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ABSTRACT

On 22 September 2020, within the backdrop of the COVID-19 global pandemic, China announced its climate goal for
peak  carbon  emissions  before  2030  and  to  reach  carbon  neutrality  before  2060.  This  carbon-neutral  goal  is  generally
considered to cover all anthropogenic greenhouse gases. The planning effort is now in full swing in China, but the pathway
to decarbonization is unclear. The needed transition towards non-fossil fuel energy and its impact on China and the world
may be more profound than its reform and development over the past 40 years, but the challenges are enormous. Analysis
of  four  representative  scenarios  shows  significant  differences  in  achieving  the  carbon-neutral  goal,  particularly  the
contribution  of  non-fossil  fuel  energy sources.  The  high  target  values  for  nuclear,  wind,  and bioenergy have  approached
their  corresponding  resource  limitations,  with  solar  energy  being  the  exception,  suggesting  solar’s  critical  role.  We  also
found  that  the  near-term  policies  that  allow  for  a  gradual  transition,  followed  by  more  drastic  changes  after  2030,  can
eventually reach the carbon-neutral goal and lead to less of a reduction in cumulative emissions, thus inconsistent with the
IPCC  1.5°C  scenario.  The  challenges  and  prospects  are  discussed  in  the  historical  context  of  China’s  socio-economic
reform, globalization, international collaboration, and development.

Key  words: carbon  neutral, carbon  dioxide  reductions, energy  system  transformation, distributed  energy  system, model
projections

Citation: Zeng,  N.,  K.  J.  Jiang,  P.  F.  Han,  Z.  Hausfather,  J.  J.  Cao,  D.  Kirk-Davidoff,  S.  Ali,  and  S.  Zhou,  2022:  The
Chinese carbon-neutral goal: Challenges and prospects. Adv. Atmos. Sci., 39(8), 1229−1238, https://doi.org/10.1007/s00376-
021-1313-6.

Article Highlights:

•  The Chinese carbon neutral goal will have profound impact but the challenges are enormous.
•  Four  representative  scenarios  show significant  differences  in  how to  achieve  the  carbon-neutral  goal,  but  all  agree  the

importance of solar energy.
•  We recommend more aggressive actions on distributed solar,  wind, small  and modular nuclear,  smart grid,  and energy

storage.
 

 
   

1.    Introduction

On  22  September  2020,  within  the  backdrop  of  the
COVID-19  global  pandemic,  China  announced  its  climate
goal  for  peak carbon dioxide (CO2)  emissions before  2030
and  reach  carbon  neutrality  by  2060,  often  referred  to  as

 

  
※ This paper is a contribution to the special issue on Carbon Neu-

trality: Important Roles of Renewable Energies, Carbon Sinks,
NETs, and non-CO2 GHGs.

* Corresponding authors: Ning ZENG, Junji CAO
Emails: zeng@umd.edu, jjcao@mail.iap.ac.cn 

 

ADVANCES IN ATMOSPHERIC SCIENCES, VOL. 39, AUGUST 2022, 1229–1238
 
• Perspectives •

 

© Institute of Atmospheric Physics/Chinese Academy of Sciences, and Science Press and Springer-Verlag GmbH Germany, part of Springer Nature 2022
  

https://doi.org/10.1007/s00376-021-1313-6
https://doi.org/10.1007/s00376-021-1313-6


“Shuang  Tan ”  or  “the  two  carbon  goals ”  in  China  (Xi,
2020).  After  this  announcement,  President  XI  has  spoken
more than 30 times on important occasions and emphasized
the  importance  of  the  double  carbon  goal.  The  planning
efforts to reach the two goals are now in full swing in China.
This announcement came as a pleasant surprise for the fight
against climate change, but the pathway to decarbonization
is unclear; the Climate Envoy, Zhenhua XIE, said that the car-
bon-neutral goal covers all greenhouse gases. The needed tran-
sition  towards  non-fossil  fuel  energy  and  its  impact  on
China and the world may be more profound than its reform
and development over the past 40 years, but the challenges
are enormous. 

2.    Roadmap to carbon neutrality

Currently,  China's  fossil  fuel  CO2 emissions  are  10.2
Gt  CO2 (gigatonnes  of  CO2)  in  2019,  which  compromises
27.9% of total global emissions (Friedlingstein et al., 2020).
In 2020, fossil fuels accounted for 83% of the total primary
energy supply (TPES) with coal representing 57%, oil 17%,
and gas  9%,  while  non-fossil  fuel  accounted  for  only  17%
(hydro 7%, nuclear 3%, wind 3%, solar 2%, bio 2%).

