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Assessing China’s efforts to pursue the 1.5°C
warming limit
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Massimo Tavoni12,13, Xi Ming1, Kimon Keramidas14, Gokul Iyer15, James Edmonds15

Given the increasing interest in keeping global warming below 1.5°C, a key question is what this would
mean for China’s emission pathway, energy restructuring, and decarbonization. By conducting a
multimodel study, we find that the 1.5°C-consistent goal would require China to reduce its carbon
emissions and energy consumption by more than 90 and 39%, respectively, compared with the “no
policy” case. Negative emission technologies play an important role in achieving near-zero emissions,
with captured carbon accounting on average for 20% of the total reductions in 2050. Our multimodel
comparisons reveal large differences in necessary emission reductions across sectors, whereas what
is consistent is that the power sector is required to achieve full decarbonization by 2050. The cross-
model averages indicate that China’s accumulated policy costs may amount to 2.8 to 5.7% of its gross
domestic product by 2050, given the 1.5°C warming limit.

A
s part of the Paris Agreement, nearly
all countries have agreed to take steps to
limit the global surface average temper-
ature increase to less than 2° or 1.5°C
compared with preindustrial levels (1).

Without stringent climate policy, global mean
warming is likely to result in temperature in-
creases greater than 2.5°C, which could decrease
the world’s per capita output by 15 to 40% (2),
although those economic impacts are highly
uncertain. The climate impacts in different re-
gions are likely to show large differences (3, 4),
with some countries suffering disproportion-
ately serious consequences without the adap-
tation of early and stringent climate change
mitigation policies (5, 6). For some less-developed
states that are endowed with rich natural re-
sources, half of their existing species may be
in danger of extinction (7), and many coastal

regions may be exposed to multiple risks of
diseases resulting from climate change (8).
Even worse, the imbalanced distribution of
loss and damage will exacerbate the inequal
trends of economic development across coun-
tries (9).
Although both the 2° and 1.5°C goals have

been discussed frequently since the Copenhagen
Accord in 2009, most research efforts have
focused on the 2°C target (10–12). The 1.5°C
goal began to receive considerable attention
only after it was formally adopted in the Paris
Agreement, and a minority of studies since,
particularly at the country level, have been
conducted using it (9, 13). Still, research has
now shown that there are important differ-
ences between a 2° and 1.5°C warming (14, 15);
for example, the economic cost to reach the
1.5°C goal may be at least threefold that of
the 2°C goal (16). The Intergovernmental Panel
on Climate Change (IPCC) released a special
report in 2019 on the impacts of global warm-
ing of 1.5°C above preindustrial levels and the
related greenhouse gas emission pathways (15).
Nevertheless, current studies on the 1.5°C goal
are far from adequate to be enough for the sixth
assessment report (AR 6) on climate change
that is due to be released in 2022 (17, 18).
At the same time, there is clearly no con-

sensus on the attractiveness of a 1.5°C target,
particularly given the uncertainty in associ-
ated mitigation costs. For instance, little at-
tention has been paid to what this strict
warming-stabilizing target means for China,
particularly from the perspective of a multi-
model comparison framework (19). The latest
report released by the China Coal-Control Pro-
ject provides a preliminary discussion of
China’s mitigation scenarios and technology
pathways under the 1.5°C goal, emphasizing
the importance of immediate mitigation ac-
tions followed by an annual decrease of nearly

400 million tonnes (Mt) in CO2 emissions after
2020 and the first realization of negative emis-
sions of the power sector in 2050 (5, 20). It
suggests that as a high population–exposed
country, China may suffer substantially and
more than other countries from the imbalanced
distribution of adverse climate impacts. There-
fore, we conducted this multimodel study to
explore the consequences for China of doing
its part to reach the 1.5°C warming target,
based on the existing scenario from global
models and new national modeling. The aim
is to understand what results are model-
robust, given different models that are widely
used in both global and domestic climate
policy research, and what results are most un-
certain across models. Our findings are in-
formative and insightful for China’s long-term
mitigation and carbon neutrality, as well as its
contribution to global climate goals, and for
identifying the need for future research.

