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Climate change and environmental degradation driven by greenhouse
gases (GHGs) and reactive nitrogen (N,) emissions are intensifying glob-
ally. As a major emitter of both, China faces double pressures of GHGs
and N, mitigation to achieve carbon neutrality and sustainability. Here,
we employ a multi-model framework to quantify the potential and synergies
of reducing GHG (CO,, CH4, and N,0) and atmospheric N, pollutants (NOy
and NH3). Our results indicate that, by 2050, a strong co-control solution
could reduce China's GHG emissions by 88% (80%—101%) and atmospheric
N, pollutants by 67% (50%-80%), delivering societal benefits of US$959
(US$499-USS$1,419) billion, five times the implementation costs. Mean-
while, the agriculture sector will emerge as a key contributor to mitigation
efforts, particularly after 2030, with its integrated abatement potential sur-
passing that of industry while offering superior cost-effectiveness. These
findings underscore the critical need to dynamically shift mitigation prior-
ities post-carbon peak to boost zero carbon and clean air in China.

INTRODUCTION

Excess emissions of greenhouse gases (GHGs) and reactive nitrogen (N,)
have led to various environmental threats, including climate change, air pollu-
tion, and biodiversity loss, thereby affecting ecological balance and human
well-being."? China, as one of the major emitters globally,® has pledged to
peak its carbon dioxide (CO,) emissions before 2030 and achieve carbon
neutrality before 2060, reinforcing the commitments of its nationally deter-
mined contribution under the Paris Agreement.* Simultaneously, China stands
as a leading contributor to atmospheric nitrogen pollutants (ANPs), with the
highest ammonia (NHs) and nitrogen oxide (NO,) emissions worldwide.® While
substantial efforts have been made to reduce air pollutants in China through ini-
tiatives such as the Action Plan on the Prevention and Control of Air Pollution
(the Clean Air Action),>” persistent challenges remain, particularly in mitigating
particulate matter (PM, 5) pollution to meet the safe air quality guidelines of the
World Health Organization (WHO). Moreover, despite notable declines in NO,
emissions over the past decade, mitigation for NHz has only recently entered
the national policy agenda, as reflected in the 2023 Action Plan for Continuous
Air Quality Improvement.®

Given the shared anthropogenic sources of GHG and ANP emissions, espe-
cially industrial and agricultural production, along with human consumption,
synergistic mitigation offers the potential to concurrently alleviate the dual bur-
dens of climate change and air pollution.”'® Coordinating the abatement of
GHG emissions and atmospheric N, pollution could yield multiple benefits,
spreading the costs while facilitating concurrent reductions.''? Optimizing
technological trajectories and policy configurations to harmonize clean air initia-
tives with deep decarbonization targets has emerged as a focal point of scien-
tific inquiry.'® Previous studies have focused on the co-control potential and
health co-benefits from reducing GHGs and air pollutants (especially PM, s),
largely within the context of fossil fuel combustion and energy production.'®'*
However, research on the synergistic management of GHG and atmospheric N,
emissions remains comparatively limited and is often fragmented across spe-
cific sector or processes, such as coal combustion or rice cultivation, lacking

systematic cross-sectoral comparisons.'® As atmospheric N, serves as a
crucial precursor for PM, 5 formation,'© the insufficiently understood cross-sec-
toral mitigation mechanisms (particularly regarding NHz) have led to an under-
estimation of agriculture's role in air pollution and climate adaptation.'” Further,
establishing cost-effective roadmaps for GHG and ANP co-control is imperative,
but comprehensive quantifications of marginal abatement costs and their
multifaceted societal benefits remain scarce.'®'®

To bridge these knowledge gaps, this study established a multi-model assess-
ment framework that integrates the coupled human and natural systems
(CHANS) model, the GHG-air pollution interactions and synergies (GAINS) model,
and the weather research and forecasting model coupled with chemistry (WRF-
Chem; Notes S1—S4). Based on the CHANS simulations and an extensive litera-
ture review, we constructed comprehensive emission inventories for GHGs and
ANPs in China, along with a cross-sectoral database of mitigation measures. We
then projected GHG and ANP emissions from 2025 to 2050 under multiple
shared socioeconomic pathways (SSPs) and co-control scenarios. Further, we
quantified the mitigation potential and synergistic effects of GHG and ANP re-
ductions across regions and sectors. Finally, we assessed the implementation
costs and associated benefits of each mitigation option by examining marginal
abatement cost curves (MACCs) under different scenarios. This study under-
scores the feasibility of synergistic mitigation strategies and offers theoretical
guidance for formulating integrated dual-carbon and clean air policies in China.

MATERIALS AND METHODS
Multi-model framework

We established a multi-model framework that links the CHANS, GAINS, and WRF-Chem
models through interconnected data flows and feedback loops, enabling a comprehensive
analysis of emissions, mitigation costs, air quality impacts, and associated monetized es-
timates (Figures S1 and S2). The CHANS model quantifies GHG and ANP emission fluxes
driven by human activities. The GAINS model is primarily used to assess the implementa-
tion costs and societal benefits of sector-specific mitigation technologies. The WRF-Chem
model is utilized to simulate the atmospheric dispersion and chemical transformation of
pollutants, providing results on air quality, regional climate impacts, and public health
outcomes.

The CHANS model characterizes coupled human-natural carbon and nitrogen cycles
based on national statistics and pollution surveys.' Y Nitrogen enters the system via bio-
logical fixation or external inputs and exits through conversion to N, or export, while carbon
flows originate from terrestrial fixation or fossil extraction and terminate in atmospheric
emissions or export. The system is disaggregated into 16 subsystems to track carbon-ni-
trogen flows across multiple compartments, including eight production (cropland, grass-
land, forest, livestock, aquaculture, industry, energy, and urban green land), three consump-
tion (transportation, human, and pets), two post-treatment (wastewater and solid waste),
and three ecology-support (atmosphere, surface water, and groundwater) subsystems."'
The fundamental principle of the CHANS model is mass balance for both the entire system
and individual subsystems (Equation 1):

SO ACC. =
c=1

(Equation 1)

ilea - EV:OUTb,
a=1 b=1
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where IN, and OUT, are carbon or nitrogen inputs and outputs, respectively, and
ACC, refers to accumulation. This approach explicitly represents cascading nitrogen
transformations and carbon material cycles across sectors to ensure consistency
and accuracy. In this study, sectoral mappings follow the CHANS structure: the en-
ergy sector corresponds to the energy subsystem; industry to the industry subsys-
tem; transportation sector to the transportation subsystem; households sector to
the human, solid waste treatment, and wastewater treatment subsystems; and agri-
culture sector to the forest, grassland, cropland, and livestock subsystems
(Table S1; Figure S1).

For future projection, socioeconomic drivers consistent with SSP1, SSP2, and SSP5
were incorporated exogenously into the CHANS model. Provincial energy demand fore-
casts are referenced from Model for Energy Supply Strategy Alternatives and their General
Environmental Impact (MESSAGEIx), an integrated assessment model based on the Inter-
national Institute for Applied Systems Analysis (IIASA) open-source MESSAGEix-China
framework, while population, economic, and land use trajectories are derived from SSP-
based China datasets. The activity data (e.g., residential population, energy consumption,
industrial production, agricultural output, and vehicle ownership) and emission inventories
obtained from the CHANS model were transferred to GAINS for cost estimation and to
WRF-Chem for air-quality simulation (Figure S2). For air quality simulation in the baseline
year (2020), gridded NH5 emissions are derived from the CHANS model?" while spatial
grid data for other precursors, such as NO, and SO,, are sourced from the Multi-resolution
Emission Inventory for China (MEIC) database.”” Additional model and dataset details are
provided in Note S3.

Emission inventory based on the CHANS model

GHG and ANP emission inventories were constructed based on the CHANS model,
which incorporates internally consistent datasets on social-economic activity level, carbon
and nitrogen process parameters, and the emission factors in China.'" Activity data were
compiled from official statistical yearbooks (Table S2), and emission factors were synthe-
sized from peer-reviewed literature. For agriculture, the CHANS model integrated extensive
data from the second national agricultural pollution census, along with over seven million
farm management surveys, supporting both inventory generation and spatial analysis
(Figure S3).%° Emissions of ANPs (NHz and NO,) and GHGs (N0, CH,, and CO,) were calcu-
lated as follows:

E = ZXK:EF,,k x A x (1 = Tige X 1), (Equation 2)
I

where £, denotes the actual emission of the gas k; EFj represents the original emission
factor of the source type i; and A, represents the corresponding activity level. T;, denotes
the implementation rate of the abatement option j, determined by local natural conditions,
economic level, environmental objectives, and other constraints; and #;;, refers to the
abatement efficacy.

To avoid double counting and ensure robust estimation of multi-pollutant mitigation ef-
fects, we adopted a sequential calculation framework within the integrated CHANS-GAINS
model. As formalized in Equation 2, mitigation measures are applied in a fixed order to pro-
gressively adjust activity data (AD) and emission factors (EFs). First, structural and de-
mand-side measures (e.g., industrial restructuring and dietary shifts) modify core socioeco-
nomic drivers, thereby establishing an adjusted baseline of activity levels. Second,
efficiency-enhancing measures (e.g., elevated fuel combustion efficiency and optimized
fertilizer stewardship) are applied to this baseline, reducing the energy or resource intensity
per unit of output. Third, end-of-pipe control technologies (e.g., filters and scrubbers) are
applied to residual emissions that persist after all upstream structural and efficiency mea-
sures have been implemented. For measures operating on discrete emission sources, the
aggregate mitigation potential is calculated via additive summation (Equation 3). For con-
current measures deployed within interacting systems, integrated abatement efficiencies
are quantified using scenario-based functional forms (Equations 4 and 5). This parameter-
ization isolates the net effect of each intervention, ensuring mass balance and preventing
the overestimation of emission reductions across overlapping measures. >

AE = 3N (EFi x Ak X Tiw X mijge) (Equation 3)
i k

Nave = Ma + (1 = ma)ng (Equation 4)

Navpec = N4 + (1 —na)ng + (1= (1a + (1 = na)ug)lc, (Equation 5)
where AE, denotes the actual emission and emission reduction of the gas k. A, B, and C are
the different mitigation measures included in each combination, and 545 represent their
corresponding abatement efficiencies.

GHG-ANP coupling index

To effectively measure the synergy of GHG and ANP emissions and reductions, we
developed the GHG-ANP pollution equivalence (GNPe) indicator as a numerical scale. By
assigning appropriate weights to various pollutants according to environmental regulations
or their societal value, these pollutants are transformed into a single virtual pollutant
(Equations 6, 7, 8, and 9):

En, = a@En, (Equation 6)

Eno, = PEno, (Equation 7)

Etue = v-Eco, +8Ecn, + eEnyo (Equation 8)

GNPeg = Wi, -Ejy, + Whvo, -Eno, + WoreEgpic (Equation 9)
where Ex,, Eno,. Eco,, Ecr,, and Ey, o indicate the actual emissions, respectively. E’NHS and
Ejo, represent the nitrogen taxable equivalent in ANPeq; a and f are the equivalent coeffi-
cients of NHz and NO,, which are derived from the official environment tax policy in China.
Efc represents the normalized equivalent of GHGs in CO, equivalent (COzeq); 7, 6, and e are
the equivalent coefficients of CO,, CHy4, and N0, respectively, following the global warming
potential (GWP) over 100 years (1 for CO,, 28 for CHy4, and 273 for N,0). Wio,, Wik,, and
W are the relative weights of NO,, NHz, and GHG, respectively. The conversion factors
should reflect their external effects and be determined according to the influence of pollut-
ants on living organisms and human health,”® and we quantified the regional damage costs
under different tax intensities as a suggested value for monetization (Note S1; Table S3).

Scenario design and simulation

To assess the mitigation potential of GHG and ANP synergistic management, we
designed two sets of scenario pathways: baseline scenarios and co-control-based sce-
narios (CCBSs). Each set comprises three sub-scenarios corresponding to different
SSPs and climate policy ambitions (Table S4). The SSPs provide internally consistent nar-
ratives of future trajectories in consumption patterns, technological development, and envi-
ronmental awareness and are widely used for scenario-based assessments. We adopted
SSP1, SSP2, and SSP5 as socio-economic baselines, representing sustainable, middle-of-
the-road, and fossil fuel-intensive development pathways, respectively (Table S5). The
baseline scenarios assume no additional action to address GHG or ANP mitigation chal-
lenges. Under each SSP, projected AD were incorporated into the CHANS model, propa-
gating through changes in dietary demand, energy use, and agricultural practices to esti-
mate GHG and ANP emissions (Table S6).

The CCBS pathways represent synergistic mitigation scenarios that simultaneously
target GHG and ANP emissions under consistent levels of climate and environmental ambi-
tion. For each SSP baseline, we defined a corresponding CCBS pathways (CCBS-high,
CCBS-middle, and CCBS-low), representing increasing management intensities tailored
to their respective socioeconomic contexts. Future GHG mitigation stringency is guided
by representative concentration pathways (RCPs), with RCP2.6, RCP4.5, and RCP8.5,
paired with high, medium, and low nitrogen management intensities, while maintaining
consistency with the underlying SSP assumptions. CCBS-high depicts an optimistic, sus-
tainability-oriented future, characterized by green production and consumption, rapid
deployment of high-efficiency technologies, and stringent synergistic governance. CCBS-
middle a continuation of historical trends with moderate technological progress and envi-
ronmental effort. In contrast, CCBS-low represents a pessimistic, fossil fuel-intensive
pathway where mitigation is largely limited to incremental end-of-pipe controls with mini-
mal structural transformation in energy and food systems (Table S4).

By integrating co-control measures and projected parameters (e.g., energy mix, diet
structure, and land use change) from multiple exogenous models (Figures S4 and S5;
Table S7), we executed the CHANS model to simulate emissions under each CCBS
pathway. Projections were conducted at 5-year intervals from 2025 to 2050, with 2020
as the base year. To isolate the net effect of co-control interventions, the mitigation poten-
tial was calculated as the difference between each CCBS pathway and its corresponding
SSP baseline (i.e, CCBS-high vs. SSP1, CCBS-middle vs. SSP2, and CCBS-low vs. SSP5).
Accordingly, the gap between each baseline trajectory (dashed lines in Figure 1) and its
paired CCBS pathway (solid lines in Figure 1) quantifies the net emission reduction attribut-
able to the additional technology and policy packages. Details on projection methods and
parameter settings can be found in Note S3.

To identify feasible co-control measures for China, we developed a technology-based
package of mitigation measures based on previous research and a literature review,
focusing on five key sectors (agriculture, energy, industry, transportation, and households;
Note S2). The literature review targeted peer-reviewed publications from Web of Science
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Figure 1. Emission trends of GHGs and ANPs toward 2050 under different scenarios QA) CO, emission (Pg CO, year™"). (B) CH,4 emission (Tg CH, year™"). (C) N,O emission (Tg
N,0 year~"). (D) NHz emission (Tg NHz year™"). (E and F) NO, emission (Tg NOy year™') (E) and total emissions (Tg GNPeq yr') (F) under different scenarios. The dashed lines
(baseline SSP1, SSP2, and SSP5) represent the emissions driven solely by socio-economic factors without additional co-control interventions. The solid lines (CCBS-high, -middle,
and -low) represent the outcomes after applying the technology and policy packages. (G—I) Sectoral GHG-ANP reductions under (G) CCBS-high, (H) CCBS-middle, and () CCBS-low
from 2025 to 2050. The shadow behind each line shows the uncertainty range of estimation at a 95% confidence interval via 10,000 times Monto Carlo simulation (materials and

methods).

"o

since 2000. Keywords included, but were not limited to, “N; or air pollutants’, “carbon or
GHG'", "mitigation or abatement’, “farmland or cropland”, “energy or industry”, “transporta-
tion or traffic”, and "residential or households". Based on the identified measures, we further
selected and refined efficient co-mitigation measures. Finally, a total of 28 technical mea-
sures and structural strategies were identified, with detailed information shown in the sup-

plemental tables.

Synergistic effect evaluation

We introduced two indicators to quantitatively evaluate the mutual co-benefits be-
tween GHG and ANP emission reductions, which have been commonly employed to
evaluate the magnitude of synergistic effects. The firstindicator, S, reflecting the syn-
ergy efficiency, is the ratio of emission change of GHG to that of ANP (Equations 10,
11,and 12).

_ AEgns

S, =
U7 AEaw

(Equation 10)

AEup = a-AEyy, + p-AEno, (Equation 11)

AEgre = }"AECO2 + 5'AECH4 + é"AENZo, (Equation 12)
where AEgc represents the GHG emission reduction in Tg COgeq, and AEnp repre-
sents the emission reduction of ANP in Gg ANP¢,. Higher S indicates a greater
reduction potential of GHGs while reducing per unit of ANP emissions simulta-
neously, and the closer the value is to 1, the higher the degree of synergistic reduc-
tion between them.

Further, another indicator, S, reflecting the coupling degree, is employed to analyze dif-
ferences in the degree of coupling between GHG and ANP control in different regions or
sectors.”” The calculation is performed according to Equation 13:

2v/Une-Ustis

S, =
Uane +Usre

(Equation 13)
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where Uanp and Ugpg denote the provincial or sectoral abatement level for ANPs and GHGs,
respectively, expressed in terms of extreme difference standardized values. Note that S,
lies between 0 and 1; the closer to 1, the better the coupling between the GHG and ANP
control systems.

Mitigation cost estimation

Inthis study, the mitigation costs were defined as a direct expenditure (the sum of invest-
ment costs and operation costs) for selected abatement measures (Table S8). Annual
abatement costs and the future cost evolution were estimated based primarily on data
from the National Bureau of Statistics of China (NBSC) and the methodology of the cost
assessment from the GAINS model.” The total implementation cost (TC,) in province p
is calculated according to Equations 14 and 15:

ltp
ACip = lip* {(1 +07 xr (Equation 14)

m} + FO, + VO, — Sjp

28
TC, = > AC,,
J

(Equation 15)

where AC;,, represents the annual implementation cost for measurej, /;,, refers to the invest-
ment cost, r is the discount rate, /tj, means the lifetime of abatement technique (10-20
years), FO;, is the fixed operating cost, VOj, is the variable operating costs (e.g., feed,
gas, electricity, labor, and water), and S, means saving costs from reduced use of energy
or materials (such as N fertilizer, water, and labor). All cost data from the literature were
adjusted by the purchasing power parity (PPP) index and measured in constant
US$2020 by assuming 2% annual inflation.”*

Marginal abatement cost (MAC) refers to the cost of reducing an additional unit of emis-
sions, typically depicted as MACC, which allows for the ranking of technologies from least
to most expensive, reflecting the cost of incremental emission reductions. Here, we esti-
mated the MACs for various GHG and ANP components and their integrated emissions
based on the abatement potential and annual implementation costs (Equation 16):

AIC,

MACy: = 3p.

(Equation 16)

where MAC;, denotes the MAC for the specific mitigation measure j and emission species
k, AIC; is the change in implementation cost associated with the measure j, and AEj, is the
change in emissions due to the implementation of the measure .

Societal benefit assessment

The societal benefits (SOCheneity) of GHG and ANP co-control for year y are defined as
the sum of benefits for human health (HHpenerity), €cosystem service (EHpenerity), and
climate impact (CLimpacty), @s shown in Equation 17:

Socbeneﬁr,y = HHbeneﬁt,y + EHbenefrt,y + Cerpact,y< (Equation 17)

Health benefits refer to the benefit of prevented mortality due to the alleviation of PM, 5
pollution. First, we used the WRF-Chem model to simulate the annual PM, s concentrations
for the baseline year and future scenarios. Then, drawing on the global burden of disease
(GBD) framework,>® we combined the exposure-response relationships (Equation 18) with
the health effect function (Equation 19) to estimate the premature mortality attributable to
PM, 5 exposure. Subsequently, we applied the updated China-specific value of statistical
life (VSL) to quantify the associated economic benefits, following the methodology of Gian-
nadaki et al.'” (Equation 20). Note that, to isolate the health benefits resulting from ANP
mitigation, this study excludes the co-benefits from the reduction of other precursors,
such as non-methane volatile organic compounds (NMVOCs):

HEyq = Y e/ (Cor=Comer) s« HEG
y

(Equation 18)

AM, = > (HE,q — HEoq) * POP,
q

(Equation 19)

HHpenerity = VSLy * AM,, (Equation 20)
where Ceoy and Cpasey are the annual average PM, 5 concentration under CCBS and base-
line pathways, respectively. The subscript g represents disease categories, including inter-
stitial lung disease (ILD), chronic obstructive pulmonary disease (COPD), ischemic heart
disease (IHD), lung cancer (LC), and cerebrovascular disease (CEV). f; is the coefficient
in the exposure-response function, representing the proportion change in each health

endpoint per unit change in PM, s concentration. Cy is the background concentration below
which no health impact is assumed and is set at 10 pg m~2, as suggested by the WHO.
HEgq is the baseline health effect due to a particular disease category for China, as esti-
mated by the GBD. HE, 4 is the actual health effect under prevailing PM 5 pollution levels.
POP, is the population exposed to air pollution in China. AM, denotes the number of
avoided premature deaths, and VSL, is the VSL for China derived from Xie et al. Further in-
formation about air quality simulation can be found in Note S3. Simulated PM, 5 concen-
trations and aerosol fields were evaluated against observational data from monitoring sites
(Figures S6 and S7).

Ecosystem benefits (EHpenerir) are regarded as the avoided damage costs associated
with reduced ecosystem acidification and eutrophication. