 

also contributes indirectly to transport emissions 

reductions, particularly after 2035. By 2060, 

electricity will overtake oil as the main transport 

fuel. Electricity accounts for nearly 37–57% of  

energy use for all transportation with improve-

ments in battery technology. EVs will dominate 

the passenger car fleet by then, with many trucks 

also converting to electric powertrains. Though 

their adoption is slower than passenger vehicles, 

the share of  electricity in freight vehicles reaches 

nearly 22–39% in 2060 in the Updated NDC to Car-

bon Neutrality scenario. 

Electrification rate in industry will increase to 

64% (58–69% across models in the Updated NDC 

to Carbon Neutrality scenario) by 2060, driven by 

a shift away from fossil fuel-fired heating towards 

industrial heat pumps and electric boilers for low 

and medium-temperature heating needs in light 

industries, and increasing production of  steel 

from scrap in electric arc furnaces. Industrial elec-

tricity demand increases from around 456–541 

Mtce in 2020, to 672–1100 Mtce in 2060 in the 

Updated NDC to Carbon Neutrality scenario. Direct 

use of  electricity grows to satisfy the demand 

for low- and medium-temperature heat, particu-

larly in light industries for manufacturing, heat 

pumps, and other electric heating technologies. 

In the energy-intensive steel and aluminum indus-

tries, secondary production (using scrap metal) 

is an important contributor to electricity demand 

growth, despite falling production of  these met-

als. The other key area of  growth is indirect elec-

trification of  primary materials production, mainly 

in the steel and chemicals sectors, through the 

use of  hydrogen as a reduction agent in the steel 

industry and as a feedstock for ammonia and 

methanol production in the chemical industry. 

Electricity demand in the buildings sector, the 

largest user of  electricity today, surges by more 

than 129–171% between 2020 and 2060 in the 

Updated NDC to Carbon Neutrality scenario to 

nearly 531–684 Mtce, reaching an 81% (66–93% 

across models) electrification rate by 2060, driven 

mostly by increased use of  electrical appliances 

and switching from traditional biomass and fossil 

fuels for cooking and water heating. Progressive 

improvements in buildings performance and 

equipment efficiency will reduce demand for elec-

trified space heating, cooling, and lighting. 

4.3 POLICY IMPLICATIONS  

Major barriers to reaching the high electrification 

rate noted above still exist. Achieving these goals 

will require major technological breakthroughs, 

tremendous infrastructure investment, power grid 

changes, and policies and regulations to promote 

scaling up of  technologies and to accommodate 
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the transition risks across China.

Further technology innovation to improve perfor-

mance and reduce costs is critical. Technologies 

such as EVs and heat pumps are commercially 

available today, but are not always competitive yet 

with alternative non-electric technologies. Other 

end-use technologies are further behind, particu-

larly in heavy industry and long-haul transporta-

tion. Direct electrification of  heavy industry poses 

an important technical challenge, particularly for 

processes with high-temperature thermal needs. 

Most technologies in this area are at the prototype 

stage today. In primary steelmaking, for instance, 

the use of  electricity to convert iron ore into steel 

through electrolysis is still at pilot stage. In avia-

tion, prototypes of  electric planes for the short-

haul market and part of  the medium-haul market 

are currently being developed and tested by sev-

eral companies, but they are far from commercial 

viability because of  the technical limitations of  

the low energy density of  batteries. 

Electrification brings huge challenges on both sup-

ply and demand sides. For the supply side, if  not 

managed well, the unprecedented increase in peak 

electricity demand relative to average demand in 

end-use sectors will result in possibly enlarged 

peak-to-valley difference of  power load, posing 

huge challenges to grid security. For example, 

EV charging may raise daily peaks substantially, 

while heat pumps could increase the seasonal 

peak (such as winter in northern China). However, 

demand side responses, such as smart charging, 

necessary to support accelerated electrification, 

could significantly reduce peak electricity de-

mand. Moreover, drawing power from plugged-in 

vehicles (V2G) could even provide extra flexibility. 

On the demand side, electrification will require 

adjustment of  key production processes and sup-

porting infrastructure investment in key end-use 

sectors, which will result in transition risks, such 

as stranded assets of  existing infrastructure, cost 

sharing issues, and just transition problems.

In addition, sectoral electrification goals and 

actions are still disaggregated and unsystematic, 

requiring better coordination to unlock synergies 

among sectors. For instance, the decision on roll-

out of  EV charging stations will need the involve-

ment of  local stakeholders, urban planners, distri-

bution operators, and central regulators.

Current policy is not adequate for achieving deep 

electrification, policy reform and market redesign 

are needed. For instance, storage and demand re-

sponse providers need to be ensured that they can 

be rewarded for the value they deliver, and that 

barriers to their participation in the electricity sys-

tem are removed. In parallel, a shift in consumer 

behavior will be needed to support demand re-

sponse. Consumers and utilities will need to move 

from fixed to real-time pricing, and to engage with 

new technologies and business models to vary 

their electricity demand in line with the value they 

place on it. Moreover, further incentives or funds 

need to be provided for technology innovation 

and widespread adoption and use of  technologies 

such as heat pumps, electric boilers, motors, and 

other appliances. Vertical (national, provincial, 

and local) and horizontal (cross-ministerial) policy 

coordination also need to be improved, to address 

and overcome regulator silos.
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5.1 CURRENT STATUS

China’s buildings sector currently utilizes mostly 

fossil fuels and biomass, which combined account 

for over 60% of  final energy use in 2019 (IEA, 

2021d). Electrification in the Chinese buildings 

sector has increased significantly during the past 

two decades, from only 4.4% in 1995 to 28% in 

2018 (IEA, 2021d), due to changes in China’s en-

ergy supply structure and economic growth. While 

electrification has increased in China, building 

electrification rates still are about half  of  some 

other developed countries. For example, the com-

mercial electrification rate in China is about 40%, 

compared to 55% and 65% in Japan and the U.S., 

respectively. The gap widens even more when look-

ing at the share of  electricity use in residential 

buildings, where China only has a 26% electrifica-

tion rate, compared to 45% in Japan and the U.S. 

(IEA, 2021d) (see Figure 5.1).

Not only do China’s electrification rates vary 

across sectors, they also vary by location. Rural 

and urban, and commercial and residential build-

ings rely on different types of  energy. The electri-

fication rate in Chinese rural households is only 

about 9.7%, compared to 47% in urban residen-

tial homes (BERC, 2019). Space heating in north-

ern urban China primarily comes from centralized 

coal-fired combined heat and power (CHP) plants 

and heat plants and consumes about one quarter 

of  the total final energy use in the buildings sector 

(BERC, 2019). But in rural residential buildings, 

biomass contributes to around one-third of  final 

energy use (BERC, 2021). Reducing consumption 

and fossil fuels in urban district space heating 

and traditional biomass in rural households and 

adopting location and sector-specific approach-

es should be targeted to improve electrification 

across the buildings sector. 

FIGURE 5.1: HISTORICAL TREND OF ELECTRIFICATION IN THE BUILDINGS SECTOR OF CHINA, JAPAN AND THE U.S. 

(Source: IEA, 2021d).
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5.2 ROLE OF BUILDING ELECTRIFICATION IN 
CARBON NEUTRALITY

In order to meet the ambitious 2060 carbon 

neutrality target, our modeling results show that 

increasing electrification in buildings will be crit-

ical. Final energy use will likely increase, peaking 

between 2025–2045, before declining. By 2060, 

final energy consumption may be similar to to-

day’s levels, or even increase, from about 530–

766 Mtce/yr in 2020 to about 588–980 Mtce/

yr (Figure 5.2). The electricity demand of  the 

buildings sector may reach 531 to 684 Mtce/yr in 

2060 from the current 231–284 Mtce/yr in 2020, 

which implies that the electrification in buildings 

sector needs to increase to 41–65% in 2030 and 

66–93% in 2060 from the current  level of  less 

than 30% (Figure 5.3). 

FIGURE 5.2: BUILDING FINAL ENERGY CONSUMPTION IN THE UPDATED NDC TO CARBON NEUTRALITY  SCENARIO: (A) TOTAL FINAL 
ENERGY, (B) FINAL ENERGY BY FUEL.

Historical data is from the Chinese Energy Statistical Yearbook (CESY) and the International Energy Agency (IEA). The historical base-year varies among the models, and the year of 
2020 is not the historical base-year for some models. 
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FIGURE 5.3: ELECTRIFICATION IN THE BUILDINGS SECTOR IN THE UPDATED NDC TO CARBON NEUTRALITY  SCENARIO. (A) ELECTRIC-
ITY DEMAND. (B) ELECTRIFICATION RATE.  

Historical data is from the Chinese Energy Statistical Yearbook (CESY) and the International Energy Agency (IEA). The historical base-year varies among the models, and the year of 
2020 is not the historical base-year for some models.
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5.3 CHALLENGES AND OPPORTUNITIES

Challenges

There exist several types of  challenges for promot-

ing electrification in the buildings sector, including 

technological, financial, and cultural obstacles. To 

address these challenges, well-designed and com-

prehensive incentives and policies from govern-

ments at different levels are needed. They include 

research investment in electrification technologies, 

market penetration promotion and cost reduction 

of  these technologies, either by economies of  

scale or subsidies, and shifts of  people’s energy 

use preferences.

As a key prerequisite for promoting electrifi-

cation in space heating, improving the energy 

performance of  building envelopes is essential. 

Although the insulation in Chinese northern urban 

residential buildings has significantly improved in 

the past few years, buildings are still not as well 

insulated as some developed countries. For exam-

ple, the thermal performance requirements in the 

current Chinese building code (GB 55015-2021) 

for exterior walls and windows in northern China 

are about 0.25–0.45 W/m2 K and 1.4–2.2 W/m2 K, 

respectively (depending on location), while such 

requirements are 0.28 W/m2 K for exterior walls 

and 1.3 W/m2 K for windows in Germany (BERC, 

2017; CABP, 2021). Improving insulation for new 

and retrofitted buildings calls for advanced build-

ing materials and construction techniques that are 

commercially available. Besides the building in-

sulation, some electrification measures for space 

heating need to be further developed to improve 

their reliability, such as low temperature air source 

heat pumps (ASHP), and power supply infrastruc-

ture. Conventional ASHPs are not very efficient in 

colder climates, so resolving technical challenges 

and increasing the reliability of  low temperature 

ASHPs during the winter are critical for these re-
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gions. The low temperature ASHPs used in colder 

regions should be able to retain a majority of  their 

capacity when low temperatures are reached (e.g., 

-20°C), and avoid the use of  resistance heating 

for buildings. In addition, power supply infrastruc-

ture needs to be upgraded to meet the increasing 

adoption of  electrification in buildings. 

Adopting residential electrification measures 

usually requires a high initial financial investment. 

For instance, the investment cost of  low tempera-

ture ASHP (in terms of  per unit square meters) is 

usually 2-3 times that of  coal-fired district space 

heating (Q. Zhang et al., 2017). The high initial 

investment of  electrification measures have hin-

dered the diffusion of  these technologies. 

Energy use preferences also present an obsta-

cle to building electrification. Coal-fired, bio-

mass-fired and gas-fired stoves are widely used 

in Chinese households because high temperature 

cooking and the use of  round-bottom pans is an 

integral part of  Chinese diet and culture. Electric 

stoves that use flat-bottom pans and provide a 

relatively lower temperature for cooking, would re-

quire a consumer behavioral shift for wide-spread 

adoption of  electric stoves. Additionally, promot-

ing electrified space heating in northern China 

may require the use of  more decentralized space 

heating systems, like ASHP and ground source 

heat pump (GSHP),to replace the existing central-

ized, district heating. For residents accustomed 

to having district heating, maintaining their own 

buildings' heating systems by themselves may be 

a deterrent to electrification.

Opportunities

Opportunities for prompting electrification include 

expansion of  new building stock, co-benefits for 

rural households, and increasing PV adoption 

across China. 

China is currently experiencing a construction 

boom, creating a key window to adopt new electri-

fication measures in new buildings. New buildings 

in China make up 2.5 billion m2 annually (BERC, 

2019). As buildings and related HVAC (heating, 

ventilation, and air conditioning) systems have a 

lifetime of  usually more than a few decades, re-

placing existing building infrastructure before the 

end of  its useful life increases the often already 

higher initial cost for electrification measures. 

Integrating new electrification measures into the 

development of  new buildings is critical for avoid-

ing the so-called lock-in effects of  obsolete or 

high-carbon technologies in buildings. 

Additionally, promoting electrification in rural 

residential buildings can greatly improve the stan-

dards of  living in rural households, improve indoor 

air quality, and achieve better health outcomes (J. 

Li et al., 2019). Replacing fossil fuels and tradi-

tional biomass with electricity could not only help 

to reduce carbon emissions from the buildings 

sector, but it would improve indoor air quality by 

avoiding emitting indoor air pollutants from cook-

ing and space heating. A study has shown that 

using coal for space heating in rural northern Chi-

na might have resulted in a 5-year reduction in life 

expectancy for residents who use coal for heating 

(Y. Chen et al., 2013). 

Electrifying the buildings sector could also pro-

mote the wide deployment of  distributed PV sys-

tems in both urban and rural buildings, decreas-

ing consumer electricity costs while allowing for 

increased utilization of  more renewable energy. 

When combined with other measures, such as im-

proved energy efficiency, direct-current (DC) type 

microgrids and EV charging stations, buildings 

can act as flexible absorbers for the grid, even 

providing electricity to the grid when needed (EFC, 

2020). 
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5.4 KEY AREAS FOR ELECTRIFICATION

Residential Space Heating

There are more than ten Chinese provinces (or 

municipalities, autonomous regions) lying north 

of  the Qin Mountain and Huai River line of  China, 

located in the so-called “severe cold” and “cold” 

climate zones of  China, which have significant 

needs for space heating in winter. In the urban 

areas of  these regions, district space heating is 

the dominant form of  heating, accounting for 

about 85% of  households' space heating in terms 

of  floor space (BERC, 2019). Over 40% of  China’s 

urban population, which is around 322 million 

people, live in regions that require heating (IEA & 

Tsinghua University, 2018).

Currently, space heating in northern urban China 

accounts for about 25% of  the total final energy 

use in the entire buildings sector, about 214 Mtce 

per year, and the energy intensity of  space heat-

ing on average is about 0.4 GJ/m2·year (BERC, 

2022). Due to rapid urbanization, total floor area 

in northern urban China with district space heat-

ing is increasing quickly, at an average rate of  

about 13% per year from 2006 to 2017, compris-

ing about 12 billion square meters in 2017 (BERC, 

2019). Coal-fired combined heat and power (CHP) 

and heat plants account for about 77% of  district 

heated floor space. Gas-fired CHP and heat plants 

account for 14% of  district heated floor space, 

while electric space heating only makes up less 

than 5% (BERC, 2019). In rural residential build-

ings, space heating accounts for about 44% of  the 

total final energy use and heavily depends on coal 

and biomass (X. Zheng et al., 2016). Biomass 

currently accounts for about 62%; coal for about 

28%; and electricity for only about 2% of  space 

heating in rural residential buildings (X. Zheng et 

al., 2016).

There are several electric space heating tech-

nologies that can be used for space heating in 

northern urban China to replace fossil fuel based 

district space heating. They include low tempera-

ture ASHP, ground source heat pump (GSHP), 

electric boilers, and radiant heating film. Promot-

ing electric space heating requires upgrading the 

electricity supply infrastructure in buildings. In 

addition, the application of  heat pump systems 

in urban communities needs  enough space for 

equipment installation and may also cause noise 

pollution. Direct electric heating measures, includ-

ing electric boilers and radiant heating films, have 

much lower energy efficiency than heat pump 

technologies, so they should be used only in build-

ings or locations not suitable for heat pumps. 

Given the reliance of  direct heating measures on 

power sector supply make-up, these technologies 

shouldn’t be prioritized in the near-term, as China 

remains largely dependent on coal-fired power for 

electricity supply. With more renewables in the 

future, these direct electric heating measures will 

be a viable solution for the communities that have 

difficulty adopting heat pumps. In addition, solar 

district heating (SDH), along with heat pumps, 

could be also a promising way for replacing the 

existing coal- and gas-based space heating in Chi-

na. SDH has been used in Denmark and Germany, 

and is estimated to be suitable for China’s regions 

that have rich solar resources, a long heating 

season and cheap land, such as Xinjiang, Qinghai, 

Inner Mongolia and Gansu (ADB, 2019). 

There is also significant potential to electrify 

space heating in rural residential buildings by 

adopting ASHPs or GSHPs as a complement to 

using solar and compacted biomass for space 

heating. Using electric space heating measures to 

replace currently widely used coal-fired and tra-

ditional biomass space heating systems in rural 

households could significantly improve indoor air 

quality, thereby reducing related negative health 

effects from burning coal and traditional biomass 

in poor and low-efficient stoves. Promoting the 

use of  clean biomass for space heating in rural 

households is important in the near-term, con-

sidering its lower operation cost and co-benefits 

for residents. The thermal performance of  rural 

residential buildings is usually poor. Improving 

the building envelope performance beforehand is 
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critical for using electric space heating systems 

in the rural area, to improve efficiency and limit 

operating costs. Also, given the high initial cost of  

ASHPs and GSHPs, subsidy programs are import-

ant for prompting their application in rural house-

holds. 

Air Source Heat Pump

Conventional ASHP are usually used in China’s 

Yangtze river area for space heating in winter, but 

in northern China, the use of  conventional ASHPs 

can result in poor performance or malfunction of  

the heat pumps.. 

In order to use ASHP for space heating in north-

ern China, low temperature ASHPs have been 

developed. Some adjustments include using new 

refrigerants, combined with phase change materi-

al, along with a new circulation system (e.g., two-

stage compression, cascaded compression) and 

defrost technology and optimal defrosting strate-

gies (Yang et al., 2020; Y. Zhang et al., 2017). To 

further improve the Coefficient of  Performance 

(COP) of  low temperature ASHP in northern China 

in winters, floor radiant heating indoor systems 

are recommended as it could lower the running 

temperature at the condensation side of  ASHPs. 

Some studies have shown that the low tempera-

ture ASHP could maintain acceptable COP in cold 

weather. For example, in Harbin, the capital of  the 

northernmost province in China, the COP of  ASHP 

could be over 2.2, which means that 1 unit energy 

of  electricity could provide about 2.2 units energy 

of  heat, when the indoor and outdoor temperature 

difference is about 35°C, namely with an outdoor 

temperature of  around -15°C (Q. Zhang et al., 

2017). 

Low temperature ASHPs can have operating costs 

comparable to traditional coal-fired district space 

heating systems and household gas-fired boilers. 

In one study (M. Yu et al., 2021), the operating 

cost of  two types of  low temperature ASHP (qua-

si-two-stage ASHP and ASHP with latent thermal 

energy storage) is analyzed and compared with 

that of  several other space heating measures in 

three cities in Northern China – Beijing, Shenyang 

and Harbin (see Table 5.5). The operating cost of  

ASHP is rather competitive with that of  coal-fired 

district heating system in the “cold” climate zone 

(like Beijing) and a bit higher than conventional 

district heat (about 15%) in some regions of  the 

“severe cold” climate zone (i.e., Zone C & B of  

“severe cold”, like Harbin) (M. Yu et al., 2021). A 

case in Beijing showed that the average COP of  

an ASHP system during the whole heating season 

could be 3.0 (2.6 in the coldest day in that win-

ter), and the expense could be only about 22.8 

yuan/m2 ($3.37/m2), with peak-valley electricity 

pricing (BERC, 2015).

The current technological development of  low 

temperature ASHP is applicable to space heating 

in most regions of  northern urban China and can 

be adopted to replace district space heating in 

these regions – with having both reasonable COP 

and economical operating cost (Table 5.1). The 

low temperature ASHP is particularly appropriate 

for use in low-rise residential buildings, attached 

or detached houses, and small-scale commercial 

buildings in the “cold” climate zone of  China. 
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TABLE 5.1: OPERATING COSTS ACROSS SPACE HEATING MEASURES.

(Source: M. Yu et al., 2021)

Space heating measures
Operating cost (Yuan/m2)

Beijing Shenyang Harbin

Coal-fired boilers 33.84 40.83 42.09

Household gas boilers 31.93 38.77 40.01

Direct electricity heating 105.3 128.31 132.47

ASHP (quasi-two-stage) 29.45 41.61 48.91

ASHP (with latent thermal energy storage) 30.67 40.97 47.39

Ground Source Heat Pump (GSHP)

Ground source heat pumps (GSHP) utilize geo-

thermal energy for space heating in buildings. 

GSHPs have a higher COP than ASHPs (usually 

around 3.5–4), because the ground temperature 

is usually higher than the ambient air temperature 

in heating seasons. The GSHP system consists 

of  the heat pump, the distribution system, and 

the ground heat exchanger (usually in the form of  

closed-loop) (see Box 5.1).   

One of  the largest challenges for applying GSHP 

for space heating in a building is balancing the 

heating and cooling load of  the building. If  the 

cooling load of  a building in summer is much 

less than its heating load in winter, the ground 

temperature decreases with operation over years 

and could result in poor COP or malfunctions of  

GSHP for space heating in winter. By exploring the 

feasibility of  using GSHP in three cities in north-

ern China – Qiqihar, Shenyang and Beijing – one 

study (Z. Liu et al., 2015) found that it might be 

difficult to use the GSHP system in the city of  Qiq-

ihar because, after several years’ operation, the 

temperature in buried pipelines in winter might be 

lower than 0°C. This is because the GSHP system 

could not store balanced heat in the ground in 

summer for use in winter. This challenge could be 

addressed by building more pipelines in grounds 

or by using the system only in winter. It could also 

be solved by developing the so-called deep bore-

hole heat exchanger (DBHE)- based GSHP, which 

utilizes geothermal energy from medium or deep 

layer, instead of  shallow layer. A project of  shal-

low-layer GSHP system in the city of  Jinan showed 

a heat pump COP of  about 3.42 and electricity 

use of  15.5 kWh/m2 (EFC, 2016). Another medi-

um-deep layer GSHP system in the city of  Tian-

jin showed that the COP of  the whole system in 

heating seasons could be 5.72, with only 11 kWh/

m2 electricity consumption (BERC, 2019).
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FIGURE B5.1: GROUND-SOURCE HEAT PUMPS PUMPS FOR SPACE HEATING (SOURCE: CAZORLA-MARÍN, 2019).

 

 

A GSHP system (sometimes called geothermal heat pump, or 
GHP) extracts heat from the soil or groundwater for space 
heating or cooling in buildings (Figure B5.1), because ground 
temperature keeps quite stable year-round and is warmer 
than the air in winter and cooler than the air in summer.

The system includes heat pump units, ground heat exchanger 
and indoor distribution system. The heat pump units transfer 
heat from a lower temperature resource to a higher 
temperature resource via a thermal setting based on a 
reverse Carnot thermodynamic cycle (Figure B5.1). The ground 
heat exchangers (GHE) are usually plastic-type pipes, which 
circulate an antifreeze solution through a closed loop. The 
GHEs are buried into the ground either horizontally (shallow 
trenches, 2–4m deep) or vertically (boreholes, 30–200m 
deep). The horizontal system is less expensive, but needs 
sufficient land for digging trenches, so it is more appropriate 
for new buildings or rural areas. In contrast, the vertical 
system can be used for existing buildings with limited land, as 

building boreholes requires relatively small space. The indoor 
floor heating system (using heating pipes under the floor) is 
preferred over a radiator system (using radiators to heat 
buildings) for a GSHP system, because of the relatively lower 
condensing temperature.

To install a GSHP system, three important aspects need to 
be assessed: soil conditions, heating and cooling needs of 
buildings, and land availability. GSHP contractors often drill 
an exploratory well to investigate local hydrological and 
geological conditions and estimate the construction cost. 

The energy efficiency of a GSHP system is measured by its 
Coefficient of Performance (COP), typically around 3.5–4, 
which means that 1 unit energy of electricity could provide 
about 3.5–4 units energy of heat. Accordingly, compared to 
other types of space heating systems, the GSHP system has 
lower CO2 emissions (see Table B5.1). 

BOX 5.1: GROUND-SOURCE HEAT PUMPS FOR SPACE HEATING
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TABLE B5.1: CO2 EMISSIONS OF DIFFERENT HEATING SYSTEMS 

(Source: Ahmadi et al., 2017).

System Primary Energy Efficiency (%) CO2 emissions(kg CO2/kWh heat)

Oil-fired boiler 60 - 65 0.45 – 0.48

Gas-fired boiler 70 - 80 0.26 – 0.31

Condensing Gas Boiler + low temperature system 100 0.21

Direct electric heating under current grid conditions 36 0.9

Conventional electricity + GSHP 120 - 160 0.27 – 0.20

Green electricity + GSHP 300 - 400 0.00

@ Energy Foundation
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Cooking

Cooking accounts for about 20.7% of  energy use 

in Chinese urban households and 44.1% in rural 

households (X. Zheng et al., 2015, 2016). Ap-

pliance electricity use, like that for rice cookers, 

microwaves, etc., is only a small share of  cooking 

energy use in urban households (15.7%) and rural 

households (6.2%) (X. Zheng et al., 2015, 2016). 

After excluding electricity use in cooking applianc-

es, it is estimated that cooking by using coal, gas, 

and biomass consumes about 19% of  total final 

energy use in the entire buildings sector (BERC, 

2019; X. Zheng et al., 2015, 2016). The thermal 

efficiency of  stoves in rural and urban areas var-

ies. Gas-fired cooking stoves have around 55–63% 

thermal efficiency for built-in type and 58–66% for 

desktop type. In contrast, the energy efficiency of  

traditional biomass and coal-fired cooking stoves 

widely used in rural areas is only around 15% and 

30–40%, respectively (BERC, 2016). 

Improving the penetration of  electric stoves and 

induction stoves to replace gas-fired, coal-fired 

and traditional biomass-fired stoves is needed. 

Compared to gas-fired cooking stoves, the ther-

mal efficiency of  electric resistance stoves and 

induction stoves is higher, about over 70% and 

90%, respectively, while the capital cost of  elec-

tric induction and resistance stoves is comparable 

to that of  gas-fired stoves (W. Feng et al., 2021). 

Since Chinese cooking culture prefers the use of  

cooking stoves with open-flame over induction 

technology, changing diet habits and cooking pref-

erences by implementing extensive public educa-

tion programs might be necessary. 

Water Heating

Domestic water heating in China is supplied most-

ly by decentralized gas, solar, and electric water 

heaters. Water heating accounts for about 14.4% 

of  total final energy use in Chinese urban house-

holds and 5.7% in rural households (X. Zheng 

et al., 2015, 2016). The share of  electric water 

heating is about 13.2% and 16.1% in Chinese ur-

ban and rural households in terms of  final energy 

use for domestic water heating, respectively, (a bit 

higher in rural areas because of  relatively lower 

access to gas) (X. Zheng et al., 2015, 2016). In 

comparison, gas water heating accounts for about 

68.3% of  final energy use for domestic water 

heating in urban households and 55.6% in rural 

households, while the rest is mostly solar water 

heating. 

One of  the significant barriers to replacing gas 

water heaters with electric water heaters is the 

relatively larger size of  the accompanying water 

tanks, possibly a key concern for consumers, 

especially in urban areas, or homes with limited 

space. In addition, some consumers may not pur-

chase electric water heaters because they need 

more time to heat the water in water tanks than 

gas water heaters, which is not always convenient 

for certain consumers. 

PV Onsite Use in Buildings 

Onsite use of  PV in buildings is important for 

promoting electrification in the buildings sector 

and reducing CO2 emissions. Along with China’s 

new Nationally Determined Contributions (NDCs) 

on promoting the capacity of  solar and wind 

power generation, distributed PV systems, includ-

ing rooftop PV, are expected to experience a fast 

increase in the next few years, owing mainly to the 

government's incentives on higher feed-in tariffs 

(China Daily, 2022). About 27 GW of  rooftop PV in 

China was installed in 2021, and half  of  the new 

commercial buildings that receive government 

funds will be covered with rooftop PV in 2025 

(China Daily, 2022). 

Rooftop PV potential may be limited in large-

scale Chinese cities, because low-rise and high-

rise buildings dominate in these areas. Using 

remote sensing images, one study estimated that 

the available rooftop area in the Chaoyang district 

of  Beijing city is only about 679,000 m2 , while 

the annual PV electricity potential is around 63.8 

GWh/yr (Song et al., 2018). Given the population 

size and household electricity consumption per 

capita of  the Chaoyang district, it is estimated 

that deploying the full potential rooftop PV could 

only provide less than 2% of  the household elec-
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tricity use in this area (Chaoyang District Govern-

ment, 2022; Song et al., 2018). For such densely 

populated urban areas, BIPV is another option 

for onsite utilization of  PV in buildings, although 

its deployment is currently limited and still in 

early stage of  development. Obstacles that need 

to be addressed to promote its wide deployment 

include: its adverse impact on internal spaces 

(e.g., the surface temperatures of  an unventilated 

vertical BIPV can be 40°C higher than the air) and 

higher maintenance costs than rooftop systems.

The onsite use of  PV in buildings could be more 

promising for electrifying buildings in Chinese 

rural areas. Launched in 2014, a rooftop PV 

demonstration project in a rural village with 129 

households (about 12 PV panels on average per 

household) in Jiangsu province shows that annual 

electricity generation from the rooftop PV system 

is about 393 MWh, which could provide the entire 

electricity consumption in this village and also 

send about 20% of  the generated electricity back 

to grids (NEA, 2014).  

The currently developed PEDF (Photovoltaic, 

Energy storage, Direct current and Flexibility) 

technology offers a promising and integrated 

solution for promoting electrification in the build-

ings sector. With this solution, the buildings with 

direct-current-type micro-grid are integrated with 

distributed PV (e.g., rooftop PV) and energy stor-

age equipment (e.g., electric battery, ice thermal) 

could serve as flexible electricity users to better 

consume intermittent electricity. Facilitated by 

digital technologies, the PEDF solution could real-

ize excellent demand side management (Y. Jiang, 

2021). It is estimated that the deployment of  

PEDF solution in China’s rural households could 

not only meet their full energy demands but also 

feed a significant share of  the generated power 

into grids (Y. Jiang, 2021). A pilot PEDF project 

with 27 rural households launched in 2019 in a 

village named Zhangshang in Ruicheng county of  

Shanxi province shows that with the PEDF solu-

tion, about 40% of  the electricity generated by on-

site-PV panels could fed into local grids (Yuncheng 

city government, 2021). The PEDF solution has 

been included into the Action Plan (The State 

Council, 2021). 

It is worth noting that, compared to the onsite use 

of  PV, measures that have direct impacts on build-

ing sector electrification, namely adopting electric 

space heating, cooking, and water heating, are 

most essential for increasing electrification. 

5.5 KEY POLICY APPROACHES

Considering the electrification potential, availabil-

ity of  technical measures in the market, cost-ef-

fectiveness, and difficulties of  implementation, 

electrifying space heating essential near-term 

actions, electrifying cooking, and domestic water 

heating are also high priorities. Key policies in the 

building sector to reach these end goals are out-

lined in Table 5.2. 

To improve electrification in space heating in 

northern China, it is essential to promote wide 

adoption of  electric space heating systems, par-

ticularly the ASHP and GSHP systems, to replace 

the current dominant coal-fired based district 

space heating system in the region’s urban areas, 

and coal- and traditional biomass-based space 

heating in the rural areas. This significant energy 

transition requires comprehensive incentives and 

policies from the governments at various levels. 

The development of  ASHP and GSHP for space 

heating in northern China is still at the initial 

stage; poor-quality projects could significantly 

impede its acceptance by the public. Subnational 

governments need to design specific development 

plans of  electric space heating in their jurisdic-

tions, for both short-term and long-term. Espe-

cially for the promotion of  GSHP systems, local 

hydrological and geological conditions need to be 

well investigated beforehand, then, based on the 
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results, the local governments need to design a 

solid and comprehensive GSHP development plan 

to identify its applicable regions and related po-

tentials. Regulations for controlling the commer-

cial license of  related equipment manufacturers, 

parts suppliers, and project contractors to ensure 

the quality of  implemented projects and meet 

relevant national standards and criteria need to be 

developed.

Additionally, financial incentives should be adopt-

ed to promote the market share of  these electri-

fication technologies by the governments, par-

ticularly in the areas with favorable climate and 

geographic conditions for technology development 

and deployment. For example, offering a favorable 

electricity price to electric space heating providers 

(e.g., using the residential electricity price instead 

of  the commercial electricity price, or discount-

ed residential electricity price); exempting the 

groundwater charge of  the GSHP systems; pro-

viding subsidies to the operators of  the electric 

space heating systems; and encouraging local 

banks to provide loans with prime rates to project 

developers could help promote deployment. 

Finally, electric space heating should be included 

in public procurement processes. Government 

office buildings and the buildings that receive 

government funds, such as schools and hospitals, 

need to take the lead in adopting electric space 

heating systems when it is technically feasible. 

To improve the competitiveness of  electric space 

heating systems, the government may consider 

including coal-fired and gas-fired district space 

heating plants in the already-established emission 

trading system (ETS) in China. The CHP plants are 

already covered by China’s ETS. As the coal-fired 

and gas-fired heat plants account for around half  

of  the heated floor space of  district space heating 

in northern China, including coal-fired and gas-

fired district space heating plants in China’s ETS 

could be an important next step for promoting 

electrification in the Chinese buildings sector.