Pathways of carbon and noncarbon emissions

Figure 1 reports the difference in emission
trajectories across participating integrated as-
sessment models (IAMs). For example, the
range of the carbon emissions in 2050 under
the “no policy” case is 10.2 to 19.8 billion tonnes
of CO2 (GtCO2), and this is 1.9 to 2.3 GtCO2 for
the 1.5°C-consistent scenario. Except for the
WITCH(World InducedTechnicalChangeHybrid)
model, all the other models agree on China’s
carbon peaking in the no policy case, despite
great uncertainty on peak values (from 10.9
to 17.5 GtCO2) and timing (from 2035 to 2045).
Based on the weak growth in coal consump-
tion and the declining trend of CO2 emissions
in recent years, an emission peak during the
period of 2035 to 2040 is certainly feasible,
even in the absence of additional mitigation
efforts (21). Despite limited convergence emis-
sion trajectories acrossmodels under the 1.5°C
scenario, one highly consistent finding is that
carbon emissions decrease steeply beginning
in 2020. The majority of the IAMs will achieve
near-zero or negative emissions by around 2050
(from −1.94 to 2 GtCO2), a result in line with
results from a global-scale analysis (17). We
find that an early emissions peak followed by
steep reductions thereafter reduces depend-
ence on negative emission technologies (NETs)
for realizing the 1.5°C target. As a consequence,
an important trade-off exists between substan-
tial early mitigation actions and reliance on
NETs with uncertain performance, when de-
veloping pathways to realize the 1.5°C warm-
ing goal.
Carbon capture and storage (CCS) technol-

ogies, including conventional fossil fuel CCS
and bioenergy with CCS (BECCS) technolo-
gies, play important roles in limiting global
average temperature change in the year 2100
to 1.5°C (Fig. 1B), and this is consistent across
various models (22). As seen from the results

RESEARCH

Duan et al., Science 372, 378–385 (2021) 23 April 2021 1 of 7

1School of Economics and Management, University of Chinese
Academy of Sciences, Beijing 100190, China. 2Institute of Energy,
Environment and Economy, Tsinghua University, Beijing 100084,
China. 3Energy Research Institute, Chinese Academy of
Macroeconomic Research, Beijing 100038, China. 4Potsdam
Institute for Climate Impact Research, Member of the Leibniz
Association, 14473 Potsdam, Germany. 5Netherlands
Environmental Assessment Agency (PBL), Postbus 30314, The
Hague, Netherlands. 6Copernicus Institute of Sustainable
Development, Utrecht University, P.O. Box 80125 3508 TC
Utrecht, Netherlands. 7Faculty of Economics and Social Sciences,
University of Potsdam, 14482 Potsdam, Germany. 8Academy of
Mathematics and Systems Science, Chinese Academy of
Sciences, Beijing 100190, China. 9Department of Environmental
Engineering, Kyoto University, Kyoto 615-8540, Japan. 10Center for
Social and Environmental Systems Research, National Institute for
Environmental Studies, Tsukuba 305-8506, Japan. 11International
Institute for Applied Systems Analysis, 2361 Laxenburg, Austria.
12Department of Management, Economics and Industrial
Engineering, Politecnico di Milano, Milan 20123, Italy. 13RFF-CMCC
European Institute on Economics and the Environment,
Fondazione Centro Euromediterraneo sui Cambiamenti Climatici,
Milan 20123, Italy. 14European Commission, Joint Research
Centre (JRC), Seville E-41092, Spain. 15Joint Global Change
Research Institute, University of Maryland and the Pacific
Northwest National Laboratory, College Park, MD 20740, USA.
*Corresponding author. Email: hbduan@ucas.ac.cn (H.D.);
zhshinet@tsinghua.edu.cn (S.Z.); detlef.vanvuuren@pbl.nl
(D.P.v.V.); sywang@amss.ac.cn (S.W.)

on M
ay 4, 2021

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://science.sciencemag.org/


for 2050, the lowest emission appears in the
POLES (Prospective Outlook on Long-term
Energy Systems) model, which has the greatest
reliance onCCS andBECCS,with a share of total
emissions reaching 39.2% (Fig. 1B). Similarly, the
lesser use of CCS in the WITCH and CE3METL
(ChineseEnergy-Economy-EnvironmentalMod-
el with Endogenous Technological change by
employing Logistic curves) models (less than
15%) largely explains their failure to reach net-
zero or negative emissions by 2050. It is worth
noting that the carbon emission for the AIM
(Asia-Pacific Integrated Model) becomes neg-
ative in 2050, with a relative low ratio of CCS
capture to total emissions, implying the sub-
stantial potential of carbon reduction associated
with a low-carbon energy transition. Non-
carbon emissions also need to be substantially
curbed to ensure that the increase in the tem-

peratures stays below 1.5°C (Fig. 1C). Themulti-
model comparisons reveal that the amount of
noncarbon emissions, including primary CH4

and N2O, is rather small compared with that
of the carbon emissions (12.8 to 16.1 Gt), with
magnitudes of 70.7 to 98.9Mt and 1.8 to 3.3Mt,
respectively. However, the reduction in non-
carbon emissions still proves to be indispens-
able, particularly for attaining strict climate
goals (23). Actually, carbon emissions must be
reduced bymore than 90% to hit the 1.5°C limit,
and CH4 and N2O emissions are expected to
decrease, on average, by 70.6 and 52.2%, respec-
tively, in comparison to thenopolicy case (Fig. 1C).