To achieve the carbon-neutral  goal,  which ambitiously
corresponds  to  not  exceeding  the  2°C  target  of  the  Paris
Agreement  on  climate  change  (IPCC,  2018; Jiang  et  al.,
2018; Project  Comprehensive  Report  Preparation  Team,
2020),  the  ratio  of  fossil  fuel  to  non-fossil  energy  sources
need to be completely reversed. The low carbon energy sys-
tem  would  need  to  decrease  to  80%–90%  of  the  present
CO2 emissions [Fig. S1 in the Electronic Supplementary Mate-
rial  (ESM)].  The  remainder  (including  the  non-CO2 emis-
sions)  would  need  to  be  offset  by  the  terrestrial  and  ocean

sinks and carbon capture, usage and storage (CCUS), result-
ing in net-zero emissions. We illustrate this with a representa-
tive  scenario  by  running  the  IPAC  integrated  assessment
model (Jiang et al., 2018). We started using the latest Chinese
energy  and  economic  statistics  of  2020  and  then  projected
them  into  the  future  at  five-year  intervals.  The  projection
shows  that,  by  2050,  the  contribution  of  non-fossil  energy
would increase to 77%, while the fossil  fuel portion would
drop to 23% (Fig. 1 and Table 1). In particular, the contribu-
tion of coal would drop below 10%. Additionally, significant
carbon  sinks  and  negative  emissions  will  be  needed  to
counter  the  remaining  fossil  fuel  emissions  to  achieve  net-
zero CO2 emissions.

While  the  overall  scenario  involves  detailed  modeling
of  socio-economic  and  technological  development,  fossil
fuel CO2 emissions can be broadly understood as driven by
the following key factors using the Kaya identity (Kaya and
Yokoburi, 1997): 

CO2 =
CO2

Energy
× Energy

GDP
× GDP

Population
×Population, (1)

where  CO2 is  CO2 emissions  from human sources,  Energy
is energy consumption, and GDP is gross domestic product
(GDP).

The past increases in CO2 emissions have been mostly
driven  by  economic  development  and  population  increases
(Raupach et al., 2007). China's GDP has increased at an aver-
age rate of 9% from 1980–2019 (the 3rd factor in the Kaya
Identity  above).  Going  forward,  with  the  annual  rate  of
GDP expected to grow at 4%–5% and the population stabiliz-
ing,  a  complete  decoupling  of  CO2 emissions  from  GDP
growth  will  be  required  for  the  carbon-neutral  goal.  First,
CO2 emission intensity per unit energy generation (the 1st fac-

 

 

Fig.  1. The  Yin  and  Yang  of  fossil  vs.  non-fossil  fuel  energy  source  mix.  A  scenario  to  achieve  China's
carbon-neutral  goal  before  2060  would  require  a  complete  reversal  of  their  relative  contribution  to  total
energy supply and an unprecedented rapid increase in renewable energy plus nuclear and decrease in fossil
fuel use on the timescale of 20–30 years after peak carbon.
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tor)  will  need  to  be  reduced  drastically  in  a  near-complete
switch  from  fossil  to  non-fossil  fuel  energy.  This  can  be
accomplished by reducing coal and gas on the power genera-
tion side and heavy electrification and energy efficiency on
the  end-user  side.  Second,  decreasing  the  energy  intensity
per  GDP  (the  2nd  factor  in  the  Kaya  Identity)  requires
growth  to  come  mostly  from  the  service  sector  and  non-
energy  intensive  industries  such  as  electronics,  which  is
expected  to  occur  naturally  as  China's  rapid  infrastructure
build-up over the last 40 years (Zeng et al., 2008) is leveling
off.

Regarding  power  generation  specifically,  this  scenario
calls for a 2485 Gigawatts (billion watts or GW) of installed
solar  capacity  in  2050,  a  9-fold  increase  from  281  GW  in
2020.  In  the proposed mix,  wind power will  increase from
244 GW in 2020 to 1508 GW capacity (a 6-fold increase),
while nuclear power will increase from 55 GW to 563 GW
(a 10-fold increase). Such changes would require an average
annual addition of 73 GW of solar-generated power, and 17
GW of  nuclear  power  over  the  next  30  years,  while  at  the
same time reducing coal-fired power by 33 GW per year. In
2050,  non-fossil  fuel  energy  sources  consisting  of  nuclear
and renewables  (solar,  wind,  hydro,  bio)  will  provide  90%
of  the  total  power  generation.  After  considering  the  differ-
ences in capacity factors, this mix of installed capacities con-
tributes to a total TPES mix of 24% nuclear and 53% renew-
ables (Table 1). 

2.1.    Different pathways

To  further  understand  the  assumptions  and  uncertain-
ties, we compared the projections from four 1.5°C modeling
synthesis  scenarios:  the  IPAC  model  discussed  above,

GCAM-TU (Zhou et al., 2021), and ICCSD (Davidson et al.,
2016; Huang  et  al.,  2020; Project  Comprehensive  Report
Preparation  Team,  2020),  and  an  ICCSD “transition path-
way” (Project  Comprehensive  Report  Preparation  Team,
2020)  (see  ESM).  The  four  scenarios  all  show  a  reversal
between fossil and non-fossil fuels and similar carbon emis-
sions. However, the energy mix differs significantly.