There are other options than electrification for 

decarbonizing space heating in the Chinese build-

ings sector, including using the waste heat from 

industrial and power facilities as the heat sources 

of  district space heating and adopting the clean 

use of  biomass for space heating in rural house-

holds. All feasible space heating decarbonization 

measures, including electric and non-electric, 

should be considered and implemented, based on 

local conditions for better cost-effectiveness.

To improve the electrification of  cooking and water 

heating in Chinese households, extensive publicity 

programs and effective financial incentives are 

the key. Owing to traditional diet habits, Chinese 

people prefer to use biomass, coal and gas stoves, 

rather than electric stoves, for high temperature 

cooking. Therefore, to promote cooking electrifica-

tion in Chinese households, it is critical, as a first 

step, to implement extensive publicity programs 

to encourage changing the diet habits of  Chinese 

people by presenting the potential health and 

indoor air quality benefits from lower tempera-

ture cooking with electric stoves. In addition, the 

governments at different levels could require the 

developers of  new buildings to pre-install these 

electric measures (e.g., electric stoves and water 

heaters). This is particularly important given the 

yearly increase in the number of  new buildings in 

China.   
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TABLE 5.2: SUMMARY OF ACTIONS FOR ELECTRIFICATION IN THE BUILDINGS SECTOR.

Near-term Actions Long-term Strategies

	► Incorporate electric space heating into public procurement and facilitate adoption of 
electric space heating in government office buildings and the public buildings that receive 
government funds.

	► Develop national commercial licensing system for regulating related building equipment 
manufacturers, parts suppliers, and project contractors, to ensure the quality of imple-
mented electric space heating projects to meet relevant national standards and criteria.

	► Adopt financial incentives to promote the market share of electrification technologies, 
including tax incentives and subsidies to contractors, related appliance manufacturers, and 
consumers.

	► Pre-install electric measures for cooking and domestic water heating in suitable new 
buildings. 

	► Adopt electric space heating in rural residential buildings, as complement measures after 
using clean biomass.

	► Regularly tighten relevant building energy codes to promote electrification measures in 
buildings. 

	► Promote the use of digital technologies in buildings to facilitate the course of electrification 
in buildings.

	► Design specific long-term 
development plans of electric 
space heating in administrative 
jurisdictions.

	► Cover current coal-fired or 
gas-fired district space heating 
plants by the current emissions 
trading system (ETS) in China.

	► Deploy public education 
programs to change residential 
energy use behavior in buildings.

	► Promoting the application of 
PEDF in buildings to utilize 
more renewable power from 
distributed PV by better demand 
side management.



ELECTRIFICATION ROADMAP FOR INDUSTRY  06

52    SYNTHESIS REPORT 2020 ON CHINA’S CARBON NEUTRALITY: ELECTRIFICATION IN CHINA’S CARBON NEUTRALITY PATHWAYS

06 ELECTRIFICATION 
ROADMAP FOR 
INDUSTRY

@ Energy Foundation



06ELECTRIFICATION ROADMAP FOR INDUSTRY 

SYNTHESIS REPORT 2020 ON CHINA’S CARBON NEUTRALITY: ELECTRIFICATION IN CHINA’S CARBON NEUTRALITY PATHWAYS    53

6.1 CURRENT STATUS

14　 Smelting and pressing ferrous metal mainly include ironmaking, steelmaking, steel and ferroalloy processing and manufacturing. 
Nonmetal mineral products mainly include the manufacture of  cement, lime, gypsum, ceramics, etc. Raw chemical materials and 
chemical products mainly include the production of  caustic soda and soda ash, the manufacture of  fertilizers and pesticides, as well 
as the manufacture of  synthetic rubber and industrial pigments. Petroleum processing and coking mainly refers to refining petroleum 
products from crude oil and converting coal into coke and chemical raw materials (like methanol and olefins).

Industry is second only to the power sector in 

terms of  CO2  emissions in China, accounting for 

around 35% of  the country’s total combustion-re-

lated emissions in 2020 (IEA, 2021a). China's 

goal of  comprehensive modernization has brought 

sustained demand for infrastructure development 

domestically, and, with it, demand for industrial 

products such as crude steel and cement. New 

industrialization is one of  the principal driving 

forces for the construction of  China's modern 

economic system in 2035, that is, an industrial 

development strategy with higher technical level, 

greater economic benefits, lower resource con-

sumption, less environmental pollution and better 

allocation of  human resources (NPC, 2021). The 

overall value-added of  China's manufacturing in-

dustry has comprehensively surpassed that of  the 

United States. In 2018, China’s output surpassed 

that of  the United States in 18 among the 19 ma-

jor categories of  manufacturing industries (UNIDO, 

2021). China produced nearly 60% of  the world’s 

cement and crude steel, 55–65% of  primary steel 

and aluminum, and 30% of  the primary chemicals 

used to make plastics and fertilizers (IEA, 2021a). 

The industrial sector is highly dependent on ener-

gy consumption to provide equipment power and 

heat. Smelting and pressing of  ferrous metals, 

nonmetal mineral products, raw chemical materi-

als and chemical products, petroleum processing, 

and coking are the most energy-intensive and 

high-emission industries in China14 Their com-

bined energy consumption accounted for 61.71% 

of  all industry in 2019 (NBS, 2021). Energy con-

sumption is most concentrated in a few products, 

including iron and steel, cement, and synthetic 

ammonia. A significant portion of  fossil fuels are 

consumed in these industrial subsectors, resulting 

in high carbon emissions (Figure 6.1). 

Electrification rate in China currently is lower than 

other advanced economies’ industries. In 2020, 

the portion of  steel produced in China using an 

electric furnace was only about 9.2%, compared 

to 70.6% and 42.4% in the United States and the 

European Union, respectively (WSA, 2021a). 

Rapid urbanization, infrastructure development, 

and increased consumption, domestically and 

globally, will likely continue growth of  the indus-

trial sector. Reducing CO2 emissions in industry, 

while maintaining infrastructure growth, will be 

crucial to achieving carbon neutrality in China.
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FIGURE 6.1: CARBON EMISSIONS FROM CHINA’S MANUFACTURING SUBSECTORS IN 2014-2019 

(Source: CEADs, 2021). In addition to combustion emissions, Nonmetal Mineral Products include process-related emissions, which are not found in other industries.
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6.2 ROLE OF INDUSTRY ELECTRIFICATION IN 
CARBON NEUTRALITY

To achieve net-zero emission goals, industrial elec-

trification will become one of  the important and 

feasible solutions in China. Deep electrification, 

combined with power decarbonization, is a key 

element in achieving China’s climate target. 

Reducing emissions in the near-term, while ac-

counting for sector growth is essential. Total 

industry demand is expected to increase through 

2030/2035, and then decline from about 1,890–

2,121 Mtce in 2020, to 1,750–1,832 Mtce in 2060 

(Figure 6.2). Based on our results, the electrifica-

tion rate of  the industry sector should reach about 

42–65% in 2050 and 58-69% in 2060. Our results 

suggest it is technologically feasible to electrify 

more than half  of  the industrial energy con-

sumption, with electricity demand ranging from 

672–1,100 Mtce in 2060 (Figure 6.3). Hydrogen 

share varies across models, with an anticipated 

share ranging from 1.7–12%, and a median share 

of  4.7%, by 2060 (Figure 6.4). Electricity share 

before 2040 varies across models, in part due to 

variations in forecasts of  overall industry demand. 

Some models show declining total industrial final 

energy use after 2025, while others show contin-

ued growth through 2030. Models with continued 

growth assume a significant portion of  increasing 

demand will be met with electricity production. 

Rapid fossil phase-down, starting in 2040, in-

creases electricity share for models that project 

lower near-term electricity growth.



06ELECTRIFICATION ROADMAP FOR INDUSTRY 

SYNTHESIS REPORT 2020 ON CHINA’S CARBON NEUTRALITY: ELECTRIFICATION IN CHINA’S CARBON NEUTRALITY PATHWAYS    55

FIGURE 6.2: INDUSTRY FINAL ENERGY CONSUMPTION IN THE UPDATED NDC TO CARBON NEUTRALITY  SCENARIO: (A) TOTAL FINAL 
ENERGY, (B) FINAL ENERGY BY FUEL.

Historical data is from the Chinese Energy Statistical Yearbook (CESY) and the International Energy Agency (IEA). 
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FIGURE 6.3: ELECTRIFICATION IN INDUSTRY SECTOR IN THE UPDATED NDC TO CARBON NEUTRALITY  SCENARIO. (A) ELECTRICITY 
DEMAND. (B) ELECTRIFICATION RATE. 

Historical data is from the Chinese Energy Statistical Yearbook (CESY) and the International Energy Agency (IEA). 
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FIGURE 6.4: HYDROGEN SHARES IN INDUSTRY SECTOR IN THE UPDATED NDC TO CARBON NEUTRALITY  SCENARIO.
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The industrial sector comprises many sub-sectors 

whose energy needs and manufacturing process-

es vary greatly. Light industry provides products 

directly for residents' consumption, while heavy 

industry often provides materials for other indus-

trial sectors, with larger equipment and more en-

ergy consumption. Electrification has been low in 

several heavy industries, including iron and steel, 

cement, petrochemical and chemical. However, 

some machinery and equipment manufacturing 

sectors currently have more than 40% electrifi-

cation adoption (Deason et al., 2018). Given its 

limited reliance on high-heat, or other energy 

intensive infrastructure, light industry, including 

textile and pulp and paper, is the easiest sub-sec-

tor of  industry to electrify.

Iron and steel production has higher electricity 

substitution compared to cement, petrochemical 

and, chemical products (Figure 6.5). According to 

past steel capacity and consumption, there will be 

a significant increase in scrap resources in China. 

Enterprises in the iron and steel industry are larg-

er and have abundant funds to replace equipment 

with electrified updates. Moreover, as a means of  

indirect electrification, green hydrogen could be 

applied in steel and chemical industries in the 

future.

While future demand for industrial products is 

uncertain and dependent on a range of  factors, 

it is expected that the demand for steel, cement, 

electrolytic aluminum, and most petrochemical 

and chemical products will continue to grow in the 

short term. One model predicts that total indus-

trial energy consumption will continue to grow 

until 2030, followed by a gradual decline due to 

the reduced demand for industrial products from 

decreased population and a slowdown in urbaniza-

tion. Reductions in demand for steel and cement 

are the main drivers for the decline of  energy 

consumption after 2030 (Figure 6.6).
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FIGURE 6.5: SHARE OF ENERGY CONSUMPTION BY INDUSTRIAL SUBSECTOR IN THE PECE_LIU 2021 MODEL.

Only green hydrogen produced via electrolysis is presented as hydrogen fuel in the figure. Other hydrogen produced from coal and natural gas are shown in the form of the original 
energy source.

15　 PECE_LIU_2021 is a national energy system model which focuses on China’s long-term low carbon transition roadmap for climate 
targets (J. Liu et al., 2021). The scenario results have been updated to reflect China’s carbon neutrality pathway in this report. 
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6.3 CHALLENGES AND OPPORTUNITIES

Industrial electrification is of  great significance to 

industrial development, economic growth, energy 

conservation, and emission reduction. Increasing 

industrial electrification will require planning, 

outlining technical potential, and garnering sup-

port from policy makers and utilities. Industrial 

electrification offers several co-benefits, including 

improvements to health and safety, as well as to 

economic growth, but updating structures and 

processes built around fossil fuel consumption 

will be challenging.

Challenges

It is difficult to adjust the production process 

adapting electricity substitution due to the high 

integration of  industrial equipment. Converting 

industrial equipment is not always as simple as 

swapping a coal-powered boiler for an electric 

one. A plant’s circuits and electricity service need 

to be upgraded to power an enhanced electricity 

load. The ease of  electric equipment integration 

varies across subsectors and manufacturing 

processes. Additionally, because upgrading to 

electrical equipment may require redesigning 

specific systems and manufacturing lines, the in-

vestment in related equipment upgrading is much 

more expensive than the one-time investment in 

purchasing equipment, as additional expenses 

will be incurred. Compared with the direct use 

of  combustion fuel, the economics of  electricity 

consumption is also a key factor for electrified 

equipment.

China’s large traditional industry capacity and 

high cost for replacement make electrification 

challenging. In China, existing production capacity 

is relatively new, with an average age of  around 

15 years in the steel sector compared with around 

35 years in the United States and over 40 years 

in much of  Europe (Tong et al., 2019; Q. Zhang et 

al., 2021). For most equipment, there are limit-

ed operation and maintenance costs throughout 

the lifecycle, leaving little incentive to upgrade 

equipment before the end of  useful life. Electricity 

equipment replacement before the end of  the use-

ful life leads to stranded assets. Blast furnaces are 

the main source of  energy demand and carbon 

emissions in China’s steel sector, comprising more 

than 0.8 billion tons of  capacity, and replacement 

with electric blast furnaces poses a large stranded 

asset risk (WSA, 2021a; Zhou et al., 2020).

Electricity costs relative to direct use of  combus-

tion fuels are a critical factor for uptake of  electric 

technologies. Electrification, if  electricity prices 

are high, could have an adverse effect on industri-

al production costs and product price competitive-

ness. This can have a wide impact across industri-

al production, without considering carbon prices. 

For example, high scrap price for short-process 

electric furnace steelmaking can lower cost com-

petitiveness for ground-source heat pumps com-

pared to traditional heating by coal/natural gas 

boilers.

While costs are a key consideration for electrifi-

cation of  some industries, other industries have 

limited electrification equipment options. Some 

industrial processes are not currently designed to 

use electricity, because of  the high temperature 

and high heat demand of  energy intensive in-

dustries. Electrified alternatives are not currently 

available for many applications, including high 

temperature processes such as cement manufac-

turing (Deason et al., 2018). Heating equipment 

used for drying, curing, calcination and melting 

is difficult to achieve the transformation from fuel 

to electricity. Some technologies are not mature 

enough to be widely used and are still in the stage 

of  commercial demonstration. Many industrial 

processes require high temperature electrification 

technology. Some technologies, such as electric 

boilers, hybrid boilers, and low temperature indus-

trial heat pumps, have been commercialized, but 

the costs are still prohibitively high. 



06ELECTRIFICATION ROADMAP FOR INDUSTRY 

SYNTHESIS REPORT 2020 ON CHINA’S CARBON NEUTRALITY: ELECTRIFICATION IN CHINA’S CARBON NEUTRALITY PATHWAYS    59

TABLE 6.1: SELECTED INDUSTRIAL ELECTRIFICATION TECHNOLOGIES (SOURCE: IEA, 2021A).

Technology Maturity Timeframe

Steel

Electric tunnel kiln for steel Demonstration Started 2018

Direct reduced iron steelmaking with high 
shares of hydrogen blending

Demonstration
Started in 2020; commitments from major steel manufacturers 
to invest in and scale up direct reduced iron steelmaking with 

hydrogen between 2020 and 2030  

Smelting reduction with hydrogen blending Demonstration Expected 2021

Blast furnace steelmaking with hydrogen 
blending

Concept Started 2021

Other hydrogen-related Concept Started 2019

Chemicals

Methanol synthesis Demonstration Complete

BTX aromatics from methanol Prototype Started 2013

Opportunities

Industrial electrification will require updating 

sector transformation and upgrading production 

processes and, potentially, even product structure. 

Some potential co-benefits from electrification 

include improved technical safety, manufacturing 

stability, and process optimization. According to 

the second national survey on pollution sources 

(MEE, 2020), industry contributed more than 75% 

of  sulfur dioxide and particulate matter emissions 

in 2017, which are mainly caused by fossil fuel 

combustion. Reducing coal consumption in indus-

try will likely increase the consumption of  electric 

boilers. Electrically powered industry processes 

do not rely on combustion of  fuels onsite, elimi-

nating emissions from the end-use sectors (Deason 

et al., 2018). With a decarbonized power sector, 

industrial electrification will greatly reduce pol-

lutant emissions in the whole production process 

and upstream manufacturing. Electrification could  

indirectly reduce SO2, NOx, PM, and CO2 emissions 

compared to current level in 2014 by 19–25%, 

4–28%, 20–29% and 11–12%, respectively, if  the 

proportion of  clean electricity in the power sector 

reaches 70% (Qian et al., 2021).