Industrial CO2 emissions and
mitigation contributions

The mitigation challenges of the 1.5°C limit
differ considerably across sectors in terms of

both demand and supply levels (Fig. 2). From a
demand perspective, industry is the main em-
ission contributor, and this is amodel-consistent
finding. In the absence of additional mitigation
policies, China’s industrial emissions account for
48.7 to 75.2% of the total emissions of energy
demand in 2030. As seen in the time scale (Fig.
2A), most of the models show declining trends
in industrial emissions, and this decrease could
be up to 37% from 2030 to 2050.Whenmoving
to the emission structure, we observe another
model-consistent finding: The share of China’s
industrial emissions to total emissions of en-
ergy demand gradually declines to about 50%
in 2050. This result is driven by three forces
operating in China’s industrial sector, i.e.,
structure adjustments, low-carbon transition
of energy use, and substantial enhancement
of energy efficiency. Indeed, China might be
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Fig. 1. Cross-model emission pathways of China. (A) Changes in total carbon emissions under both the no policy (solid lines colored with light green) and warming-
limit scenarios (dashed lines colored with light purple). (B) The roles of the CCS for fossil fuels and biomass in attaining the 1.5°C goal by 2050. (C) Reduction ratios of
carbon and noncarbon emissions across the models under the 1.5°C-consistent scenario (relative to the no policy case). GHGs, greenhouse gases.
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Fig. 2. Cross-model comparisons of China’s emission reductions.
(A) Sectoral carbon emissions from both the energy supply and demand sides
across models. The top row shows the no policy baseline versus the 1.5°C-
consistent scenario shown in the bottom row. No CO2 data in the power sector
were reported for the AIM model; emissions of heating were also absent for
many models, and we therefore exclude it in this analysis. (B) Cross-model

analysis of distributions of mitigation contributions under the warming limits
in 2050. CRES denotes carbon emission reductions resulting from energy
substitution (nonfossil energy for fossil fuels); ECR measures the emission
abatement that is directly from energy consumption reduction. Other forms
of change in carbon emissions (such as changes in land use) are included in the
category OTHER.
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expected to go through an energy-use trans-
ition even absent greenhouse gas emissions
mitigation. Such energy transitions accom-
pany economic development and its associated
economic restructuring, air pollutant con-
trols, and water and soil contamination treat-
ment. In terms of energy supply, electricity
production is the primary source of carbon
emissions in China. As shown in Fig. 2A, emis-
sion pathways for power supply are not con-
sistently decreasing acrossmodels. The emission
structure of the supply side is quite stable
when it is compared with that of the demand
side, which implies the difficulty in carbon
abatement arising from supply-side energy
restructuring.
The 1.5°C warming limit directly leads to

a pronounced decrease in sectoral emissions,
which is consistent on both the supply and
demand sides. On average, carbon emissions
in the power sector will decline by 65.6%
across models in 2030, and near-zero or neg-
ative emission status could be attained as
deep decarbonization proceeds over time.
The WITCH model appears to be the first to
achieve negative emissions (in 2030), whereas
the POLES and IMAGE (Integrated Model to
Assess the Global Environment) models gain
the highest values for negative emissions, i.e.,
2.6 and 1.9 GtCO2 in 2050. The cross-model
analysis on the distributions of carbon emis-
sion mitigation shows that CCS plays a for-
midable role in achieving the 1.5°C goal (Fig.
2B), but it cannot be the dominant contributor
to emission reduction. The largest proportion of
the reduction comes from a substantial energy
consumption decline, followed by the substitu-
tion of clean energy for fossil fuels, which is a
highly consistent finding across all models. This
implies that stringent energy demand control
and substantial clean energy development are
critical to hit the ambitious climate goal.