China submitted the updated Nationally Determined Con-
tributions (NDC) on 28 October 2021 with several new com-
mitments  (https://www4.unfccc.int/sites/NDCStaging/
pages/Party.aspx?party=CHN,  accessed  on  6  December
2021). China will lower its CO2 emissions per unit of GDP
by over 65 percent from 2005 levels. In the Project Compre-
hensive Report Preparation Team (2020) study, the projected
number  is  68.2%,  a  bit  higher  than  the  committed  lower
bound of 65%. For China’s goal of non-fossil energy propor-
tion (about 25% by 2030), the GCAM-TU and IPAC models
predicted 36% and 30% at 2030, respectively, in the 1.5°C
carbon-neutral scenarios (Fig. S2 in the ESM) (Jiang et al.,
2018; Zhou  et  al.,  2021).  As  for  the  goal  of  total  installed
wind and solar power capacity reaching over 1.2 billion kilo-
watts,  the  GCAM-TU and  IPAC models  predicted  1.6  and
1.4  billion  kilowatts  by  2030,  respectively  (Jiang  et  al.,
2018; Zhou et al., 2021).

Primary energy projected by the IPAC model increases
gradually and plateaus to a level that is 30% higher in 2050
than  in  2020,  while  the  other  scenarios  only  show  minor
increases  (Fig.  2).  In  2050,  fossil  fuel  contribution  in  the
ICCSD  scenario  is  610  GWy,  only  half  of  the  other  two,
mostly due to a much smaller coal contribution. Non-fossil
energy  supply  ranges  from  3630  to  5040  GWy,  with  the

Table 1.   Energy sources in the total primary energy supply (TPES) mix. Future years are projected by the carbon-neutral scenario using
the IPAC model. Unit is in GWy (Gigawatts year) and percentage of total in parentheses.

Year Total Coal Oil N. Gas Nuclear Hydro Wind Solar Bio

2005 1956 1427 (72.9%) 404 (20.7%) 56 (2.9%) 18 (0.9%) 45 (2.3%) 0.8 (0.0%) 0.0 (0.0%) 4.6 (0.2%)
2020 4573 2622 (57.3%) 774 (16.9%) 390 (8.5%) 142 (3.1%) 319 (7.0%) 145 (3.2%) 103 (2.3%) 78 (1.7%)
2035 5625 1641 (29.2%) 512 (9.1%) 590 (0.5%) 818 (14.5%) 496 (8.8%) 645 (11.5%) 501 (8.9%) 423 (7.5%)
2050 6044 592 (9.8%) 211 (3.5%) 563 (9.3%) 1460 (24.2%) 535 (8.8%) 1001 (16.6%) 982 (16.2%) 702 (11.6%)

 

 

Fig. 2. Energy supply from (a) total, (b) fossil fuel, (c) non-fossil fuel sources from three 1.5°C scenarios, and a “transition
pathway”.
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ICCSD coming in low for all fossil fuels, particularly coal,
and  the  GCAM-TU  assumes  higher  and  longer-lasting  oil
use (Fig. S2 in the ESM).

Large  differences  exist  in  non-fossil  energy  sources
(Fig. S2). For example, the IPAC model projects 1570 GWy
(or  Gigawatts  year)  nuclear  energy,  generated  by  563  GW
of  installed  capacity,  compared  to  780–850  GWy  in  the
other  two  models.  The  ICCSD  scenario  projects  a  much
higher contribution from wind energy, 1920 GWy, compared
to  1010–1080  GWy,  for  the  other  two  models.  The  IPAC
and ICCSD call for 1040–1060 GWy of solar energy, com-
pared  to  430  GWy for  the  GCAM-TU.  Hydropower  is  the
only energy source with good agreement among the models
because the development of most of the available resources
has already taken place in the last 30 years.

The  nearly  factor-of-two  differences  in  nuclear,  wind,
solar, and bioenergy in the 2050 scenarios reflect major uncer-
tainties  in  the  assumptions.  For  instance,  the  higher  value
for  nuclear  energy  in  the  IPAC  model,  serving  as  crucial
baseload  or  firm  generation  when  coal  use  becomes  mini-
mal,  requires  the  use  of  nearly  all  of  the  suitable  sites  for
large-scale  nuclear  power  plants  (Jiang  et  al.,  2018; Xiao
and Jiang, 2018; Yu et al., 2020). Similarly, the higher contri-
bution from bioenergy implies major competition with food
production  and  other  environmental  goals  (Zhao  et  al.,
2015; Huang et al., 2020), and the higher wind energy sce-
nario  in  the  ICCSD  would  use  much  of  the  technically
exploitable resources (Zhang et al., 2011; Yang et al., 2017).
In  general,  the  higher  target  values  of  most  non-fossil  fuel
energy sources appear to approach resource limitation, with
solar energy being the lone exception.