Although China is the largest manufacturing 

region, it’s not the leader in high value-added 

industries, such as high-tech industries. With the 

advancement of  electrification and expansion of  

China's domestic market, development of  high 

value-added industries will continue to increase, 

as noted as an important policy in “Made in China 

2025”. Electrification, along with demand for new 

technologies and new products, will create indus-

trial opportunities and new models for industrial 

processes. Overhauling existing processes and 

replacing infrastructure with electric alternatives 

also may offer the opportunity for increased effi-

ciency throughout processes. 
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6.4 KEY AREAS FOR INDUSTRIAL ELECTRIFICATION

Industrial Restructure and Upgrade

Electrification is the conversion process of  termi-

nal energy demand from fossil fuels to electricity, 

with a significant impact on the change of  indus-

trial structure. Raw materials and accessories re-

quired for electrification equipment are no longer 

obtained from traditional upstream industries. In-

dustries related to fossil energy and gas turbines 

are facing recession crisis, while battery, motor, 

and other related industries are facing rapid devel-

opment opportunities. Unlike the industrial chain 

of  fossil fuel processing, such industries as bat-

tery and motor are horizontally distributed in the 

industrial chain.

Updating industrial processes for electrification is 

an essential step. As processes are adjusted and 

electric technology substituted for fossil-depen-

dent infrastructure, developing strategic focuses 

within industry, particularly in high-value areas, 

as well as digital networks, will be key for creat-

ing efficient upgrades. Updating processing and 

manufacturing of  different industries will face 

development opportunities and challenges. These 

updates need scientific and technological support 

to help engender new technologies, models for 

development, and more strategic emerging in-

dustries. Electrified applications can be equipped 

with smart controls, offering an advantage over 

traditional automation technology that has been 

unable to meet the development needs of  modern 

industry. Electrification can reduce labor costs, 

operate power equipment more efficiently, and 

greatly improve the production quality of  indus-

trial enterprises. Electricity substitution usually 

offers digital control and improved manufacturing 

flexibility. Electrification and digitalization link 

more enterprises and technologies, which can 

provide an impetus for the industrial ecology and 

circular supply chain. Increasing material and 

energy efficiency can help to reduce emissions 

through retrofits and process redesign. Optimizing 

cement make-up can reduce emissions by 50% 

(Lovins, 2021). 

Production Process Adjustment and Electric Substitution Technology

According to the statistics of  World Steel Associa-

tion, the proportion of  short-process steelmaking 

in electric furnaces in China is only 10% (WSA, 

2021b). The global proportion of  electric furnace 

steel is about 28%; the average proportion of  

electric furnace steel in other countries outside 

China is close to 50%–65% in the United States, 

40% in the European Union, 30% in South Korea 

and about 25% in Japan (WSA, 2021a). In 2050, 

the proportion of  electric furnace steel in China 

will increase to 45%, and the proportion of  scrap 

in the total materials will rise from 25% in 2019 

to more than 50% (IEA, 2020b). The electrifi-

cation of  the steel industry will bring about the 

adjustment of  the overall production line.

Low, medium, and high temperature heat (<1000 

°C) technologies are available today (Roelofsen et 

al., 2020). These processes include food prepa-

ration, evaporation, distilling, and petrochemical 

reforming. Very high heat technologies, used for 

calcination of  limestone in cement production, 

are still in the research or pilot phase (Roelofsen 

et al., 2020). Lower temperature heat could be 

substituted with electric technologies in food and 

beverage, plastic, and rubber industries and some 

types of  glass production (Wei et al., 2019). 

Light industry has shifted from fossil fuel heating 

to industrial heat pumps and electric boilers re-

quired for medium and low temperature heating. 

Electrification potential of  light industry is close to 

100%, for production of  products, such as food, 

lime, pulp and paper (NBS, 2021). Light industry 

already meets its steam demand or temperature 

needs by electric boilers, electric furnaces, heat 

https://scholar.google.com.sg/scholar_url?url=https://dspace.library.uu.nl/bitstream/handle/1874/410544/1_s2.0_S0959652620355037_main.pdf%3Fsequence%3D1&hl=zh-CN&sa=X&ei=9l_jYsqWN4y6ywSC-pCQBg&scisig=AAGBfm0pqVN44K187q7h8KcPzBagEEAOZQ&oi=scholarr
https://scholar.google.com.sg/scholar_url?url=https://dspace.library.uu.nl/bitstream/handle/1874/410544/1_s2.0_S0959652620355037_main.pdf%3Fsequence%3D1&hl=zh-CN&sa=X&ei=9l_jYsqWN4y6ywSC-pCQBg&scisig=AAGBfm0pqVN44K187q7h8KcPzBagEEAOZQ&oi=scholarr
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pumps, and electric cold storage. Identifying and 

converting as many light industries as possible to 

become nearly 100% electrified in the near term 

is critical for meeting industry-wide electrification 

targets.

Advanced Industrial Electrification Technology

The emerging technology of  electric heating has 

high cost and needs to be improved in technical 

maturity. But it may have application potential 

in higher temperature fields or sterilization and 

curing needs, such as pulsed electric technology, 

ultrasound, ultraviolet electroslag, and plasma 

technology. The temperature required for the pro-

cessing and manufacturing of  building materials 

(e.g., cement, glass, and ceramic) is often about 

1,500°C. It is difficult but feasible to electrify high 

temperature furnaces, like flat glass furnaces 

(1,600°C); cement dry kilns (1,500°C); and brick 

kilns (1,200°C) (Deason et al., 2018; Roelofsen et 

al., 2020). Electric tunnel kiln is an industrial kiln 

with electricity as energy, which could be widely 

used in the roasting production of  building prod-

ucts. Purr et al. (2014) describes the transition 

away from fossil fuel to a combination of  electric 

furnaces and electrolysis production of  hydrogen. 

In the field of  building materials, developing elec-

tric heating furnaces for building materials, such 

as cement electric kilns, glass electric melting 

furnaces, and ceramic electric kilns, is needed for 

industrial process electrification.

Microwave heat technology for industrial produc-

tion can not only effectively improve the reaction 

conversion and selectivity, but also reflect many 

advantages, such as energy saving and environ-

mental protection. The processing of  aluminate 

cement by microwave technology not only meets 

the processing temperature (1,000°C–1,300°C), 

but also greatly speeds up the sintering reaction 

of  the clinker. RD&D projects on microwave heat 

technology could be highly valuable to expand the 

application of  microwave heating in the industries 

with drying, evaporation, melting, reacting, pro-

cessing, and sterilization needs.

Indirect electrification pathways enable electricity 

to replace fossil fuel demand in industry, through 

hydrogen electrolysis production. Taking the iron 

and steel industry as an example, hydrogen ener-

gy can be applied to hydrogen-based DRI (Direct 

Reduced Iron). This technology is theoretically 

zero-carbon with the realization of  zero-carbon 

electricity in the future. Since the technology is 

not mature enough before 2030, hydrogen and 

coke can be mixed and added to the traditional 

DRI-EAF (Electric Arc Furnace) and BF-BOF (Blast 

Furnace-Basic Oxygen Furnace) as a transition 

choice (IEA, 2020b).
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BOX 6.1: ELECTRIFYING PROCESS HEATING SYSTEMS IN CHINESE INDUSTRIES

What are process heating systems?

Process heating systems supply heat to materials for 
manufacturing purposes in furnaces, melters, heaters, kilns, 
ovens, lehrs, calciners, and other heating systems. These 
systems include a variety of heating processes, such as steam 
generation, fluid heating, calcining, drying, heat treating, metal 
treating, metal and non-metal melting, smelting, agglomeration, 
curing, and forming. Process heating temperatures can range 
from as low as 100°C to as high as 1,600°C. Process heating 
systems use many different types of energy sources to 
generate heat, such as fuels (e.g., coal, natural gas, biomass), 
electricity, steam, hot water, liquids (e.g., fuel oils), and others. 
Globally, process heating energy use accounts for about 
one third of all industrial energy use, about 80% of which is 
generated by fossil fuels (BloombergNEF & WBCSD, 2021).

Electrification of process heating systems

As the cost of renewable technologies continues to decline, 
and the power sector decarbonizes, electrification is an 
increasingly promising low-carbon option for industry. While 
decarbonizing high-temperature manufacturing processes 
will be challenging, increasing the rate of electrification using 
zero-carbon electricity is an important near-term strategy 
to decarbonize lower temperature industrial processes. In 

addition to reducing emissions of greenhouse gases and key 
air pollutants, the use of zero-carbon electricity has other 
non-energy benefits, such as increased productivity, improved 
product quality, enhanced operational and worker safety, 
increased manufacturing flexibility, reduced waste production, 
and reduced cost of environmental compliance (Rightor et al., 
2020).

Key technologies to electrify process heating systems

A number of commercially available or emerging 
electrotechnologies are presented in Table B6.1. Electric 
boilers, hybrid boilers, and low temperature industrial 
heat pumps are already commercially available and can be 
adopted in many industries that have steam demand. Higher-
temperature industrial heat pumps are also emerging to 
further electrify process heat. Other commercially available 
electrotechnologies, such as infrared heating, induction 
heating, and resistance heating, can be used in industries with 
metal or chemical processing needs or processes with lower 
temperature demand (e.g., drying and evaporation). There are 
also many other emerging electrotechnologies with potential 
applications in industries, such as primary metals, food, 
textiles, automotive manufacturing, and machinery.

TABLE B6.1: SELECTED ELECTROTECHNOLOGIES FOR PROCESS HEATING SYSTEMS 

(Source: Deason et al., 2018; EECA, 2019; Jadun et al., 2017; Rightor et al., 2020).

Technology Maturity Cost Industry applications

Electric boiler Commercial Low-Medium Many industries, with steam demand

Hybrid boiler Commercial Medium Many industries, with steam demand

Heat pump
<100°C: commercial
100–150°C: emerging

>150°C: R&D

Low
Medium

High
Many industries with corresponding temperature needs

Infrared drying Commercial Low-Medium
Industries with drying, evaporation, melting, reacting, 

processing, mold forming needs

Resistance heating Commercial Low-Medium
Industries with metal, plastics, chemical processing 

needs

Extrusion 
porosification

Commercial Low-Medium Industries with melting, reacting, and processing needs
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Technology Maturity Cost Industry applications

Induction heating Commercial High Industries with melting, reacting, and processing needs

Friction heating Commercial High Industries with melting, reacting, and processing needs

Ohmic drying Emerging Medium
Industries with drying, evaporation, melting, reacting, 

processing, heat treating needs

Microwave, 
radiofrequency

Emerging High
Industries with drying, evaporation, melting, reacting, 

processing, and sterilization needs

Pulsed electric 
field

Emerging High
Industries with sterilization, melting, reacting, and 

processing needs

Ultrasound Emerging High Industries with enhanced drying, sterilization needs

Pulsed light Emerging High Industries with sterilization needs

Ultraviolet Emerging High Industries with sterilization and curing needs

Electroslag, 
vacuum, plasma

Emerging High Industries with higher temperature needs

Current electrification potential in process heating sys-
tems in China  

The top five energy-intensive subsectors in China’s industry 
sector – iron and steel, chemicals, non-metallic minerals, 
petroleum refining and coking, and non-ferrous metals, which 
represent 83% of total manufacturing final energy use in 
China – are the largest users of process heating systems. 
Lu et al. (2022) analyzed these top-five energy-intensive 
subsectors and found that process heating systems accounted 
for 24% to 84% of final energy demand in these industries. 
Specifically, process heating systems accounted for 84%, 
79%, 78%, 54%, and 24% of the final energy demand in 
China’s cement, iron and steel, petroleum refining, chemicals, 
and aluminum industries, respectively.

The electrification rate in China’s heavy industry has been 
very low and was flat from 2000 to 2017 (NBS, various years). 
When including electricity used for both process heating 
systems and non-process heating systems (e.g., machine drive 
systems, process cooling and refrigeration, electro-chemical 
systems, facility HVAC, and facility lighting), electricity 
represented only 7% of total final energy use in the petroleum 
refining and coking industry; 10% in ferrous metals; 15% 
in non-metallic minerals subsector; and 16% in chemicals. 
Electricity penetration is higher in the non-ferrous metals 
subsector, reaching 66% (Lu et al., 2022).

By adopting today’s commercially available 
electrotechnologies, such as electric boilers, hybrid 

boilers, industrial heat pumps, resistance heating, and 
induction heating, a portion of the current process heating 
energy demand can be electrified. This could be done 
either through electrifying steam production or replacing 
direct fossil fuel combustion with electrotechnologies.  By 
combining electrification of steam and low temperature heat 
electrification, the average electrification penetration rate in 
process heating systems can be increased from 3.5% to 24% 
in these five energy-intensive industries (Lu et al., 2022).

Barriers to electrification and policy support

Increasing electrification faces a number of barriers. These 
include current low penetration of electricity in many of 
the key industries; higher electricity costs than fossil fuels; 
requirement for extremely reliable and constant energy 
supply; industry’s aversion to any process disruption; long 
lifetime of industrial equipment; lack of credible information 
on electrotechnologies; complications and difficulties 
for integration of electrotechnologies in the existing 
production processes; lack of access to commercialized 
electrotechnologies; industry’s preference for technologies or 
measures that have very short payback times; perceived and/
or real high upfront costs; and financing challenges.

To pursue the decarbonization potential and non-energy 
benefits of using low-carbon electricity in industry, a number 
of policy tools and instruments could be considered (Shen et 
al., 2017), such as:
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	► Develop technology catalogs and guidebooks on 
electrotechnologies;

	► Strengthen standardization and associated testing 
protocols on electrotechnologies;

	► Provide incentives to encourage increased use of 
renewable electricity;

	► Promote electrotechnologies in industry clusters that 
have access to low-carbon, low-cost electricity;

	► Offer attractive green financing mechanisms to 
industries for low-carbon electrification, such as 

transition from supplying equipment to supplying steam 
or heat services;  

	► Accelerate R&D on emerging electrotechnologies;
	► Develop public-private partnerships to pilot deployment 

programs to showcase innovative electrotechnologies;
	► Strengthen regulatory enforcement and expand ultra-low 

emissions standards to process heating systems;
	► Enhance technical support and capacity-building in 

process heating systems and electrification technologies 
for industry.

@ Energy Foundation
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6.5 KEY POLICY APPROACHES

Challenges and opportunities coexist in industrial 

electrification. To achieve an ambitious carbon 

target, China's industrial electrification not only 

needs to achieve technological breakthroughs and 

incentives in technology, but also needs efforts 

from product innovation, industrial models, and 

platforms for demonstrating and training on new 

technologies.

Electrification is technologically feasible in many 

subsectors, but it faces implementation challeng-

es. Comprehensive policies and incentives that will 

help overcome these barriers may be required. In 

moving forward to deeper electrification, a top-lev-

el framework design about cross-sectoral integra-

tion is necessary to strengthen policy coordination 

and cooperation. This policy framework needs to 

involve industrial policy, energy policy, environ-

mental policy, carbon market policy, and financial 

support.

Current policy support for industrial electrification 

in China is quite limited. Existing industrial pol-

icies don’t offer electrification support systems, 

mechanisms, policies, and technical standards. 

Electrification needs more advanced services, 

advanced manufacturing, and high value-added 

products. New demands brought by electrification 

are driven by related technological innovation and 

industrial upgrading policies. Updating manufac-

turing upgrade policies will help industries with ex-

isting electric replacements swap their infrastruc-

ture to electric alternatives. Significant progress 

on electric technologies will be required, including 

direct electrification processes and indirect indus-

try electrification through electrolytic production 

of  hydrogen. Process development and redesign 

will be necessary in a wide variety of  applications 

and industries. Research and development are 

necessary for both direct and indirect electrifica-

tion to determine the best path forward in various 

industries and infrastructure needs. Equipment 

efficiency standards are set separately for electric 

and fueled devices. Adoption of  one fuel efficien-

cy standard may reduce the gap between electric 

and fossil-fueled devices deployment. Addition-

ally, the latest double control policies, which are 

policies that target both energy consumption and 

intensity, mention that new renewable energy use 

is not included in the total energy consumption 

threshold. This means that industries can con-

sume renewable energy beyond their traditional 

energy consumption limits through the adoption 

of  electrification technologies. Additionally, devel-

oping green public and/or corporate procurement 

programs to increase demand on "low-carbon 

products” could help increase public demand for 

goods manufactured using electricity instead of  

fossil-fuel combustion, through public infrastruc-

ture projects, and development of  certification 

standards to enhance transparency. 

Electricity price is a key factor in stimulating 

industrial enterprises to carry out electrification 

substitution. Demand-response programs and 

electricity market design are essential. For exam-

ple, time-varying pricing may encourage enterpris-

es to avoid the peak period of  power consumption, 

saving electricity charges to reduce production 

costs. Industrial subsectors that can be electri-

fied with higher carbon reduction benefits do not 

have lower tariffs. Differential tariffs should be set 

based on consideration of  comprehensive ben-

efits. At present, high-energy and high-emission 

projects, such as electrolytic aluminum, no longer 

enjoy preferential tariffs. Industry electrification 

may work in combination with other policies and 

technologies, such as electricity price, product 

redesign and product recycling, innovation in ba-

sic material formulations, biomass-fuel utilization 

or bioenergy, and greater utilization of  renewable 

energy for process heating. 

Financial institutions are encouraged to expand 

green credit for electrification projects and rea-

sonably reduce the cost of  renovation. Electrifica-

tion projects need to be given financial support, 

for example, encouraging eligible enterprises to 

issue medium- and long-term green bonds, and 

supporting enterprises to go public for financing 

and refinancing. Meanwhile，it is necessary for 

financial institutions to develop financial products 
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for electrification transformation and technology 

promotion of  key industries, such as iron and 

steel, petrochemical, and building materials. 

Financial product innovation could provide more 

transformation funds for these industries.

Including all industrial sectors in the carbon 

market is very important for promoting industrial 

electrification and low-carbon transition. China 

officially launched a national carbon trading mar-

ket in 2021, but it only covers the thermal power 

industry. Several industrial subsectors, such as 

petrochemical, chemical, steel, and non-fer-

rous metals are actively promoting the relevant 

preparations for inclusion in the national carbon 

market. The diversity and complexity of  industri-

al subsectors make it more difficult for them to 

participate in the carbon market, so the availabil-

ity and reliability standards of  industrial carbon 

emission data will become the first standards to 

be formulated. Carbon price and trading policies 

need to be further designed to accommodate 

industry participation.

TABLE 6.2: SUMMARY OF ACTIONS FOR ELECTRIFICATION IN THE INDUSTRIAL SECTOR.

Near-term Actions Long-term Strategies

	► Transition to industrial heat pumps and 
electric boilers for low and medium 
temperature heating needs in light 
industries.

	► Deploy demand response programs and 
electricity market design, time-varying 
pricing, and other digital tools.

	► Develop an industry electrification 
technology standard.

	► Offer targeted transition finance products.

	► Expand hydrogen use as a reduction agent in the steel industry and as a feedstock 
for ammonia and methanol production in the chemical industry for indirect 
electrification.

	► Increase production of steel from scrap in electric arc furnaces.
	► Develop industrial electric boilers, electric heating furnaces, electric metallurgical 

furnaces, and industrial heat pumps.
	► Promote and research advanced industrial electrification technology, including:

	► Induction or microwave heat technology for cement clinker production;
	► Direct reduced iron technology based on green hydrogen;
	► Infrared and ultraviolet heating technology for process heating: electronic 

heating technology, induction melting.
	► Establish transition finance mechanism, taking into account the demand for 

electrification funds and the function of risk management.
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China has the largest steel production in the world – 1053 
million tons in 2020, accounting for 56.49% of the global 
production (WSA, 2021a). The layout of China's steel industry 
shows more production in northern and eastern China. In 
2020, the crude steel production of Hebei, Jiangsu, Liaoning, 
Shandong, and Shanxi provinces totaled 593 million tons, 
accounting for 56% of the country's total (NBS, 2021) (Figure 
B6.2). In 2019, Guangdong's steel output was only 33.82 
million tons. This imbalance in production location means a 
large amount of steel needs to be transported over a long 
distance, from the north to the south, and/or imported from 
abroad. Steel is a resource-based industry, and China's iron 

and steel industry has been located near iron ore, resulting 
in scattered steel production that is also far away from the 
market. In 2020, the industry concentration of the top 10 steel 
enterprises (CR10) was only 39% (WSA, 2021b). Compared 
with other countries with high steel production, industry 
concentration of steel of the top three steel enterprises (CR3) 
in the United States, India, and Japan reached 59%, 58%, and 
86% in 2020 (WSA, 2021b). With the further promotion of joint 
restructuring, China’s steel industry concentration (CR10) will 
become more than 60% by the end of the 14th FYP (MIIT, 2020), 
meaning steel may need to be transported over an even longer 
distance than today.

FIGURE B6.2: CRUDE STEEL PRODUCTION IN TOP 5 PROVINCES (SOURCE: NBS, 2021).
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The Ministry of Industry and Information Technology clearly 
puts forward that by 2025, the proportion of short process 
steel production in the total production of crude steel will be 
increased to more than 15%, with a possibility of reaching 
20% (MIIT, 2020). This is a challenge for China's steel industry, 
because of the high cost of recycling and transporting scrap 
steel. Developing electric arc furnaces (EAFs) short process 
steel making based on scrap is not only an important way 
to achieve low emissions in China's iron and steel industry, 
but also an important part of the electrification process. 

There is a large amount of scrap and great potential for 
its use. According to the China Association of Metal Scrap 
Utilization, the total scrap steel was 240 million tons in 
2019, an increase of more than 20 million tons compared 
with 2018 (Ren, 2020). Switching to the electrified steel-
making furnace is also a major industry trend. Relocating 
steel enterprises and re-designing with all materials and 
processes in the supply-chain in consideration, including scrap 
recycling, transportation, production and supply, can help to 
reduce emissions. Many short process steel enterprises have 

BOX 6.2: INDUSTRIAL ELECTRIFICATION IMPACT ON REGIONAL DISTRIBUTION OF STEEL CAPACITY: THE UNBALANCED 
PRODUCTIVITY OF IRON AND STEEL INDUSTRY IN CHINA
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emerged in Guangdong, Guangxi, and Sichuan. Guangdong 
is an area with a developed urbanization process. Urban 
construction and renewal lead to rich local scrap resources. 
Southwest China has the advantages of regional electricity 
price and relatively convenient transportation. Developing 
short process steelmaking could produce construction steel to 
meet regional consumption characteristics. China Baowu has 
a production capacity of more than 100 million tons, ranking 
among the world's largest steel producers. Baowu has carried 
out industrial layout in Guangdong since 2020, developing 
short process steelmaking to handle scrap resources and 

meet regional steel demand. As the largest short process 
steelmaking group in China, Sichuan Metallurgical Control 
Group will reach 10.49 million tons of electric furnace steel 
and an annual output value of more than 100 billion yuan ($14.8 
billion) by the end of 2021 (Sichuan Metallurgical Group, 2021). 
Redesigning the steel production supply chain can not only 
help to reduce direct emissions and increase electrification in 
the steelmaking process, but also reduce indirect emissions 
from transportation and help develop a circular economy for 
local, scrap resources in urban areas.

@ Energy Foundation



07ELECTRIFICATION ROADMAP FOR TRANSPORTATION 

SYNTHESIS REPORT 2020 ON CHINA’S CARBON NEUTRALITY: ELECTRIFICATION IN CHINA’S CARBON NEUTRALITY PATHWAYS    69

07 ELECTRIFICATION 
ROADMAP FOR 
TRANSPORTATION

@ Energy Foundation



ELECTRIFICATION ROADMAP FOR TRANSPORTATION  07

70    SYNTHESIS REPORT 2020 ON CHINA’S CARBON NEUTRALITY: ELECTRIFICATION IN CHINA’S CARBON NEUTRALITY PATHWAYS

7.1 CURRENT STATUS

16　 NEVs include battery electric, plug-in electric, and hydrogen fuel cell vehicles. 
17　 In April 2020, the Chinese government announced that subsidies for purchasing NEVs will be extended through the end of  2022. 
Between 2020 and 2022, NEV subsidies will be gradually reduced by 10%, 20%, and 30% from the previous year. Overall NEV subsidies 
in 2022 will be reduced by 30% from the 2021 level. Subsidies for specialty vehicles (e.g., city buses, city logistics delivery vehicles, 
post delivery vehicles, city sanitation vehicles) in 2022 will be reduced by 20% from the 2021 level (MOF, 2021). Subsidies will end 
December 31, 2022.

Of  the different modes of  transportation that 

include road, rail, aviation, and shipping, most 

of  China's efforts to electrify have focused on the 

road sector, driven by expected growth in vehi-

cles. China’s passenger and freight vehicle stock 

increased significantly over the past two decades, 

growing from 20 million units in 2002 to more 

than 395 million units by 2021 (Xinhuanet, 2022). 

Passenger vehicles grew the most, increasing 18% 

per year on average, while freight vehicles grew 8% 

annually. In addition, the average vehicle lifetime 

is about 13 years for passenger vehicles (J. Zheng 

et al., 2019) and 10 years for freight vehicles 

(Moultak et al., 2017). The exponential increase 

in vehicle stock and the long lifetime of  vehicles 

put significant environmental and energy security 

pressure on China. It is critical to identify path-

ways to mitigate these issues.     

China takes the leading position in both consump-

tion and manufacturing of  New Energy Vehicle16 

(NEV), through broad policy support that includes 

financial incentives, municipal fleet electrification 

targets, non-financial incentives such as preferen-

tial licensing, and public and private investment in 

technology and infrastructure development. From 

2011 to 2021, China’s sales of  NEVs increased 

more than 560 times, from 6,189 units sold in 

2011 to about 3.52 million units in 2021 (MIIT, 

2022). The market share of  China’s NEVs reached 

13.4% in 2021, exceeding the global average of  

8.57% (Paoli & Gül, 2022).  Of  the 3.52 million 

NEVs sold in China, more than 2.9 million NEVs 

were battery electric vehicles (BEVs), representing 

83% of  the NEVs sales in China. Other types of  

NEV vehicles include plug-in hybrid and fuel cell 

vehicles, selling 605,000 units in China in 2021 

(MIIT, 2022). Globally, China alone accounted 

for more than half  of  global NEV sales (Paoli & 

Gül, 2022). Due to a number of  factors, such 

as COVID-19 impacts, weaker economic growth, 

higher costs, and expected decline in subsidies17, 

the market share of  NEVs in total truck sales 

decreased in recent years, dropping from 2.3% in 

2018 to 0.9% in 2020. Total NEV trucks sold de-

creased from more than 85,000 in 2018 to a little 

more than 42,000 units in 2020, but increased 

to 47,534 units in 2021 (CAAM, 2021; OFweek, 

2021).

By 2021, China’s total NEV stock reached 7.84 

million units (Xinhuanet, 2022). The share of  

NEVs in total vehicle stock has increased from 

0.7% in 2017 to 2.6% in 2020. The vast majority 

of  the NEV stock are BEVs, accounting for about 

82% of  all NEVs by 2021(Xinhuanet, 2022).

In terms of  NEV infrastructure development, Chi-

na represented 60% of  installed public charging 

stations globally while the United States only 

represented 6%  (McKerracher, 2021). As of  

2021, China had a total of  2.617 million charging 

stations, including 1.147 million public charging 

stations and 1.47 million private charging sta-

tions. Compared to the 2015 level, China’s public 

and private charging stations have grown almost 

20 and 184 times, respectively. 

Transportation electrification in China has in-

creased quite rapidly since 2000, and today is 

double, and almost quadruple, the electrification 

rates in Japan and the U.S., respectively (Figure 

2). China has positioned itself  as a leader in the 

electrification of  transportation space, outpac-

ing other countries, but continuing electrification 

expansion and targeting hard-to-abate sectors will 

be critical for climate change mitigation. 
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FIGURE 7.1: HISTORICAL TREND OF SHARE OF ELECTRIFICATION IN THE TRANSPORTATION SECTOR OF CHINA, JAPAN, AND THE U.S.

(Source: IEA, 2021d). Transportation includes all modes of mobile transport except for military fuel use. Electrification is defined as the share of total final energy supplied by 
electricity.

18　 This range excludes one model, IPAC-AIM/Technology, that forecasts rapid oil phaseout of  vehicles, and has only 0.3% of  total 
final energy from transportation coming from oil in 2050.
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7.2 ROLE OF TRANSPORTATION ELECTRIFICATION 
IN CARBON NEUTRALITY

In addition to improvements in energy efficiency, 

electricity and other low-carbon fuels can help 

significantly decarbonize transport in the coming 

years. But, according to our modeling results, 

hard-to-decarbonize segments of  aviation, ship-

ping and heavy-duty freight continue to largely 

rely on different forms of  oil products and natural 

gas, which still accounts for 14%–31%18 of  trans-

port energy consumption by 2050 in almost all 

models. Modeling assumptions about decarbon-

ization across modes of  transit vary. One model, 

IPAC-AIM, found complete decarbonization of  

transport possible by 2050, as the hard-to-de-

carbonize segments are assumed to rely fully on 

a combination of  electricity, hydrogen, biofuels, 

and methanol, and ammonia for shipping. Limited 

low-carbon options, combined with growing de-

mand for mobility and transport energy services, 

present a challenge for emission reductions in 

freight transport across other models. 

Most segments of  passenger road transport can 

be rapidly and nearly fully electrified, as demon-

strated by the relatively high shares of  42%–70% 
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of  electricity and 0–23% of  hydrogen for overall 

passenger transport by 2050 (see Figure 7.2, 7.4, 

7.5), but there is still aviation transport that is 

more difficult to electrify. The rapid rise in total 

sales and NEV market share in recent years and 

growing number of  NEV models on the market 

for different vehicle classes, suggest light-duty 

and medium-duty passenger vehicles, including 

cars and buses, can be fully electrified relatively 

quickly. Heavy-duty passenger vehicles, such as 

larger, long-distance buses, may take longer to 

fully electrify, but China is already emerging as 

a leader and dominant player in global fuel cell 

bus production. However, the wide range in future 

electrification rates between different models and 

scenarios shown in Figure 7.4 highlight remaining 

uncertainties in the outlook for scaling up elec-

tric vehicle technologies across multiple classes 

of  passenger vehicles, as well as uncertainty on 

alternative fuels such as biofuels.

Light- and medium-duty trucks are expected to 

19　 This range excludes one model, IPAC-AIM/Technology, that forecasts rapid oil phaseout of  vehicles, and has 94% of  total final 
energy from transportation coming from electricity and hydrogen in 2050.

be electrified rapidly with existing technologies 

and growing demand from intracity and logistics 

uses, while the electrification of  heavy-duty trucks 

(HDTs) will depend on a mix of  factors. These 

include the pace of  NEV technological develop-

ment, especially for hydrogen fuel cell technolo-

gies that can provide longer ranges; technologies 

for specific heavy-duty utility trucks; and declining 

battery costs. The slower and more uncertain 

expectations for electrifying freight are reflected 

in the overall lower rates and also in the wider 

range, of  19–30% in electricity share and 17–66% 

in hydrogen share for freight energy consumption, 

compared to passenger transport, by 2050 (see 

Figures 7.3, 7.4, 7.5). The wide range expected 

shares of  both electricity and hydrogen reflects 

uncertainty in future technological development 

and deployment. However, the proportion of  final 

energy in transportation that can be met by ei-

ther hydrogen or electricity is fairly similar across 

most models (38–55% in 205019). 

FIGURE 7.2: PASSENGER TRANSPORTATION FINAL ENERGY CONSUMPTION IN THE UPDATED NDC TO CARBON NEUTRALITY  SCENAR-
IO: (A) TOTAL FINAL ENERGY, (B) FINAL ENERGY BY FUEL.

Results shown include all modes of passenger transportation: road, rail, and aviation. “Liquids” includes oil and biomass to liquid fuels. One model includes coal fuels. 
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FIGURE 7.3: FREIGHT TRANSPORTATION FINAL ENERGY CONSUMPTION IN THE UPDATED NDC TO CARBON NEUTRALITY SCENARIO: (A) 
TOTAL FINAL ENERGY, (B) FINAL ENERGY BY FUEL.

Results shown include all modes of freight transportation: road, rail, and aviation. “Liquids” includes oil and biomass to liquid fuels. One model includes coal fuels. 
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FIGURE 7.4: ELECTRIFICATION IN THE TRANSPORTATION SECTOR IN THE UPDATED NDC TO CARBON NEUTRALITY  SCENARIO: (A) 
ELECTRICITY DEMAND. (B) ELECTRIFICATION RATE. 

Results shown include all modes of transportation: road, rail and aviation. 
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FIGURE 7.5: FUEL SHARES IN TRANSPORTATION SECTOR IN THE UPDATED NDC TO CARBON NEUTRALITY  SCENARIO.

Results shown include all modes of transportation: road, rail and aviation. “Liquids” includes oil and biomass to liquid fuels.
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7.3 CHALLENGES AND OPPORTUNITIES

Challenges

The successful growth of  NEV passenger vehicles 

and public charging infrastructure under existing 

policy support indicates that electrification will 

be less challenging for the passenger road sec-

tor. In particular, commercial and municipal fleet 

vehicles, such as taxis and buses, have electrified 

quickly in some cities with policy support. How-

ever, continued development of  private charging 

infrastructure beyond just public chargers will be 

needed to support the quickly rising number of  

NEVs, particularly for private cars. The market’s 

ability to sustain continued and rapid growth in 

private NEV vehicles sales after subsidies end will 

also determine the pace of  passenger road trans-

port electrification. 