Challenges on the carbon intensity of
end-use energy

Carbon intensity is an important indicator
to weight the effect of policy interventions.
Carbon intensity is defined as carbon emis-
sions per unit consumption of end-use energy
(tCO2/tce). As depicted in Fig. 3, the 1.5°C limit
calls for a substantial decrease in carbon in-
tensity, with a cross-model consistent reduc-
tion of 60% relative to the no policy case. The
declines in the GCAM-TU (Global Change As-
sessment Model–Tsinghua University), IPAC
(Integrated Policy Assessment model for
China), POLES, and REMIND (REgional Mod-
el of INvestment and Development) models
could even be as high as 80%, leading to a
high average decrease of 75.6% across par-
ticipating models. As indicated by the abso-
lute values, carbon intensity in most of the
models is less than 1 tCO2/tce (except IMAGE)
in 2050, and it is the lowest in GCAM-TU, i.e.,

0.3 tCO2/tce. We could uncover two driving
factors behind the decrease in carbon inten-
sity: The first is both endogenous and exogenous
energy efficiency enhancement for single-
energy technology, and the second is the structure
optimization of end-use energy consump-
tion, including the electrification of the end-use
energy system and transitions from carbon-
based power to cleaner natural gas or renew-
ables. Carbon intensity improvement may not
be a direct objective of climate policy, which acts
more on energy consumption control and clean
technology development, but it is an important
pathway through which energy policy operates.

Energy transformation and decarbonization

Attainment of the 1.5°C target largely depends
on the substantial replacement of renewables
for fossil fuels (24). Figure 4 shows that the
1.5°C goal requires a steep decrease in China’s
fossil energy consumption, and this decrease
could be 4.04Gt standard coal equivalent (Gtce)
on average in 2050, 73.9% lower than the no
policy case. In this context, China’s nationally
determined contribution (NDC) goal of non–
fossil energy deployment can be realized early

in 2025, and the share of non–fossil fuels in
the total primary energy consumption (TPEC)
could be further expanded to 30% in 2030 and
62.8% in 2050. By 2050, renewables will domi-
nate China’s primary energy supply, with a
1.3 Gtce increase in their amount and a 175%
growth on average with respect to the no policy
case. The leapfrog development of nuclear and
renewables under the 1.5°Cwarming limit could
also be consistently observed from independent
model results (Fig. 4C). The aggregated im-
pacts of the warming limit on TPEC could be
demonstrated in detail by energy restructur-
ings across variousmodels (Fig. 4G). Ourmod-
el comparison demonstrates the variety of
possible energy transitions consistent with
the strict 1.5°C temperature control. Some
model-robust findings include a steep model-
consistent reduction in coal consumption and
a substantial development of biomass, wind,
and nuclear power technologies. These results
hold up well against changes in the cost of
renewables (fig. S6).
As a main contributor to emission reduc-

tion, the electricity sector faces severe chal-
lenges in terms of restructuring and deep
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Fig. 3. Challenges regarding carbon intensity given the 1.5°C warming limit. The main chart depicts the
percentages of carbon intensity improvement (relative to the no policy case) across the target IAMs in 2050, and
the subfigures show the paths of the carbon intensity of end-use energy under a 1.5°C-consistent scenario.
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Fig. 4. Changes in the
TPEC across models
under the 1.5°C
warming limit. (A) The
growth in the magnitude
of renewables under
the 1.5°C scenario. The
pink area represents the
growth of renewables
under the 1.5°C scenario,
and the dashed black
line shows the results
under the no policy
scenario; the green arrow
indicates the magnitude
of growth. (B) The
decline in fossil energy
demand necessary to
hit the 1.5°C goal. The
blue area represents the
evolution of fossil fuels
under the no policy
scenario, and the
dashed purple line
shows the results under
the 1.5°C scenario; the
red arrow shows the
magnitude of fossil fuel
decrease under the
1.5°C scenario. The
curved green arrow
highlights the growth of
renewables from the no
policy scenario to the 1.5°C
scenario. (C) Changes
in fossil fuels, nuclear,
and renewables across
the models relative to
the no policy levels.
(D and E) The evolution
of the secondary
energy structure in 2050
under the no policy case
(D) and the corresponding
changes in the power
structure under the 1.5°C
case (E). The triangles in
both subfigures denote
the ratios of nonfossil
power (NF) to total
secondary power con-
sumption. (F) Changes
in industrial energy
demand (relative to the
no policy case). The
bars in this figure show
changes in industrial
fossil fuels and electricity
consumption in 2050
by comparing the 1.5°C case to the no policy case; circles and squares represent shares of the industrial final energy demand to the total final energy under the two
scenarios, respectively. (G) Energy restructuring across the target models. The titles at the top and to the right give considered models and policy scenarios,
respectively. Different energy consumption is uniformly measured by Gtce. On the left, “Real” provides the historical energy consumption in 2015 and 2019 from
China’s National Bureau of Statistics.
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decarbonization in the presence of a strict
warming limit. Although changes in energy
demand acrossmodels are highly varied in the
no policy case, fossil fuels consistently play a
dominant role in the power sector. With the
exception of the REMIND model, which is
optimistic about the deployment of solar power,
the share of fossil energy in sectoral TPEC for
all the other models is more than 67% in the
no policy scenarios (Fig. 4D). Figure 4, D and
E, reports inconsistent cross-model impacts of
warming control on energy consumption in
the power sector. In effect, there are two typ-
ical factors driving the changes in the energy
demand in the power sector. First, mitigation
drives higher carbonprices,which increase end-
use energy prices. Second, because the power
sector has many ways to decarbonize, its price
falls relative to fossil fuel prices in end use,
which leads to a substitution of power for the
direct use of fossil fuels. The latter is the elec-
trification effect (20). The final changes in en-
ergy consumption in the electricity sector are
contingent on the trade-offs of these two effects
(see supplementary materials for further dis-
cussion). Two robust results emerge from this
model intercomparison. First, China’s power
sector will achieve zero-coal status in 2050,
though technology mixes vary widely across
models. Second, of all the low-carbon technol-
ogies, wind and solar have observed the fastest
increases in generation over recent years.
Industry is a primary sector of end-use en-