The  IPCC  1.5°C  scenario  not  only  requires  long-term
commitment  but  also  fast,  near-term  emissions  reductions.
However, because of the inertia in the energy system, a path-
way is proposed to “transition” from a reinforced-policy sce-
nario to the ICCSD 1.5°C scenario (Project Comprehensive
Report Preparation Team, 2020). This scenario allows for a
gradual transition in the near term, which is more consistent
with China's 14th Five Year Plan (FYP) that is currently tak-
ing shape (The State Council, 2021) but requires a faster draw-
down after 2030 and somewhat different cumulative carbon
emissions (Fig. S3 in the ESM). Although it can eventually
reach the carbon-neutral goal, this scenario leads to less cumu-
lative emissions reduction, thus inconsistent with the IPCC
1.5°C scenario. This adds additional uncertainty to the envi-
sioned pathways, illuminating the scale of the problem and
the challenges facing the carbon-neutral goal. 

2.2.    Challenges of increasing renewable energy

Practical  solar  technology was developed in  the US in
the  1970s.  The  2009  European  renewable  energy  directive
spurred its growth as Chinese manufacturers made solar pan-
els that were sold to Germany and other countries. Over the
last  decade,  as  the  technology  further  advanced  and  the
scale of the economy expanded, the price of wind and solar
power  has  achieved  the  stunning  feat  of  price-parity  with
the  Levelized  Cost  of  Electricity  (LCOE),  which  is  now

cheaper than coal and nuclear (IRENA, 2020; Lazard, 2020).
China's  installed  solar  capacity  increased  from  2.6  GW  in
2010  to  43  GW  in  2015  and  281  GW  in  2020,  with  an
annual addition rate of more than 20% in the last few years.
Even  during  the  2020  COVID-19  pandemic,  49  GW  of
solar and 71 GW of wind power were added. The fact that
renewable energy is  now economically competitive against
fossil fuels arguably provides the most important foundation
for optimism on the carbon-neutral goal.

However, increasing the contribution to the energy mix
of  non-fossil  fuel  from  17%  to  77%–85%,  a  more  than  6-
fold  increase,  in  30  years  will  be  a  daunting  task.  As  the
model scenarios show, the higher targets for nuclear, wind,
and bioenergy approach their respective resource limits with
the notable exception of solar energy. While the available sun-
light  is  not  a  limitation,  it  does  require  vast  land,  mineral,
and other resources. The inherent intermittency of solar and
wind power due to diurnal, synoptic weather, and seasonal cli-
mate variations gives rise to load balancing and grid security
problems, especially when the proportion of this intermittent
source exceeds 20% of the total electricity production. The
solution will require technological breakthroughs in energy
storage  and  grid  technology.  Such  a  scaling-up  investment
would need to be at a comparable scale as renewable power
generation  itself.  Such  uncertainties  and  unforeseen  costs
are not necessarily fully accounted for in the model scenarios
or the long-term industry outlook (Global Energy Interconnec-
tion Development and Cooperation Organization, 2021). 

2.3.    Challenges of fossil fuel and coal phase-out

To reduce fossil fuel consumption below 15%–23% of
the  total  energy  by  2050  will  be  equally  challenging.  The
key to this transition is to impose end-use electrification sup-
plied by renewable energy. China has been aggressively devel-
oping electric vehicles, and this market accounts for 50% of
the world's total. Reducing oil use would require electrifica-
tion of the transportation sector to at least 85%. Electrification
of energy-intensive industries such as steelmaking and chemi-
cals is in its infancy. Reducing natural gas use requires the
transition  of  cooking  and  heating  mechanisms  from gas  to
electricity  in  residential  and  office  buildings,  a  daunting
task in retrofitting an urban infrastructure that is mostly com-
plete.  While  energy  efficiency  can  improve,  other  factors
may increase demand. For example, traditionally, the Chinese
cities  south  of  the  Huai  River  do  not  use  indoor  heating,
which  may  eventually  change.  In  the  other  direction,  the
demand for cooling will be higher in a warmer world. These
factors would require a near doubling of electric power gener-
ation, even though the total energy consumption is projected
to increase only modestly in the carbon-neutral scenarios.

Nearly 70% of China's electricity currently comes from
coal.  Reducing  it  to  less  than  10%  in  2050  requires  a  fast
phase-out of existing coal-fired power plants. Is this feasible?
As a major baseload, the stability provided by coal will still
be critical in the near to medium future. Moreover, China cur-
rently  has  a  significant  number  of  coal-fired  power  plants
under construction or approved, although many of these are
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cleaner  Integrated  Gasification  Combined  Cycle  (IGCC)
plants.  Given the 30–40 years  lifetime of  such plants,  near
elimination of them in 20–30 years implies stranded assets,
reduced  operation  hours  and  profit,  loss  of  jobs,  and  other
challenges. Recent government policy has been uncertain in
coal  development,  which  is  not  consistent  with  decisive
actions needed for the carbon-neutral goal. A partial remedy
during the transition period would be to gradually reduce oper-
ation hours as the Chinese coal-fired power plants generally
operate at high loads. A rapid coal phase-out will also need
to  deal  with  social  issues  as  the  coal  industry  currently
employs  more  than  4  million  workers  located  in  a  few
provinces.

Moreover, the phase-out of fossil fuels, especially coal,
also brings the co-benefit of reducing methane (CH4) emis-
sions, an important non-CO2 GHG, since energy activity con-
tributed  ~50%  of  China’s  anthropogenic  CH4 emissions
(Lin et al., 2021). Reducing CH4 emissions is assumed to be
a cost-effective method of achieving carbon neutrality, espe-
cially  in  the  energy sector  since methane can be recovered
and  reused  with  lower  costs  than  in  the  agriculture  and
waste treatment sectors.  In the case of N2O, the reductions
would be more difficult than with CH4 since about 60% of
N2O emissions are from agriculture (Han et al., 2021). Com-
prehensive  evaluations  on  promising  emission  reduction
measures  are  highly  needed  for  both  technology,  maturity,
and cost aspects. 

2.4.    Challenges  from  future  uncertainties:  nuclear,
technological bottlenecks, and geopolitics

The  carbon-neutral  goal  requires  all  variables  to  go  in
the  right  direction  in  a  short  amount  of  time:  technical,
socio-political,  and  economical.  Yet,  unexpected  events  or
trends certainly can disrupt the process. Should a coal phase-
out shift the lion's share of firm generation to nuclear power,
a  major  nuclear  accident  becomes  a  worrisome possibility,
despite  the  excellent  safety  record  of  China's  nuclear  fleet.
In  the  past,  society  has  tended  to  at  least  temporarily  shift
away  from  nuclear  power  after  a  major  nuclear  accident.
For example, the accident at the Fukushima Daiichi nuclear
power plant on 11 March 2011 caused serious environmental
pollution (Povinec et al., 2013) and public alarm (Huang et
al., 2013). For China, it may be prudent to ensure that rigorous
safety standards are followed in conventional nuclear deploy-
ment while testing safer technology with Small Modular Reac-
tors  (SMRs)  and  advancing  better  nuclear  waste  manage-
ment. Current carbon-neutral pathways rely heavily on con-
ventional  nuclear;  the  extent  to  which  other  clean  energy
sources may play a larger role depends on future technology
costs  and  the  extent  to  which  challenges  of  intermittency
and seasonal variations in generation can be solved by break-
throughs  in  complementary  technologies  such  as  grid  stor-
age, transmission, and hydrogen production.

With  renewables  and  nuclear  dominating  the  future
energy mix, the remaining 15%–23% of energy from fossil
fuels still needs to be offset by negative emissions technol-
ogy. However, it is not clear if the leading candidates, Carbon

Capture and Storage (CCS) in geological formations, Direct
Air  Capture  (DAC),  and  Bioenergy  with  CCS  (BECCS),
will be technologically and commercially successful enough
at the needed scale (Fuss et al., 2014; McLaren and Markus-
son, 2020).

Geopolitical  instability  remains  a  major  threat  to  the
Paris  climate  goal.  Similar  to  the  large  impact  of  Middle
East  oil,  demand  for  raw  materials  can  lead  to  instability
and volatility. A hostile relationship among and ‘decoupling’
of  the  major  world  economies  will  lead  to  more  emphasis
on investment in defense, leaving fewer resources for sustain-
able development and different technological standards that
ultimately hinder the spread of renewable technology. 

3.    A new energy map

In 1935, geographer Huan-Yong HU drew a southwest-
northeast  oriented diagonal  line on the map of  China,  later
known as the 'Hu-line' (Fig. 3). He pointed out that 36% of
the  land  southeast  of  this  line  accommodates  96%  of
China's population, while to the northwest, 4% of the popula-
tion lives on the remaining 64% of the land. A central geo-
economic  reality  of  China  is  the  separation  of  China  into
two regions with distinctly different climates, geography, pop-
ulation, and stages of economic development. This line also
separates a fundamental energy “inequality”. The semi-arid
regions of northwestern China have much of the renewable
energy resources as well as fossil fuel reserves that need to
be transferred to the industrially developed central and eastern
regions of China, except for development along the ancient
Silk Road corridor, which is also the main continental connec-
tion to central Asia and Europe.