For freight, there are multiple technical, econom-

ic, and institutional challenges to fully electrifying 

road transport, particularly for the heavy-duty 

trucking segment. Although multiple battery 

electric HDT models are slated for commercial 

deployment with pilot production of  fuel-cell HDTs 

expected in 2022, there is still no wide-scale 

production or deployment. The physical require-

ments for HDTs are much more challenging to 

electrify, including heavier weight, longer travel 

distances and operating times that require longer 

range and batteries with greater densities able to 

withstand more discharge cycles. Battery electric 

HDTs will also need fast chargers or face longer 

charging times for sufficient range. For hydrogen 

fuel-cell HDTs that could provide longer ranges, 

there are additional safety challenges for hydrogen 

transmission and distribution networks and need 

for large-scale “green hydrogen” production to 

support full decarbonization. From an economic 

perspective, while rapidly declining battery costs 

suggest electric HDTs could achieve cost parity 

with conventional diesel HDTs between 2025 and 

2030 through fuel savings, hydrogen fuel-cell 
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HDTs face much higher capital, fuel, and infra-

structure costs, and a steeper learning curve that 

will delay cost parity until after 2030 (Mao et al., 

2021). The current decentralized ownership and 

business model for heavy-duty freight and reli-

ance on financing for new vehicle purchases also 

pose institutional challenges to electrification. In 

addition, competing demand for batteries for grid 

storage and limited raw material supply chains for 

batteries may increase future cost uncertainties 

and pose bottlenecks to full road transport electri-

fication.  

Infrastructure development for both battery elec-

tric vehicle charging and hydrogen transmission, 

distribution, and refueling is another area of  

challenge. To date, most of  the electric charging 

infrastructure are public slow chargers intended 

for passenger vehicles, with about one-third as 

fast chargers and even fewer “megachargers” of  

greater than 1 megawatt capable of  meeting HDT 

charging needs (IEA, 2021c). The current charging 

infrastructure also faces problems with: subopti-

mal distribution of  charging stations, mismatch 

between demand and supply of  electricity for 

charging, low utilization rates, compatibility is-

sues among charging stations, parking difficulties, 

and long charging times (McLane & Liu, 2020). 

This suggests that operation and maintenance of  

existing charging piles will remain a challenge, as 

well as less certain business models for private 

charging infrastructure. Rapid road transport 

electrification will require an extensive network de-

veloped through coordination between public and 

private sectors, passenger and freight charging 

networks, and fast versus slow chargers. Develop-

ment of  next-generation charging infrastructure 

that can effectively integrate with the power grid 

and other land-use considerations (e.g. parking 

management) is also a challenge.   

For air transport, where rapid demand growth is 

expected, electrification is technologically chal-

lenging, as there are very limited prototypes for 

electric aircrafts. Electrifying an aircraft with 600 

miles range is currently very challenging, as it 

would require 4–5 times the specific energy of  

the current state-of-art battery technology (Gray 

et al., 2021). For hard-to-decarbonize modes of  

transport, bio-blend jet fuels, such as in the form 

of  biojet, is a possible near-term “drop-in” al-

ternative that does not require redesign and can 

replace existing technology without significant 

changes to plane engine or structure. But China 

faces limited overall bioenergy resources. Transi-

tion to synthetic fuels, such as combining hydro-

gen with captured CO2, will be more difficult in the 

near term due to the long approval time needed 

for testing and certification of  international jet 

standards (e.g. ASTM D7566) and high cost of  

synthetic fuels (Scheelhaase et al., 2019). Simi-

larly, for shipping, blend walls limit the amount of  

biodiesel that can be used to substitute fuel oil. 

Alternative fuels, such as hydrogen fuel cells, can 

reduce cargo-carrying capacity and face refueling 

challenges, as hydrogen infrastructure at ports 

can be limited. Ammonia fuel cells are another 

option, but they have lower production efficiency 

than hydrogen (Gray et al., 2021).

Opportunities

Rapid subnational electrification of  municipal 

fleets, as shown by Shenzhen’s success in ful-

ly electrifying its taxi and bus fleets within four 

years, demonstrate significant opportunity for 

electrifying passenger road transport. Along with 

the largest number of  EV models offered for differ-

ent light-duty vehicle classes in the world, China 

has also seen the average BEV car price drop by 

3% in 2020, with price parity with internal com-

bustion vehicles expected by 2025 (IEA, 2021c). 

China is also the global leader in fuel cell buses 

production, with over 100 models of  electric bus-

es available (IEA, 2021c). 

Electrification can also offer the opportunity 

for improved air quality. Local policies focused 

on reducing air pollution have helped increase 

the adoption of  electric buses. For example, the 

ten designated cities and provinces for key air 

pollution controls in China accounted for half  

of  the country’s NEV buses. In these cities and 

provinces, NEV buses accounted for more than 

70% of  the market share of  buses, versus much 

lower shares in other regions. The faster growth 

in electrifying the municipal bus fleet was sup-
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ported through local policies, such as additional 

financial incentives, charging infrastructure de-

velopment, and local targets for NEV shares for 

buses (CATARC, 2020). Similarly, national policies 

are also helping increase the market adoption of  

NEV trucks and setting NEV car targets of  50% by 

2030 in key areas of  air pollution control, such as 

the Beijing-Tianjin-Hebei area (MEE, 2022a). 

Continued electrification of  light-duty trucking is 

expected, with existing commercialized technolo-

gies for light-duty trucks and favorable economics 

expected for battery electric models. China has 

some models of  medium-duty trucks on the mar-

ket, but fewer models of  HDTs, when compared 

to the U.S. and Europe (IEA, 2021c). However, key 

Chinese manufacturers, such as BYD and Geely, 

are introducing battery electric models of  medi-

um-duty and heavy-duty trucks, including drayage 

and regional haul trucks, and a semi-truck, to 

target both the Chinese and international markets 

(Kharpal, 2021). Growing policy support, includ-

ing the introduction of  new local subsidies for fuel 

cell vehicles, is also increasing the production ca-

pacity of  China’s hydrogen fuel cell vehicle man-

ufacturers, including for Sky-well, Foshan Feichi, 

and Dayun truck manufacturers (FuelCellsWorks, 

2022).      

China is the global leader in the installation of  

publicly accessible chargers, with slow and fast 

charge installations increasing by 65% and 44% in 

2020 relative to 2019  (IEA, 2021c). The success-

ful growth in public chargers has reduced costs, 

with average charging prices dropping to 1–1.8 

yuan/kWh ($0.15–$0.27/kWh) in 2020 (McLane 

& Liu, 2021), providing affordability to urban NEV 

owners. 

7.4 KEY AREAS FOR TRANSPORTATION 
ELECTRIFICATION

Electric Vehicle Manufacturing and Sales

There is growing support for passenger road elec-

trification from both the vehicle manufacturing 

industry and subnational governments. Leading 

Chinese manufacturers are recognizing and tap-

ping into the potential for domestic growth in the 

electric light-duty passenger vehicle market as 

well as opportunities to export to foreign markets. 

Major manufacturers, including Changan Automo-

bile Group, Dongfeng Motor Co., and Volvo (Geely 

Group), have announced goals to increase the 

number of  models sold or electric market share 

of  total sales, while BYD has found success in 

export markets (IEA, 2021c).  

With e-commerce as a key business driver, the 

private sector is also helping to drive light-duty 

road freight electrification with recent announce-

ments by major Chinese retailers including JD, SF 

Express, and Suning, to use NEVs for their deliv-

ery and logistics fleets  (IEA, 2021c). At the same 

time, cities are driving public bus fleet electrifica-

tion efforts, with over 15 cities announcing elec-

trification targets for urban bus fleet from 2019 

to 2025 (IEA, 2021c), and major cities, such as 

Shanghai and Shenzhen, outpacing their initial 

municipal electrification goals.

In electrifying heavy-duty road freight, NEV HDT 

sales are growing relatively slowly in China, but 

there is growing interest and activity amongst do-

mestic manufacturers. China’s NEV HDT sales are 

dominated by a few leading domestic manufac-

turers, such as Dongfeng Motor, SINOMACH and 

Geely, but ranges and commercialization are still 

limited for specific subtypes (Mao & Rodríguez, 

2021). For straight HDTs, Youngman Auto has 

emerged as a key player for hydrogen fuel cells, 

so there is market development. For battery elec-

tric and fuel cell heavy-duty utility vehicles, there 

is also strong competition among multiple man-

ufacturers (Mao & Rodríguez, 2021), suggesting 

opportunity for growth.
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Charging Station Deployment

For charging infrastructure, China has started 

anticipating the need for providing fast, high-pow-

ered chargers for HDT electrification, with the 

China Electricity Council working jointly with the 

CHAdeMO Association for fast, DC charging to 

develop ultra-high power charging standards for 

up to 900 kW and 1.8 MW megachargers  (IEA, 

2021c). Optimizing charging siting and user-fo-

cused charging infrastructure development can 

also help address very different charging de-

mand patterns, such as between fast versus slow 

charging, charging proximity to home base, and 

time of  charging, for individual segments within 

the broader EV market (McLane & Liu, 2020). 

Chinese manufacturers, such as Nio and Geely, 

have also developed business models for battery 

swapping. A national standard for battery swap-

ping has been approved, which could also help 

address range constraints for heavy-duty vehicles.

The existing electric vehicle charging stations are 

relatively concentrated in Beijing, Tianjin, Hebei, 

Shandong, Yangtze River Delta, and Pearl River 

Delta (China Automotive Research Center, 2021).

7.5 KEY POLICY APPROACHES

Based on international and China’s own experi-

ences, there are multiple policy options for accel-

erating passenger and freight road electrification 

(Table 7.1). For passenger road vehicles, where 

national NEV policies have already been intro-

duced, subnational policies can help complement 

and further accelerate progress in electrification. 

These could include administrative policies such 

as licensing or traffic restrictions for convention-

al vehicles; target-setting for municipal fleets to 

drive the public passenger transport segments; 

and preferential policies and subsidies for ze-

ro-emission vehicles. For freight electrification, 

where existing policy actions have been limited, 

a mix of  national policy options can help foster 

market growth through sales requirements or tar-

gets, low carbon fuel standards, direct incentives 

or indirect incentives, such as weight exemptions 

for ZEVs, and investments in freight EV charging 

networks. In addition, subnational actions, such 

as pilot demonstrations for zero-emissions freight 

lanes or areas for medium and heavy-duty trucks, 

and zero-emission or ultra-low emission zones can 

accelerate local freight electrification. 

To support the coordinated and effective devel-

opment of  charging infrastructure, targeting 

high-value, high-use charging segments, such 

as public and logistics fleets in public charging 

infrastructure roll-out, can help maximize charger 

utilization, which can help increase the profit-

ability of  charging investments (McLane & Liu, 

2020). Priority permitting and guarantees of  land, 

energy, and labor to help reduce regulatory and 

bureaucratic challenges to charging station siting 

and development can also help accelerate private 

charging infrastructure build-out.

To further decarbonize aviation and water trans-

port, increased investments in researching and 

developing the processes needed for large-scale 

development and commercialization of  synthetic 

fuels can help increase their technological feasibil-

ity. Additional policies, such as subsidies or gov-

ernment pilots, can help reduce the high costs of  

synthetic fuel production. Policies such as pricing 

carbon, increasing tax on conventional fuels, and 

compulsory blending quota can increase market 

adoption.



ELECTRIFICATION ROADMAP FOR TRANSPORTATION  07

78    SYNTHESIS REPORT 2020 ON CHINA’S CARBON NEUTRALITY: ELECTRIFICATION IN CHINA’S CARBON NEUTRALITY PATHWAYS

TABLE 7.1: SUMMARY OF ACTIONS FOR ELECTRIFICATION IN THE TRANSPORTATION SECTOR.

Near-term Actions Long-term Strategies

	► Electrify passenger light-duty and medium-duty vehicles including cars and 
buses, along with light and medium duty trucks faster, possibly through:

	► NEV fleet-wide targets or sales bans on internal combustion engine (ICE) 
vehicles.

	► Incentives for early retirement of ICE vehicles.
	► Implement freight incentives and policies:

	► Low carbon fuel standards for trucks.
	► Zero emission vehicle (ZEV) freight sales requirements/targets.
	► Pilots for zero-emission freight lanes/areas and zero emission zones.
	► Weight exemptions for ZEVs (heavy-duty vehicles).
	► Direct incentives for ZEV purchases.
	► Direct and utility investments in EV charging.

	► Implement passenger incentives and policies:
	► Car license plate restrictions, traffic restrictions.
	► Public or municipal fleet electrification targets.
	► Direct ZEV purchase subsidies and subsidized charging infrastructure 

use.
	► ZEV direct access, right-of-way and waivers for zero-emission zones.
	► Preferential parking policies for ZEVs.

	► Develop hydrogen fuel cell technologies that 
can provide longer ranges for specifically 
heavy-duty utility trucks. 

	► Expanded use of hydrogen and hydro-
gen-derived fuels produced by electrolysis.

	► Biojet/synthetic fuel development for air and 
water transport, potentially through:

	► Subsidies.
	► Government pilots.
	► Carbon pricing/taxes. 
	► Compulsory blending quota for new fuels.

	► Expansion of charging infrastructure:
	► Public investment.
	► Priority permitting and guarantees of land.

@ Energy Foundation
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8.1 CURRENT STATUS

Without significant power system changes to meet 

increasing demand and decarbonize power supply, 

end-use sector electrification will have a limited 

impact on achieving China’s climate change mit-

igation goals. Today, combined heat and power 

plants and heat plants account for over 50% of  

combustion emissions (IEA, 2022b) and about 

60% of  power supply is from coal powered plants 

(CEC, 2021). Additional energy sector current 

trends and policies were discussed in chapters 

2 and 4. Without taking any action, coal power 

capacity may grow by 158 GW through 2030 and 

may exceed 1,000 GW during the 15th FYP (Cui et 

al., 2022). Research suggests that decarboniza-

tion of  the power system will be technologically 

feasible and economically beneficial (G. He et al., 

2020), but how quickly the power system transi-

tions away from fossil fuels depends on a variety 

of  economic and policy factors, including tech-

nology costs and market conditions. Policies that 

increase power sector capacity, deploy additional 

distribution infrastructure, and promote the tran-

sition to renewable energy are critical for adapting 

to electrification and aligning with national cli-

mate targets. 

8.2 TRANSITIONS IN THE ELECTRICITY SYSTEM

As sectors electrify, electricity demand will in-

crease, with total electricity demand potentially 

reaching 12,000–17,000 TWh in 2060 (Figure 

8.1), compared to 8,310 TWh (CEC, 2022b) cur-

rently. To meet this demand, our results suggest 

that by 2060 electricity generation is projected 

to double (Figure 8.1) and 5,346–7,445 GW of  

capacity will be installed (Figure 8.2). Emissions 

in the electricity sector likely need to be reduced 

99–122% by 2050, requiring a transition from fos-

sil fuels in the power sector to primarily non-fos-

sil and renewable energy sources and increased 

adoption of  negative emission sources, like 

biomass with CCS. All models estimate a rapid 

decline of  coal in electricity generation, from a 

share of  57–69% in 2020 to less than 6% of  coal 

without CCS by 2045 (Figure 8.3). By 2050, all 

models agree that coal with and without CCS will 

contribute to only <7% and <1.5% of  total gener-

ation, respectively. 
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FIGURE 8.1: ELECTRICITY SYSTEM TRANSITION IN THE UPDATED NDC TO CARBON NEUTRALITY  SCENARIO. (A) TOTAL ELECTRICITY 
GENERATION, (B) ELECTRIFICATION GENERATION BY TECHNOLOGY. 

Historical data is from the Chinese Energy Statistical Yearbook (CESY) and the International Energy Agency (IEA). 
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FIGURE 8.2: TOTAL ELECTRICITY CAPACITY BY TECHNOLOGY IN THE UPDATED NDC TO CARBON NEUTRALITY  SCENARIO.
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FIGURE 8.3:  ELECTRICITY GENERATION SHARES IN THE UPDATED NDC TO CARBON NEUTRALITY SCENARIO.

Historical data is from the Chinese Energy Statistical Yearbook (CESY). 
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As renewable energy generation and total electric-

ity demand continue to grow and coal-fired power 

generation is being phased-out, investments will 

be needed in non-fossil generation technologies, 

including wind, solar, nuclear, fossil with CCS, and 

bioenergy with CCS. Our results suggest that the 

bulk of  generation will likely come from solar and 

wind, each making up 23–35% and 21–55% of  

electricity generation, respectively, by 2050 (Fig-

ure 8.3, Figure 8.4). Coal with CCS, biomass with 

CCS, and nuclear may play a significant role in en-

suring grid reliability, in a power supply mix made 

up primarily of  renewable energy. These three 

alternative technologies are projected to have a 

combined share of  19–31% of  total generation 

in 2060 (Figure 8.3). In order for these technolo-

gies to play a significant role in the power market, 

policies to enhance CCS in new power plants, 

add retrofits to existing facilities with CCS, and 

expand nuclear projects where feasible, is critical. 