ergy consumption, and substantial changes in
energy use must occur to reach deep decar-
bonization of the entire economy and realiza-
tion of the given climate goals. Because the
power sector has many low-carbon and no-
emission technology options available and
their future cost and performance are uncer-
tain, models reflect a range of possible decar-
bonization pathways for this sector (Fig. 4F).
What is interesting is that the ratio of indus-
trial energy demand to total end-use energy
demand is less affected and relatively stable,
slightly fluctuating around the average level
of 49% (42 to 55%) across all models under
both scenarios. This largely reflects high in-
ternal consistency on the dynamic adjust-
ment of China’s industrial structure [e.g., share
of industrial gross domestic product (GDP) in
the economy] and energy efficiency enhance-
ment in the industrial sector.

Economic analysis

We understand the economic implications of
climate policy by considering three aspects, i.e.,
climate damage, the economic impacts of cli-
mate policy, and the social cost of carbon (SCC)
for various climate targets. The first two indi-
cators are usually measured by the proportion
of GDP, and the SCC could be largely equiva-
lent to the optimal carbon tax given exogenous
warming and emission controls (25). Because

most considered models do not report climate-
related damage, we conduct our cross-model
economic analysis bymainly considering policy
costs and the SCC, as depicted in Fig. 5, A and B.
The models do not tell a consistent story

regarding the policy costs under the 1.5°C sce-
nario (Fig. 5A). For example, the GDP losses
associated with the 1.5°C warming limit could
be as high as 10.9% and as low as 2.3% in
2050. This story is still true when moving to
the accumulated perspective, with the GDP
loss over the time frame ranging from 2.8 to
5.7% (with a 5% discount rate), and they are
observably larger than the global levels (fig.
S1). However, as seen in the model averages,
we find a similar sized accumulated impact
of the 1.5°C warming limit on China and the
world, i.e., 3.3% (relative to the no policy level).

Given that the no policy scenario is mostly
counterfactual, the GDP loss could be under-
stood as an upper-bound cost to hit the 1.5°C
goal. Generally, increased GDP growth implies
an increase in energy consumption. Although
energy systems have long been dominated by
fossil fuels in China, in this context, the attain-
ment of the stricter climate target relies on a
pronounced decrease in energy consumption,
which inevitably plays a negative role in the
economy (26). By contrast, substantial techno-
logical change not only effectively drives eco-
nomic growth but also greatly helps to reduce
the policy costs of climate governance, and this
can be seen in the results of the CE3METL
model in Fig. 5A.
All the models in this study report path-

ways of the SCC under the 1.5°C scenario, as

Duan et al., Science 372, 378–385 (2021) 23 April 2021 6 of 7

-15

-10

-5

0

5

10

15

2015 2020 2025 2030 2035 2040 2045 2050

P
er

ce
nt

ag
e 

ch
an

ge
s 

(%
)

AIM

GCAM

IMAGE

POLES

REMIND

WITCH

CE3METL

GCAM-TU

IPAC

AIM

REMIND

WITCH

CE3METL

0

500

1000

1500

2000

2500

0 0.2 0.4 0.6 0.8 1 1.2

C
ar

bo
n 

pr
ic

e 
(U

S
 2

01
0$

/tC
O

2)