China  is  developing  ultra-high  voltage  direct  current
(UHVDC) lines that  can run thousands of kilometers,  such
as the 800 kilovolt, 2193 km-long Baihetan-Zhejiang line cur-
rently under construction. However, the current grid system
is far from adequate in accommodating a pervasive distributed
system  at  the  scale  envisioned  for  carbon  neutrality.  For
instance, assuming 75% of the 2485 GW solar and 1508 GW
wind power projected by the IPAC model for the year 2050,
or  3000  GW  combined,  needs  to  be  transmitted  from  the
west to the east; such a project would require the equivalent
of  300  such  UHVDC  transmission  lines  at  10  GW  each,
with each line occupying large amounts of contiguous land,
often over difficult terrain. Yet, this still does not solve the
intermittency  issues  inherent  to  wind  and  solar  power.
Energy storage  such as  green hydrogen,  lithium-ion,  solid-
state, and other advanced battery technologies at very large
scales will be crucial. Still, it is not yet clear they will be avail-
able  in  a  timely  fashion  at  a  reasonable  cost  and  needed
scale.

To realize the renewable-dominated energy map, China
will need to develop every possible method in a carefully bal-
anced approach.  To minimize the  shortcomings of  security
and  reliability  of  long-distance  transmission,  distributed
energy  systems  should  be  widely  deployed.  While  rooftop
solar is the poster child of distributed solar, its potential on
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a per capita basis is limited in Chinese cities where high-rise
buildings dominate. In contrast, the potential is much higher
in rural regions. Installing solar panels on farmland and graz-
ing  land,  roadside,  hill  slopes,  and  other  suitable  places  in
the open countryside (Fig. 4) has the co-benefits of generating
power and enhancing plant growth under the panels (Barron-
Gafford  et  al.,  2019),  providing  green  jobs  and  improving
the income of farmers. Currently, China is making particular
efforts  by  providing  government-subsidized  solar  installa-
tions for poverty relief at local scales, but there is great poten-
tial for a nationwide expansion.

The power from individual solar panels and small wind
turbines can be aggregated using micropower stations at the
village level. After satisfying local power needs, a large quan-
tity of electricity can be sent from the micro-grid to nearby
towns,  then  to  larger  cities  via  the  regional  and  national
grids. Such a distributed system goes hand-in-hand with mod-
ularized storage systems. Together with electric and hydrogen
fuel cell vehicles in the cities, a network of distributed systems
with pervasive penetration across the country can catalyze a
rapid  price  drop of  energy storage  technology,  providing a
superbly flexible and resilient energy infrastructure.

The current grid system is far from adequate in accommo-
dating a pervasive distributed system at the scale envisioned
here. Such a system will require policy and financial incen-
tives.  Because  the  current  fossil  fuel-based  power  system
already  provides  a  backbone  grid,  the  micro-medium scale
systems  generally  cover  the  intermediate  range  of  linking
houses and farms to the grid. Solar, wind, and small modular
nuclear energy and biomass can be similarly integrated into
the grid. Such a distributed system and interconnected smart
grids will also offer a huge market for the internet of things

(IoT) and related digital technology.
In  addition  to  onshore  wind  energy,  offshore  wind

energy  is  another  mature  technology  that  can  significantly
ramp up. This fully renewable energy source has the distinct
advantage of  being close  to  the  major  coastal  metropolitan
cities such as Tianjin, Shanghai, Shenzhen, Hong Kong, and
Guangzhou.  Besides  building wind farms,  careful  planning
for such a national backbone of coastal transmission cables
on land or underwater will facilitate and stimulate offshore
wind  development  (Fig.  3).  In  contrast  to  solar,  the  wind
can blow at night and is often stronger in winter than in sum-
mer; thus, wind energy has can potentially provide an impor-
tant buffer for the distributed solar system.

Reforestation  and  forest  protection  in  China  over  the
last 30 years has contributed to a significant carbon sink, esti-
mated at 0.2 GtC yr–1 or larger (Fang et al., 2018; Han et al.,
2021). Most of this occurred in southern China, where the cli-
mate  is  wet  and  warm.  However,  as  these  forests  mature,
their  ability  to  absorb  CO2 will  decline.  Because  China  is
already heavily dependent on agricultural imports, competi-
tion for land use will be a major limitation for bioenergy con-
tribution  (Zhao  et  al.,  2015; Huang  et  al.,  2020).  Novel
ways  of  managing forests  to  maintain  or  enhance  this  sink
as negative emissions (Zeng, 2008) may be needed to offset
hard-to-replace fossil fuel use.