China’s NDC target includes a commitment to 

installing over 1,200 GW of  combined solar and 

wind capacity by 2030. All models exceed this 

target under the Updated NDC to Carbon Neutrality 

scenario, reaching 1,557–3,088 GW installed, sug-

gesting room for higher ambition in this near-term 

target (Figure 8.4). China is already on a pathway 

to achieve this goal, as installed capacity of  wind 

and solar reached 690 GW at the end of  August 

2022, with a 16.6% and 27.2% year-over-year 

growth in wind and solar capacity, respectively 

(NEA, 2022b). 
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FIGURE 8.4: SOLAR AND WIND CAPACITY IN THE UPDATED NDC TO CARBON NEUTRALITY  SCENARIO.
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FIGURE 8.4:
INSTALLED SOLAR AND WIND CAPACITY.

NDC commits to over 1200 GW of  combined solar and wind 
capacity by 2030. All models exceed this target, suggesting 
room for higher ambition.

1,200GW

BOX 8.1: EXPANSION OF NUCLEAR GENERATION IN CHINA

Unlike solar and wind, nuclear power is not weather 
intermittent, making it a potentially important tool for 
enhancing grid reliability. China’s 14th Five-Year Plan sets a 
target of reaching 70 GW of nuclear capacity by 2025. Our 
results suggest China will likely meet that goal, with capacity 
ranging from 20–90 GW, and a mean across models of 71 GW. 
Our results foresee nuclear power comprising about 10–13% 
of electricity generation by 2050, though two models project 
it could provide up to 25–29% of generation (Figure 8.3). 
Installed capacity ranges from 178 to 595GW in 2050 (Figure 
8.2). The large variation in 2050 projections of nuclear energy 
across models reflects different assumptions for the key 
factors mentioned above. Additionally, nuclear deployment is 
partially dependent on the rate of coal phaseout and renewable 
deployment. Given the significant political and economic 
factors influencing nuclear power development, the role it will 
play in decarbonizing China’s power system is unclear (S. Yu et 
al., 2020).

New technological developments may enhance the flexibility 
of nuclear power generation. Nuclear capacity is limited to 
coastal provinces, because water access is required for 
operation, putting these facilities at risk during extreme 
weather events and/or sea-level rise. However, new 
technologies with low water use are being developed, 
including third generation air cooling. Some fourth generation 
technologies may not need any water use, reducing future 
needs for coastal access (C. He, 2021). Third generation and 

fourth generation nuclear technologies are developing rapidly 
in China, with 14 units of third generation nuclear under 
construction. New nuclear energy utilization technologies for 
heat-supply pilot projects are being developed in several cities 
in China, for both space heating and heat supply for industry. 
Space heating by nuclear energy was promoted by the State 
Council (The State Council, 2021). It is expected that the cost 
of power generation will be lower than 0.3 yuan/kWh ($0.044/
kWh) in the near future (Jiang, 2021), compared to a national 
average of 0.263 yuan/kWh($0.039/kWh) for electricity 
produced by coal today (Renmin University of China & EFC, 
2022). Space heating by nuclear energy may have a lower cost 
for heat supply than coal fired boilers and natural gas boilers 
(Jiang, 2022). 

Political support for nuclear generation also may be changing. 
The government has expressed recent interest in promoting 
further development of nuclear energy (The State Council, 
2020), which is regarded as a significant change from 
previous government policies on nuclear expansion. The 
development of nuclear energy was clearly mentioned in the 
new policies in the Action Plan on Carbon Emission Peaking 
Before 2030  (The State Council, 2021). However, research 
suggests that there are a number of factors that can 
contribute to nuclear deployment, and that future expansion 
is dependent on electricity demand growth, technology costs, 
energy and climate policies, and increases in inland provinces 
with nuclear plants (S. Yu et al., 2020).



THE POWER SYSTEM AND ELECTRIFICATION  08

84    SYNTHESIS REPORT 2020 ON CHINA’S CARBON NEUTRALITY: ELECTRIFICATION IN CHINA’S CARBON NEUTRALITY PATHWAYS

8.3 CHALLENGES AND OPPORTUNITIES 

Challenges 

In a highly electrified power system, the grid’s 

proportion of  renewable energy must be increased 

to meet climate change mitigation goals. However, 

wind and solar power, the two most important re-

newable energy resources, are highly intermittent 

and raise concerns about power system security 

and reliability. Enhancing grid flexibility, or the 

ability of  the power system to balance supply and 

demand and maintain continuity (Impram et al., 

2020), is critical for ensuring reliable, clean elec-

tricity access. 

Increasing non-fossil energy sources in the power 

system will require adapting to existing geospatial 

discrepancies between power supply and demand 

across China. The three northern grid regions 

have high renewable energy potential and coal 

resources, while there is heavy electricity load 

in the South and East regions (W. Chen et al., 

2010). Northern regions have a high wind poten-

tial, with around 80% of  onshore wind capacity 

in the North, Northeast, and Northwest regions 

(IRENA, 2014),  but small demand (W. Liu et al., 

2011). Research suggests that current geospatial 

differences in renewable generation will continue, 

as Yunnan, Hainan, Inner Mongolia, Xinjiang, and 

Qinghai are ranked as the top provinces for renew-

able share (without hydro) in both 2030 and 2050 

(Lou et al., 2022) (Figure 8.5).

Large investments in renewable energy sources in 

Northern and Western regions without matching 

local demand or building sufficient transmission 

infrastructure to high population areas has led 

to curtailment, as high as 17% of  all wind gen-

eration in 2012 (Dong et al., 2018). Expanding 

inter-provincial transmission can help to increase 

grid flexibility and distribute intermittent renew-

able energy across grid regions (Y. Li et al., 2016). 

But while inter-provincial transmission may play a 

role in meeting demand and mitigating load curve 

issues, there are potential barriers and risks. 

Long distances between renewable power plants 

and demand centers require efficient bulk energy 

transmission over long distances, from wind power 

plants in Northwestern China to Eastern regions 

(Alassi et al., 2019). Additional barriers include 

public opposition to overhead lines due to visual 

and environmental impacts; short-term faults 

in overhead wires; and differences in grid codes 

and grid voltage levels across grid regions, which 

can require additional transformers (Alassi et al., 

2019). Construction of  high voltage transmission 

lines helped to reduce wind curtailment to 7% by 

2014 in China, but even after long-distance trans-

mission development, wind curtailment increased 

to 17% again in 2016, due to changing local de-

mand, decreased use of  high voltage transmission 

lines (Dong et al., 2018), decentralization of  coal 

power plant construction and coal overcapacity (Y. 

Feng et al., 2018), and increased local use of  coal 

over imports of  renewables from other provinces 

(Alassi et al., 2019). Consistency in standards and 

regulations across grid borders is needed for long 

distance high voltage transmission (Alassi et al., 

2019). Development of  additional infrastructure 

should reduce curtailment, but only if  there is co-

ordination between end users and energy export-

ers to prevent an energy importer from switching 

to a local energy generator after transmission 

lines are built. If  regions change from an energy 

importer to exporter, it can lead to under-utiliza-

tion of  expensive transmission resources, conges-

tion, and curtailment (Alassi et al., 2019). 

Opportunities

Investing in grid improvements seems to be a 

priority for China. Investments in the power grid 

and other related industries by State Grid are 

expected to exceed 6 trillion yuan ($896 billion 

USD) in 2021–2025 (Reuters, 2020). Attempts to 

improve grid reliability include the development of  

ultra-high voltage power lines to improve long-dis-

tance transmission and efficiency. Several in-

ter-provincial and inter-regional transmission lines 

have already been constructed in China (China 

Electric Power Planning and Engineering Institute, 
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2021a), and will likely need to be expanded to 

meet increasing demand in regions with limited 

renewable energy supply. These regional differenc-

es in renewable energy potential and electricity 

demand highlight the importance of  expanded 

transmission connections across grid regions and 

power trading (IEA, 2019), especially when look-

ing to the future. The adoption of  one national 

electricity market could help promote inter-provin-

cial electricity transmission, increase access to a 

wider variety of  generation resources, and balance 

renewable generation and demand (Cui et al., 

2022). 

In addition to expanded inter-regional infrastruc-

ture, geospatial variations in supply and demand 

can be mitigated through large-scale wind and 

solar power bases with distributed power sources 

adapted to local conditions. Electrification may 

also help to integrate resources between regions 

in China, increasing the economic growth of  pow-

er supply provinces in Central and Western China 

through the construction of  many power storage 

and power transmission grids. 

Renewable energy transitions can result in many 

broader benefits. Targeting the phaseout of  plants 

strategically – considering existing policies on 

plant age, location and capacity – is not only 

critical for meeting climate goals, but can also 

have additional health and social benefits, includ-

ing improving local air pollution emissions, water 

conservation, and potentially energy security 

(Cui et al., 2022). Although renewable sources of  

energy have intermittency and flexibility concerns, 

transitioning away from coal may improve energy 

security in the long term, given the volatility of  

coal prices (Cui et al., 2022).

FIGURE 8.5: RENEWABLE ENERGY SHARE (%) OF TOTAL ELECTRICITY GENERATION IN (A) 2030 AND (B) 2060 IN MAINLAND PROV-
INCES.

Results based on the GCAM-China model. The darker the color, the higher the percentage of renewable energy share of the total electricity generation (Lou et al., 2022).
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BOX 8.2: EXPANSION OF ELECTRICITY GENERATION CAPACITY AND IMPLICATIONS FOR UPSTREAM SECTORS

8.4 KEY AREAS AND POTENTIAL OF 
ELECTRIFICATION

In a power grid composed of  more solar and wind 

power, it is necessary to consider multiple mech-

anisms for improving power system flexibility, 

resilience, and reliability, which can come from 

the power supply side, grid side, and load side.

Supply Side Flexibility

Enhanced Adjustable Power. Conventional gen-

eration units may struggle to accommodate new 

renewable sources of  energy due to the variable 

nature of  renewables, which is challenging for 

base-load power plants with long ramp up and 

down times (Impram et al., 2020). Developing 

flexible, baseload power to support renewable de-

ployment is critical for maintaining a reliable grid. 

At present, existing adjustable power in China in-

cludes thermal power, hydropower, pumped stor-

age hydropower, Concentrated Solar Power (CSP), 

and others, of  which thermal power accounts for 

the highest proportion. The role of  thermal power 

is mainly to provide base-load power generation 

and transmission and some heating. In the future, 

thermal power may offer regulation capacity for 

the power system and provide base-load support 

to the power grid (NDRC & NEA, 2016b). Pumped 

storage hydropower and adjustable coal-fired 

power may become profitable after 2021 policy 

enactments (NDRC, 2021a). China has targets for 

pumped hydro storage, reaching 62 and 120 GW 

by 2025 and 2030, respectively (NEA, 2021). 

Wind and PV Optimization. Advancements in 

wind and solar technologies are needed to im-

prove integration into the power system. More 

refined design and optimized operation of  wind 

power and PV technology are needed to enhance 

its integration into the power system. For exam-

ple, wind turbines have a small amount of  power 

China’s power system transformation will almost certainly 
include the expansion of renewable resources, especially 
solar and wind power. Some of the challenges presented by 
this transition include changes in land area needed for power 
generation and new materials and manufacturing processes 
required for renewable energy production. 

Compared to fossil fuels, renewable energy may require 
more land area for energy production, including additional 
transmission infrastructure to accommodate a higher 
proportion of energy supply stemming from renewables 
(Saunders, 2020). Land-use changes from expanded solar 
development may indirectly result in a loss of natural land, 
depending on the region and land use prior to the conversion 
to solar (van de Ven et al., 2021). These impacts can be 
mitigated through increased technology efficiency to reduce 
the area of land needed for renewable developments  (Zalk & 
Behrens, 2018) and by focusing on technologies with higher 
power density (such as Concentrated Solar Power or PV) 
(Zalk & Behrens, 2018). Additionally, land-use impact can 
be mitigated by installing renewables on land with multiple 
purposes, including residential solar (Zalk & Behrens, 
2018) or pastures with grazing livestock  (Zalk & Behrens, 

2018). Adoption of permitting policies that limit competition 
between renewable development and agriculture and that 
incentivize development in non-arable land can also reduce 
land use changes (Zalk & Behrens, 2018). Additionally, altering 
conservation siting requirements to increase adoption of 
renewables on conserved land can increase land area available 
for renewable development (Saunders, 2020). 

Though efficiency and material upgrades are improving 
over time, renewables also may have additional material 
requirements compared to fossil-fuel energy production, 
including increased reliance on concrete, cement, glass, and 
steel (DOE, 2015). While the global warming potential of PV 
production has declined from 2005 to 2015, largely through 
improvements in the silicon manufacturing process, the 
energy make-up of the manufacturing region and industrial 
sector plays a significant role in environmental impacts from 
renewables (Stamford & Azapagic, 2018). Given the increasing 
reliance of manufacturing on electricity and hydrogen moving 
forward, cleaning upstream production is critical for reducing 
emissions during the renewable manufacturing process (S. Yu 
et al., 2021). 
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storage, which can provide some support to the 

power grid, especially when combined with other 

turbines in a larger wind farm or wind base (Wind 

Machinery Branch of  China Agricultural Machin-

ery Industry Association, 2021). PV generation 

can better match load curves through the change 

of  bracket inclination or adjustment mode (China 

Photovoltaic Industry Association, 2020). 

Consider Local Conditions. In remote areas with 

weak power grids, a micro-grid can strengthen the 

main grid, and its cost may be comparable to a 

main grid extension (OFweek, 2018). For wind and 

PV, which don’t have the capability of  independent 

regulation, power storage facilities are needed to 

form an integrated power supply point of  compre-

hensive dispatching, potentially as virtual power 

plants (Development Research Center of  the State 

Council, 2021). Combined with pumped storage, 

battery storage, and grid dispatching, renewable 

generation can be smoothed and grid stability 

improved (S. Ma & Zhou, 2021). Additionally, im-

posing more restrictions on local coal consump-

tion, improved coordination between provinces 

exporting renewable energy and demand centers, 

and combining multiple renewable energy sourc-

es (RES) in high voltage transmission lines can 

reduce intermittency (Alassi et al., 2019).

Load Side Flexibility

Deployment of Electric Vehicles. Electric vehicles 

can act as controllable loads or energy storage de-

vices, providing flexibility to the grid, but they can 

also increase peak load if  charging doesn’t take 

into account other energy demands. To maximize 

the impact of  EVs used to regulate the load curve, 

orderly charging is important for improving effi-

ciency while meeting consumer needs (Hou et al., 

2020). Operational costs for microgrids decline 

when modeled users only charge their vehicles 

when solar output exceeds the load  (Hou et al., 

2020). Time of  use pricing and other demand re-

sponse strategies can help encourage EV charging 

at off-peak times, increasing the beneficial impact 

of  EVs on load regulation (Goh et al., 2022). Not 

only can EVs operate as a transferable load, but 

with vehicle-to-grid (V2G) technology, there can be 

a bidirectional flow of  energy between the EV and 

the grid, which can reduce system fluctuation (H. 

Liu et al., 2013). By adjusting the demand-side 

load, through implementing an electric vehicle 

charging time control, the demand-side load curve 

can be effectively smoothed (J. Sun et al., 2014). 

Grid-integrated and managed smart charging 

capabilities can also allow NEVs to help improve 

grid flexibility by more effectively utilizing variable 

renewable generation and helping to shave peak 

electricity demand (NREL, 2022).

Demand-side Adjustments. Demand response 

programs can help shift load to different times 

of  day, reduce peak load, or increase demand 

during off-hours (Lund et al., 2015). Adoption of  

market-based pricing would help shift load from 

peak times, by incentivizing end-users to consume 

at off-peak times (Cui et al., 2022). Large power 

users can reduce their load in a specific period of  

time, or operate beyond the rated power within 

the bearable range of  the equipment, to optimize 

the benefit from demand-side incentives. In addi-

tion, the difficulty of  technology realization and 

the uncertainty of  investment income increase. 

Increasing energy efficiency across end-use sec-

tors can help to limit growing electricity demand 

and maximize emissions reduction impacts from 

electrification and decarbonization of  the energy 

sector.

Adjustments can also include altering energy 

consumption intensity or time period for all en-

ergy users. Increasing power storage facilities on 

the load side and actively adjusting the energy 

consumption curve in combination with spot-mar-

ket or guidance mechanisms could reduce the 

regulation pressure and supply side costs (China 

Electric Power Planning and Engineering Institute, 

2021b; Sun Y. et al., 2022). 

Grid Side Flexibility

Enhance Inter-network Interaction. At present, 

the country has formed six regional power grids 

in Northeast, North, Northwest, East, Central, 

and Southern China, and has built a number of  

inter-provincial and inter-regional transmission 
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lines. In the future, with further electrification, it 

is expected that the power grid will extend further 

to remote areas, and the structure in the main 

network will be stronger, increasing power system 

stability and reliability in different regions (China 

Electric Power Planning and Engineering Institute, 

2021a).