Fraction of carbon emission reduction from no policy scenario

AIM

POLES

WITCH

IMAGE

REMIND

GCAM

GCAM-TUCE3METL

IPAC

A

B

AIM GCAM IMAGE
POLES REMIND WITCH
CE3METL GCAM-TU IPAC

G
D

P
Loss

G
D

P
(N

o P
olicy)

AIM
REMIND

WITCH
CE3METL

0

25

50

2020 2030 2040 2050

G
D

P
(T

ri
20

10
$)

Fig. 5. Impacts of the 1.5°C goal on China’s economy. (A) The top panel shows GDP growth rates under
the no policy scenario (5-year averages from 2010–2015 to 2045–2050), with the magnitude of the GDP
across all models embedded, and the bottom panel shows the yearly GDP losses (dashed lines with purple
colored band) and cumulative GDP loss (the horizonal dotted lines, from 2020 to 2050 with a 5% discount rate)
given the 1.5°C goal (percentage change relative to the no policy results). (B) Carbon prices required for China given
the 1.5°C warming limit. The horizontal axis gives emission control rates relative to the no policy case.
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informed in Fig. 5B, and we find a great cross-
model uncertainty on China’s SCC (from $315
to $2240 per tCO2 in 2050), which repeats the
result that has been clearly examined at the
global scale (19). The notable difference in
carbon prices is not surprising because there
are many primary factors that lead to this
difference, including the basic setting on costs
and mitigation performance for various en-
ergy technologies, the substitutability of fossil
fuels and alternatives, cross-regional trade
modes, and the transmission mechanism of
policy costs (see supplementary materials for
more discussion).

Model-intercomparison findings

Based on the IAM-based multimodel analysis,
we found that China’s carbon-neutral announce-
ment in 2060 is largely consistent with the 1.5°C
warming limit, despite a greater challenge for
the latter (fig. S7). Our model intercomparison
produced several consistent insights. First, the
global 1.5°C warming limit is associated with
emission reductions exceeding 90% (90 to 112%)
in China’s total CO2 emissions and an average
decrease of 70.6% (51.3 to 85%) and 52.2%
(24.1 to 68.8%) in CH4 and N2O emissions, re-
spectively, as comparedwith the nopolicy level;
the carbon intensity of end-use energy in 2050
needs to be reduced by at least 60% (60 to
87.1%). Second, our model comparison con-
firms the formidable role of CCS technologies,
particularly fossil-based CCS andNETs, in keep-
ing temperature from exceeding critical thresh-
olds. Last, China’s fossil fuels and TPEC need
to be dramatically reduced by more than 73
and 39%, respectively, to hit the 1.5°C warm-
ing limit, and most models report that China’s
coal demand will be declining to near zero
around 2050. The attainment of the 1.5°C
goal calls for large-scale emission reductions
resulting from the accelerated deployment of
renewables and their substantial replacement
of carbon-based fuels.

Uncertain implications

The emission pathways are sensitive to varia-
tion in model structure and technology as-
sumptions that lead to variation in the date
and magnitude of peak emissions, a finding
that is largely in agreement with the global-
scale findings (27, 28). Although the 1.5°C tar-
get drives early mitigation action with steep
reductions thereafter, the magnitude of the
decrease greatly differs across participating
models. The models in this study displayed a
wide range of mitigation pathways, includ-
ing differences in the role of the sectors. By
2030, the power sector is required to cut down
its CO2 emissions by about 66% and achieve
full decarbonizationby 2050.Nonetheless,mod-
els reported a wide variety of patterns in sec-

toral energy demand and structure. Similar
variation exists in the final energy consump-
tion of industry, though the ratio in the total
final energy demand seems to be less affected.
The model comparison also produced a wide
range of policy cost estimates for compliance
with the 1.5°C target, a feature reflected in
the associated estimates of SCC, with a cross-
model difference of more than 10-fold.
The model-consistent findings are mainly

around changes in TPEC, emission reductions,
and roles of NETs, given the 1.5°C temperature
control, with variation in results at the sector
level for emission reductions and energy re-
structuring, as well as for the economic cost
of climate policy. Hence, to make the 1.5°C-
consistent or carbon-neutral target attainable,
explicit emission mitigation and clean-energy
development goals at the industrial level in
both the coming 14th Five-Year Plan and mid-
term strategy are needed. Policy costs should
also be paid central attention. This research
suggests the need for an in-depth study of
China’s multimodel comparisons. Models
need to improve their representation of tech-
nology, including updating the technical details
(e.g., model harmonization based on the rapid
decline of renewables’ cost) and putting in
place the mechanisms to sufficiently take the
latest energy and climate policies into account
(e.g., policy adjustments associated with China’s
carbon neutrality). In addition, models need
to make a firm commitment to quantify the
SCC by monetarizing the marginal damage of
carbon emissions, which could reduce the un-
certainty of policy cost evaluation (29, 30).