To  achieve  the  new  energy  map,  it  will  be  critical  to
strike  a  balance  between adhering  to  government  guidance
and stimulating the market economy. In the context of renew-
able  energy  development,  infrastructure  build-up,  and  the
COVID-19  response,  the  Chinese  experience  has  demon-
strated  the  importance  of  unified  vision,  concerted  effort,
and the willingness to sacrifice some individual interests for

 

 

Fig. 3. The new energy map of China with a balanced portfolio. China's carbon-neutral goal would
require a  stunningly large quantity of  interconnected,  utility-scale,  and distributed non-fossil  power
generation, as well as carbon sinks that offset remaining fossil fuel emissions.
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the community when needed.  On the other hand,  to ensure
continued  benefits  from  innovation  and  the  dynamism  of
the  market  economy,  greater  efforts  and  more  careful
approaches will be needed both internationally and domesti-
cally.  For  example,  the  mass  production  of  a  distributed
solar energy system would require government supports and
even  mandates  for  building  a  suitable  national  distributed
grid that allows electricity generated by the micro solar sys-
tems to flow in, while still allowing for market mechanisms
for construction and price adjustment. 

4.    Research, innovation, and collaboration

China's GDP has grown at an average rate of 9% annually
over  the  last  40  years,  driven  by  a  national  resolve  to  rise
from the “hundred-year turmoil” and a focus on economic
development, enabled by the vigor and dedication of 2−3 gen-
erations coming from a poverty-stricken background. How-
ever, the wealth gap has grown alarmingly large as living stan-
dards improve. As China enters a middle-wealth stage, contin-
ued development will require a deeper socio-economic trans-
formation. The carbon-neutral goal and sustainable develop-
ment, in general, provide a big opportunity for this transforma-
tion.

China's economic 'miracle' would not have been possible
without the scientific knowledge,  technology, and manage-
ment experience in a generous international business and cul-
tural environment. China joined the World Trade Organiza-
tion (WTO) in 2001, which made the world market accessi-
ble, a crucial step leading to substantial improvement in living
standards  while  benefiting  the  rest  of  the  world.  The  basic

technology of photovoltaics,  concentrated solar power,  and
wind  turbines  was  developed  in  the  US  at  a  commercial
scale in the 1970s in response to the Middle East oil crisis.
Advancements  in  high-speed  rail  have  occurred  in  France,
Germany,  and  Japan  and  within  technology  related  to
lithium-ion batteries  in  Japan in the 1990s.  China has con-
tributed  additional  developments  to  these  technologies  and
achieved cost reductions and scale-up.

In  the  future,  China's  ambitious  carbon-neutral  goal
will not be possible without continued international collabora-
tion  and  a  conducive  international  economic  and  political
environment. A key issue is intellectual property (IP) rights.
China started its patent and trademark system in 1985, and
patent applications accounted for 46% of the global total in
2018. However, this number does not necessarily reflect the
quality of the projects. Technical knowledge has been tradi-
tionally  regarded  with  little  value,  and  IP  protections  are
weak. Working closely with other countries to improve IP pro-
tections,  fair  technology  transfer,  and  market  access  will
have the dual benefit of nurturing a productive international
relationship  and  allowing  domestic  innovation  to  flourish.
Similarly,  while  China's  scientific  research  output  has
become number one in terms of the number of papers pub-
lished,  Chinese  industry  has  benefited  only  modestly  from
such  research.  This  is  not  to  suggest  diminishing  research
efforts but rather to emphasize establishing and applying mul-
tiple  criteria  for  judging  scientific  output  and  merit.
Research with real and attainable impact should be empha-
sized, whether basic or applied.

International  collaboration  sometimes  starts  unpleas-
antly  and unexpectedly.  In  2008,  a  scientific  attaché  at  the

 

 

Fig. 4. Top and bottom left: Distributed small solar power systems such as agrivoltaics on a micro-grid with storage
embedded in a smart interconnected regional/national grid may be a key to deep decarbonization needed for China's
carbon-neutral  goal.  Top  right:  end-use  efficiency  using  smart  shared  bikes  to  connect  the  “last  kilometer ”  from
home to metro. Bottom right: A worker installs a solar photovoltaic panel on the rooftop of a residential building.
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US embassy in Beijing set up an air quality monitor on the
rooftop  and  started  to  post  the  PM2.5 measurement  on  the
Embassy's  website  (Kintisch,  2018).  The  initial  reaction
from the people of Beijing was to “mind-your-own-business”
as the “foggy” weather is painted as natural beauty in tradi-
tional Chinese literature and arts. But it did not take long for
people  to  recognize  the  health  threat  of  air  pollution.  Now
China  has  a  network  of  thousands  of  monitoring  stations
reporting  data  in  real  time.  Since  2013,  the  PM2.5 has
dropped by 53% (from 89.5 μg m–3 in 2013 to 42 μg m–3 in
2019) in  Beijing (Beijing Municipal  Ecology and Environ-
mental Bureau, 2020). This decrease has been achieved by a
combination  of  factors,  including  moving  heavy  polluting
industries outside major cities, establishing higher emissions
standards, and mandating temporary close-downs of factories
during 'bad' weather conditions. While such measures have
had significant  impact  in improving health in highly popu-
lated cities  during heavy-pollution episodes,  the  sources  of
pollution  largely  remain  unmitigated.  The  carbon-neutral
goal provides a great opportunity to deal with air  pollution
and climate change from their  common source—fossil  fuel
emissions.

The  global  climate  change  emergency  is  an  area  with
high  potential  for  international  collaboration.  Historically,
exchange  on  climate  science  through  avenues  such  as  the
Intergovernmental  Panel  on  Climate  Change  (IPCC)  was
instrumental in transforming China from considering climate
change an  issue  invented by the  West  to  playing a  leading
role  today in  preventing its  further  development.  Scientists
and policymakers should continue to collaborate on the sci-
ence of climate change and climate mitigation and adaptation
strategies.  For  instance,  despite  a  major  investment,  much
of China's environmental data on the atmosphere and ocean
and  land  ecosystems  remain  highly  fragmented  and  often
not  publicly  available.  A  concerted  effort  from the  highest
government  level  to  individual  research  groups  will  be
needed to break bureaucratic obstacles, improve data quality
and availability, and create a carbon monitoring and green-
house  gas  information  system  to  realize  their  value  for
global climate efforts fully.

China's development started with little modern infrastruc-
ture so that it has had room for experimentation and competi-
tion of different technologies in a “cross-the-river-by-touch-
ing-stones ”  fashion,  as  phrased  by  the  late  Chinese  leader
Xiaoping  DENG.  A  major  drawback  of  such  a  trial-and-
error approach is the inefficient use of material and human
resources  and  environmental  degradation  on  air,  land,  and
water. For the carbon-neutral goal, China may be able to simi-
larly scale up key technologies such as energy storage,  but
only with international collaboration, monitoring, and scien-
tific exchange. 

5.    International development

The  scale  required  to  deploy  solar,  wind,  and  end-use
electrification will have major spill-over effects to other coun-
tries, thanks to China's ability to scale up and refine a technol-

ogy to make it affordable. The potential global impact of a
rapid  Chinese  renewable  development  may  well  rival  the
impact on China itself, not only for its manufacturing capabil-
ity,  but  also  for  the  potential  for  technology  development,
and spread to developing countries or those soon to be devel-
oped where future energy demands are not foreseen.

For  instance,  in  the  Belt  and  Road  Initiative  (BRI),
China  plans  to  spend  trillions  of  dollars  in  the  build-up  of
infrastructure for  developing countries  in  Asia,  Africa,  and
South  America  (World  Bank,  2018)  The  construction  of
coal-fired  power  plants  should  be  switched  to  solar  and
wind  farms,  specifically  fostering  the  distribution  of  micro
solar power stations for villages and towns and rooftop and
farm  solar  panels  for  rural  households  (Fig.  4).  Efforts
should not be placed solely in constructing solar installations
but also directed towards expanding the capacity of human
resources.  Solar  deployment  in  China  will  provide  green
jobs and infrastructure in developing countries, also helping
poverty  relief.  China  and  India  should  collaborate  because
Indian energy demand is rapidly increasing with its large pop-
ulation  and  fast  economic  growth.  India  could  become  the
“next China” in CO2 emissions if it misses the opportunity
of  renewable  deployment  in  place  of  coal.  Novel  appro-
aches such as “debt-for-climate” swaps with developing coun-
tries (Simmons et al., 2021) can complement China’s carbon
goals by more efficient use of resources. Efforts in helping
developing  countries  to  sidestep  fossil  fuel  and  directly
move  to  renewable  energy,  especially  distributed  systems,
will make the world better connected and balanced. 

6.    Conclusions and expectations

Achieving carbon neutrality is a broad and profound eco-
nomic and social systemic change in China. The significance
of China's carbon-neutral goal to the Paris climate accord tar-
gets and the world's sustainable development and peace can-
not  be  over-emphasized,  but  the  challenges  are  enormous.
Just  like  China's  reform  and  opening  up  40  years  ago,
China's economic development has brought new surprises to
the world.  In the same way,  with the carbon-neutral  vision
that  started  today,  China  will  also  meet  its  carbon-neutral
goal  40  years  later,  bringing  confidence  and  providing  a
model  for  other  countries  in  the  world.  The  recently
achieved  price-parity  of  solar  and  wind  with  fossil  fuel
energy sources  lays  the  foundation for  this  ambition;  how-
ever, deployment at the scales needed is subject to technologi-
cal  and  commercial  bottlenecks.  The  envisioned  pathways
push resource limitations for nuclear, wind, and bio-energy.
It is important to research and experiment with all possible
technologies. On the deployment side, we recommend a cau-
tious approach with conventional nuclear and a faster phase-
out  of  coal.  Still,  more  aggressive  action  is  needed  to  dis-
tribute  solar,  wind,  small  and  modular  nuclear,  smart  grid,
and energy storage. International collaboration on scientific
and  technical  innovation  and  deployment  will  be  essential
to build a safe, fair, and more resilient common future glob-
ally.
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