Expansion of Energy Storage and Optimizing 

Grid Management. At relatively weak nodes of  

grid structure, energy storage can be added to fit 

the utilization needs of  distributed energy. While 

correspondingly accelerating the construction of  

distribution infrastructure, it can enhance the safe 

and stable operation of  the new power system 

with high renewable penetration and increasing 

end-use electrification (Rong et al., 2021). 

As the location of  hydropower and pumped stor-

age mainly depends on geological resource con-

ditions, it is necessary to consider local power 

grid conditions to provide support for the power 

system by optimizing dispatching operation mode 

as far as possible. While volatility of  renewables is 

a concern, current wind power curtailment issues 

are more likely the results of  inadequate grid 

management policies that account for renewables 

intermittency (Luo et al., 2016), including concen-

trated wind sources far from load centers, a large 

proportion of  coal power plants, limited feed-in-

tariffs, lack of  wind-specific grid codes, and poor 

forecast accuracy have all contributed to high 

wind curtailment in China (Impram et al., 2020; C. 

Li et al., 2015).

Additional Operation Dispatching Technology. At 

present, China's power grid is becoming more dig-

ital and intelligent. For example, China Southern 

Power Grid has issued the White Paper on Digital 

Power Grid, which points out that digitalization 

could help the power grid become more intelli-

gent, safe, reliable, and green with a series of  

technologies including cloud computing, big data, 

Internet of  Things, mobile Internet, artificial intel-

ligence, blockchain, and other new digital genera-

tion technologies (CSG, 2020). With the increasing 

proportion of  electrification in the future, it also 

involves the support of  basic and comprehensive 

technologies, such as IOT and 5G technology, for 

the processing needs of  a large number of  data 

and information flows in the new power system.

8.5 KEY POLICY APPROACHES

At present, the Chinese government has formed 

a relatively complete policy system to support 

energy transformation, including guidance and 

support for low-carbon technology, restriction and 

optimization guidance for high energy consuming 

industries or high carbon emission industries, 

power generation, transmission and distribution 

price mechanism, and market-oriented construc-

tion mechanism, all providing a good foundation 

for moving towards high-scale electrification.

In order to achieve the neutrality target, some 

policy solutions to further accelerate the pace of  

energy transformation include:

(1)	 Reducing the cost of renewable energy sourc-

es. Improving the flexibility of  the power sys-

tem requires capital investment, likely leading 

to an increase in the cost of  electricity. In 

order for China to maintain a stable average 

price of  electricity, wind power and PV will 

need to play a key role in reducing the cost of  

electricity. To provide endogenous power and 

a continuous decline of  cost, China needs to 

continue to support wind power and PV essen-

tial technology capability improvement. Other 

renewable energy applications, such as CSP, 

can accelerate technology iteration and pro-

vide low-cost renewable power with regulation 

capability technology reserves (Development 

Research Center of  the State Council, 2021). 

(2)	 Using price mechanisms to reduce energy 

costs. At present, China is gradually trans-

forming from governmental pricing to mar-

ket-oriented pricing. During this process, it is 

first necessary to coordinate the cost compo-

sition of  both the power generation side and 
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power consumption side. Second, it is neces-

sary to consider the differences in the price 

settlement methods of  multiple types of  users 

(such as, power spot market and medium- and 

long-term transactions, peak valley time-shar-

ing/step price, etc.). Third, it is necessary to 

comprehensively consider the cost, price, and 

price mechanism (ancillary service market) of  

power, energy, and system stability aspects. 

And fourth, the carbon emission level per kWh 

of  the power system needs to be considered 

(Lin, 2021). In this process, multiple govern-

ment departments need to work together on a 

series of  policies.

For example, green power hydrogen produc-

tion is beneficial in reducing carbon emissions 

from hydrogen production, providing load 

side regulation capacity for power systems 

and increasing electricity demand (NDRC & 

NEA, 2022b). In developing hydrogen energy, 

it is necessary to: cooperate with industrial 

departments in hydrogen demand; cooperate 

with power departments and price depart-

ments to consider green power supply scale, 

supply stability, and economy; and cooperate 

with hydrogen production enterprises and 

price departments to consider the benefits 

of  hydrogen production system support for 

power system stability (Jiang & Xiang, 2021).

Power market reforms, like phasing out fos-

sil-fuel subsidies and adopting time-of-use 

rates, can increase adoption of  renewable 

energy and other technology, such as EVs and 

battery storage. Implementing the least-mar-

ginal cost dispatch across interprovincial 

markets can reduce power-sector emissions 

and operating costs (IEA, 2021a). Expanding 

existing pilot provincial electricity markets to 

an inter-regional market, or even a national 

power market, can help to increase resiliency 

and reliability of  the grid and reduce renew-

able curtailment.

Expanding the national emissions trading 

scheme (ETS) to include the industry sector 

as well as the electricity sector will help to re-

duce emissions and standardize mechanisms 

for reductions across sectors (Busch et al., 

2022). Increasing the carbon price, reducing 

carbon permits issuance (Wu & Zhu, 2021), 

and increasing transparency of  trading infor-

mation disclosure (X. Wang et al., 2022) can 

also help to improve the ETS ability to reduce 

emissions in power and end-use sectors. 

(3)	 Increasing policy and technology coordina-

tion between the energy sector and other 

industries. The carbon neutrality goal is con-

nected to the whole of  society. It needs to be 

closely connected with the development needs 

and speed of  industry, construction, transpor-

tation, and other fields. A technical coordina-

tion system for the integrated development 

of  various industries and energy, including 

technical standards and specifications, is 

needed (Energy and Environmental Policy 

Research Center of  Beijing Institute of  Tech-

nology, 2021). In the overall arrangement of  

major national strategies and major projects, 

such as the integration of  energy and national 

infrastructure, cooperation across multiple 

fields is critical for meeting emission targets 

cost-effectively.

(4)	 Increasing coordination among national 

and subnational governments. Coordination 

among provinces, grid regions, and the nation-

al government is critical for ensuring a smooth 

transition. Regional power tradition, grid 

integration, and the development of  a single 

national market can help provinces reduce re-

liance on coal, improve RES curtailment rates, 

and facilitate renewable energy consumption 

across regions. Coal retirements should be 

coordinated with a broader strategy that con-

siders renewable energy development, load 

balancing, and power transmission, to ensure 

supply continues to meet demand (Cui et al., 

2022). Increasing transmission infrastructure 

alone is not enough to prevent curtailment 

of  renewable resources. Ensuring that ener-

gy recipients are willing and able to accept 

long-distance renewable generation over local 

generation is needed to reduce curtailment 

(Dong et al., 2018). 
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TABLE 8.1: SUMMARY OF ACTIONS FOR POWER SECTOR.

Near-term Actions Long-term Strategies

	► Encourage increase in renewable generation, along 
with other flexible low-carbon power sources (nuclear, 
carbon capture, and storage).

	► Adjust energy consumption intensity and time periods 
through market mechanisms.

	► Increase digitalization of the grid and demand response 
programs to reduce consumption.

	► Policy and technology coordination between energy 
sector and other sectors to integrate energy 
infrastructure, including removing some obstacles for 
construction of renewable energy projects, such as land 
supply constraints.

	► Increase EV deployment and increase energy efficiency 
across sectors, through regulations and incentives.

	► Increase existing adjustable power sources (thermal, hydropower, 
gas, and Concentrated Solar Power).

	► Increase use of micro-grids in areas with weaker power grids.
	► Add storage to solar and wind power production plants.
	► Increase EV infrastructure and night high-speed rail service to 

reduce load.
	► Increase inter-network interaction between grid regions.
	► Expand the energy storage capacity and improve ancillary services 

market design to support energy storage development.
	► Develop a new grid system and strategy for high share of renewable 

power.
	► Develop consumer incentives and standards for expanded and 

orderly EV charging.
	► Strengthen electricity market reform to support renewable 

development and significantly increase the integration of renewables 
into the grid.
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9.1 ELECTRIFICATION IN MEETING CHINA’S 
CARBON NEUTRALITY TARGET

Our results suggest that electrification of  end-use 

sectors, combined with decarbonization of  the 

power sector, is a key strategy for meeting China’s 

carbon neutrality target. All seven multi-models 

project rapid increases in electricity demand, 

generation, and capacity by mid-century. Results 

suggest coal without carbon capture and storage 

(CCS) is essentially phased out of  electricity gen-

eration after 2045, and solar and wind ramp up 

between 2025–2050. If  emissions peak in 2025, 

models exceed near-term policy targets for solar 

and wind capacity, emissions intensity reduction, 

and non-fossil share in primary energy. When 

emissions are modeled to peak in 2030, not all 

models meet the near-term targets, suggesting 

peaking before 2030 is important for aligning with 

near-term policy goals and meeting long-term 

targets.  

Our analyses indicate an average of  80% electri-

fication rate in buildings, and about 60% direct 

electrification in industry and passenger trans-

portation by 2060, suggesting that electricity 

becomes the dominant fuel source in these three 

sectors. The freight transportation sector reaches 

an average of  only 30% electrification. This sec-

tor, along with passenger aviation and high tem-

perature heat in heavy industries, needs further 

research and development to understand how 

alternative fuels, such as hydrogen and synthetic 

fuels, can help these sectors indirectly electrify 

and reduce emissions. 

To meet increasing electricity demand, which in-

creases by an average of  125% across models, al-

most 5,000 GW of  capacity needs to be installed 

between 2020 and 2060. Our analyses suggest 

electricity capacity and generation will need to at 

least double compared to 2020. Rapid capacity 

expansion is accompanied by accelerated fuel 

switching, i.e., phasing out unabated coal use by 

2050 or earlier while increasing the deployment 

of  solar, wind, nuclear, and CCS technologies. 

As a result, the power sector will see significant 

emissions reduction and reach zero or even neg-

ative emissions by 2050. While all models are 

in agreement on significant emissions reduction 

and coal phaseout, the pathways getting there are 

different. All models agree on the expansion of  

solar and wind generation, but contributions from 

other energy sources, such as biomass with CCS, 

fossil fuel generation with CCS, natural gas, and 

nuclear, vary across models. Future power sector 

portfolios will be the reflection of  policy choices, 

technology availability, and economic costs. 

Ensuring that supply equals demand, and vice 

versa, is a constant challenge for the power grid. 

The low-carbon transition will place additional 

constraints and opportunities for the power sector 

in this balancing act. Meeting increasing demand 

with intermittent renewable resources, adjusting 

manufacturing supply chains, and replacing exist-

ing infrastructure pose grid instability risks. How-

ever, EVs, battery storage, and consumer behavior 

programs can help reduce peak load; micro-grids 

and small-scale renewable energy systems can 

help provide electricity access in remote locations; 

and expanding grid infrastructure can help in-

crease power supply diversity and improve overall 

reliability. 

Simultaneously building out capacity for low-car-

bon fuels, phasing down coal use, and increasing 

electrification across all three end-use sectors will 

require high levels of  inter-sectoral coordination. 

Often, policies in one sector are connected to 

another sector, so sectoral coordination is needed. 

For example, the benefits of  distributed PV sys-

tems are maximized when combined with smart 

vehicle charging stations. Emissions reduction in 

the industrial manufacturing sector that produces 

solar and wind technology is dependent on de-

carbonization in the power sector. Cross-sectoral 

policy could link electrification targets across end-

use sectors to carbon neutrality goals, along with 

other key initiatives, such as social and economic 

development. This will help to ensure an approach 

that enables multiple transitions to occur simul-

taneously. Including power system planning in 
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the electrification policy-making process at both 

the provincial and sectoral levels could potential-

ly help to reduce curtailment, improve demand 

forecasting, and inform energy dispatching. This 

report outlines several near- and long-term sec-

toral options to decarbonize China through accel-

erated electrification and power system transition. 

Further actions that can promote electrification, 

such as offering financial incentives for replacing 

end-use infrastructure with market-available elec-

tric options; expanding research and development 

in end-uses that don’t have an existing, feasible 

electric alternative; updating power grid market 

mechanisms; improving transmission and distri-

bution capabilities across provinces; and develop-

ing cross-sectoral electrification policy. 

9.2 AREAS OF FUTURE RESEARCH

While conducting this research, several key issues 

were identified, but were beyond the scope of  this 

report. These issues can be further explored in 

future reports to provide a more comprehensive 

understanding of  China’s carbon neutrality transi-

tion.

Most models utilize technology costs as a key driv-

er of  determining future pathways. Future energy 

costs are difficult to determine, given that they 

will be reflective of  a variety of  economic, policy 

and social factors, including the rate of  energy 

transition (Way et al., 2021). Different modeling 

assumptions for technology costs across models 

were not fully evaluated or standardized across 

models in this report, but future research could 

analyze some of  these underlying modeling differ-

ences, to better understand model behavior. 

Future research also needs to provide more 

granular technology or sectoral information and 

evaluate technology options. For example, future 

research can further disaggregate wind technolo-

gies into onshore and offshore wind and evaluate 

the trends of  these technologies separately to 

better understand renewable deployment in Chi-

na. Moreover, not all models could report detailed 

sector or subsector information, such as industry 

subsectors or modes of  transportation. Policy rec-

ommendations and future projected fuel use will 

likely vary significantly across industry and mode 

of  transport. This can be improved as model 

capabilities advance. Additionally, more research 

should further evaluate the role of  energy storage 

in China’s energy transition, and what technol-

ogies will be used in addition to batteries, such 

as seasonal storage, and pumped hydro storage, 

flow batteries, or compressed air and liquid air. 

This research did not evaluate investment needs 

of  technologies referenced in the report, or model 

the energy demand associated with manufacturing 

technologies, such as solar panels or heat pumps. 

Other alternatives for decarbonization for road 

transit were not included in this report. Facilitat-

ing the use of  alternative forms of  transit, such as 

bicycles, can avoid light-duty vehicle use. 

Ensuring a just, low-carbon transition is critical 

to achieving carbon neutrality and needs to be 

further studied. Increasing energy affordability is 

critical for a just, low-carbon transition. This study 

did not evaluate electricity pricing changes over 

time, which is an important component of  ener-

gy planning and accessibility. Another factor in 

electricity affordability is GDP growth, which was 

not compared in great detail across models. Most 

models showed a similar trend of  linear increase 

in GDP per capita through 2040, with one model 

showing a slight decline in GDP growth. As this 

is a significant driver of  decision-making across 

most models, further evaluation could illuminate 

insights about meeting near-term targets or pro-

jecting electrification demand. Other fiscal impli-

cations from the transition, including investment 

needs, employment changes, or distributional 

variation across households, were not included in 

this report. Future research should evaluate dis-

tributional variation in effects from the low-carbon 

transition across socioeconomic variables, includ-

ing geographies, income, and race. 
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Evaluating economic transitions, such as electric-

ity pricing structure, and carbon market devel-

opment is needed to evaluate energy transition 

pathways. Future research should evaluate the 

economic investments needed, as well as oth-

er important potential areas of  interconnection 

across sectors, such as the circular economy and 

material efficiency. Critical for evaluating both eco-

nomic and energy implications are projections of  

demand for goods and services in the future. This 

is especially important for the industrial sector, as 

future demand is unclear, given potential changes 

in consumer behavior, urbanization, population 

growth and, technology. 

Hydrogen is a key technology in achieving deep 

decarbonization. This report focused on direct 

electrification, not hydrogen production through 

indirect electrolysis. Hydrogen production and 

consumption in end-use sectors was included as 

a modeled technology in this report, but discus-

sion was limited, as it is a significant area for the 

energy transition. Future research should evalu-

ate hydrogen production, end-use opportunities, 

and key policy and economic barriers to full-scale 

implementation, as both electrification of  end-use 

sectors and development of  hydrogen technol-

ogies and scaling up of  hydrogen production is 

needed for a low-carbon transition. Additionally, 

future research should evaluate the implications 

of  increasing electricity demand from both end-

use sectors and hydrogen production through 

electrolysis.

This analysis focused primarily on CO2 emissions, 

given the significant share of  total GHGs that 

come from CO2 in China. We asked models to have 

net-zero GHGs in 2060 to align with the carbon 

neutrality goal, but did not evaluate abatement 

assumptions across models, or compare non-

CO2 mitigation across sectors. Given the signifi-

cant warming effect of  non-CO2s, future research 

should evaluate emission pathways, technologies, 

and policy options for mitigation.

Future research should also evaluate the barriers 

to, opportunities for, and key government enti-

ties needed for an intersectoral electrification 

policy. Integrating sectoral policies and ensuring 

adequate communication and alignment across 

sectors could help to balance energy supply and 

demand efficiently and cost effectively.

@ Energy Foundation
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