REFERENCE AND NOTES

1. Intergovernmental Panel on Climate Change (IPCC), “Climate
change 2013: The physical science basis. Working group I
contribution to the fifth assessment report,” T. F. Stocker et al.,
Eds. (IPCC, 2014).

2. N. S. Diffenbaugh, M. Burke, Proc. Natl. Acad. Sci. U.S.A. 116,
9808–9813 (2019).

3. W. Pizer et al., Science 346, 1189–1190 (2014).
4. Z. Vrontisi et al., Environ. Res. Lett. 13, 044039 (2018).
5. Climate Vulnerable Forum, “Statement of the CVF chair,

Philippines. UNFCCC COP21 ministerial dialogue on the long-
term goal” (2015); www.thecvf.org/wp-content/uploads/2015/
12/Statement-of-PH-CVF-Chair-Ministerial-Dialogue-LTG-08-
Dec-15-COP21.pdf.

6. C. Schleussner et al., Nat. Clim. Chang. 6, 827–835 (2016).
7. R. Warren, J. Price, J. VanDerWal, S. Cornelius, H. Sohl,

Clim. Change 147, 395–409 (2018).
8. C. Mora et al., Nat. Clim. Chang. 8, 1062–1071 (2018).
9. F. Pretis, M. Schwarz, K. Tang, K. Haustein, M. R. Allen, Philos.

Trans. R. Soc. London Ser. A 376, 20160460 (2018).
10. W. L. Hare, W. Cramer, M. Schaeffer, A. Battaglini, C. C. Jaeger,

Reg. Environ. Change 11, 1–13 (2011).
11. A. Jordan et al., Clim. Policy 13, 751–769 (2013).
12. J. Nieto, O. Carpintero, L. J. Miguel, Ecol. Econ. 146, 69–84

(2018).
13. G. Peters, Nat. Clim. Chang. 6, 646–649 (2016).
14. B. M. Sanderson et al., Earth Syst. Dynam. 8, 827–847

(2017).
15. IPCC, “Special report on global warming of 1.5°C. An IPCC

Special Report on the impacts of global warming of 1.5°C
above pre-industrial levels and related global greenhouse gas
emission pathways, in the context of strengthening the global

response to the threat of climate change, sustainable
development, and efforts to eradicate poverty,”
V. Masson-Delmotte et al., Eds. (IPCC, 2018).

16. A. F. Hof et al., Environ. Sci. Policy 71, 30–40 (2017).
17. J. Rogelj et al., Nat. Clim. Chang. 5, 519–527 (2015).
18. O. Hoegh-Guldberg et al., Science 365, eaaw6974

(2019).
19. H. B. Duan, G. P. Zhang, S. Y. Wang, Y. Fan, Environ. Res. Lett.

14, 033001 (2019).
20. China Coal-Control Project (CCCP), “Energy scenario analysis

and feasibility to achieve the 1.5°C warming-rise target”
(China Coal Consumption Cap Plan and Policy Research
Project, 2018)

21. H. B. Duan, J. L. Mo, Y. Fan, S. Y. Wang, Energy Econ. 70,
45–60 (2018).

22. D. P. van Vuuren et al., Nat. Clim. Chang. 8, 391–397
(2018).

23. A. Bows-Larkin et al., Carbon Manag. 5, 193–210 (2014).
24. A. Méjean, C. Guivarch, J. Lefèvre, M. Hamdi-Cherif, Energy

Effic. 12, 441–462 (2019).
25. W. D. Nordhaus, Proc. Natl. Acad. Sci. U.S.A. 114, 1518–1523

(2017).
26. S. J. Davis et al., Science 360, eaas9793 (2018).
27. F. E. L. Otto, D. J. Frame, A. Otto, M. R. Allen, Nat. Clim. Chang.

5, 917–920 (2015).
28. K. Calvin et al., Energy Econ. 34, S251–S260 (2012).
29. K. Gillingham et al., J. Assoc. Environ. Resour. Econ. 5, 791–826

(2018).
30. M. Sugiyama et al., Energy 167, 1120–1131 (2019).

ACKNOWLEDGMENTS

We thank the China Energy Modeling Forum (CEMF) for organizing
the second multimodel comparison exercise; the experts who
substantially commented on the draft are also acknowledged.
Funding: H.D., S.Z., and S.W. acknowledge financial support from
the National Natural Science Foundation of China (71874177,
72022019, 71874096, and 71988101) and the National Key
Research and Development Program of China (2020YFA0608603).
S.F. acknowledges funding from The Environment Research and
Technology Development Fund (JPMEERF20202002) of the
Environmental Restoration and Conservation Agency of Japan. The
results and conclusions in this research are those of the authors
and do not necessarily represent the official position of the
granting organizations. Author contributions: H.D. designed and
produced an initial draft of this research, with substantial input
from all authors. K.J. and S.W. coordinated and co-designed the
research. S.Z., M.T., C.B., E.K., M.H., D.P.v.V., S.F., M.T., K.K.,
G.I., and J.E. contributed to the modeling results, comparison
analysis, and manuscript preparation. X.M. and K.K. designed the
figures and added supplementary analysis, respectively. All the
authors were involved in interpreting the results and revising
the manuscript. Competing interests: The authors declare no
competing interests. Data and materials availability: Scenario
data from global integrated assessment models were collected in
the ADVANCE project, which received funding from the European
Union’s Seventh Programme FP7/2007-2013 under grant
agreement no. 308329 (ADVANCE) and is accessible at
https://db1.ene.iiasa.ac.at/ADVANCEDB/dsd?Action=htmlpage&page=
welcome. The license under which the ADVANCE Synthesis
scenarios are made available is adapted from the Creative
Commons Attribution 4.0 International Public License, which keeps
the licensed material always up-to-date and avoids the circulation
of obsolescent data constituting substantial portions of the
licensed material. Data that are not reported in this database are
provided by the specific models, and all the model results,
particularly from the models that are not participants
of the ADVANCE project, are available at https://github.com/
xmxming/China-1.5-degree-research. Codes and details for all the
participating models can be provided upon request.

SUPPLEMENTARY MATERIALS

science.sciencemag.org/content/372/6540/378/suppl/DC1
Materials and Methods
Supplementary Text
Figs. S1 to S7
Table S1
References (31–54)

13 January 2020; accepted 22 March 2021
10.1126/science.aba8767

Duan et al., Science 372, 378–385 (2021) 23 April 2021 7 of 7

RESEARCH | RESEARCH ARTICLE
on M

ay 4, 2021
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://www.thecvf.org/wp-content/uploads/2015/12/Statement-of-PH-CVF-Chair-Ministerial-Dialogue-LTG-08-Dec-15-COP21.pdf
http://www.thecvf.org/wp-content/uploads/2015/12/Statement-of-PH-CVF-Chair-Ministerial-Dialogue-LTG-08-Dec-15-COP21.pdf
http://www.thecvf.org/wp-content/uploads/2015/12/Statement-of-PH-CVF-Chair-Ministerial-Dialogue-LTG-08-Dec-15-COP21.pdf
https://db1.ene.iiasa.ac.at/ADVANCEDB/dsd?Action=htmlpage&amp;page=welcome
https://db1.ene.iiasa.ac.at/ADVANCEDB/dsd?Action=htmlpage&amp;page=welcome
https://github.com/xmxming/China-1.5-degree-research
https://github.com/xmxming/China-1.5-degree-research
https://science.sciencemag.org/content/372/6540/378/suppl/DC1
http://science.sciencemag.org/


Assessing China's efforts to pursue the 1.5°C warming limit

Shouyang Wang, Shinichiro Fujimori, Massimo Tavoni, Xi Ming, Kimon Keramidas, Gokul Iyer and James Edmonds
Hongbo Duan, Sheng Zhou, Kejun Jiang, Christoph Bertram, Mathijs Harmsen, Elmar Kriegler, Detlef P. van Vuuren,

DOI: 10.1126/science.aba8767
 (6540), 378-385.372Science 

, this issue p. 378Science
product.
essential element of any plan. China's accumulated economic costs by 2050 may be about 3 to 6% of its gross domestic
its energy consumption by almost 40% to do its share in reaching the 1.5°C target. Negative emission technology is an 

 projected that China will need to reduce its carbon emissions by more than 90% andet al.industrialized countries. Duan 
even better, 1.5°C above preindustrial levels. Substantial interventions are required to meet these goals, particularly for 

The 2016 Paris Agreement set the ambitious goals of keeping global temperature rise this century below 2°C, or
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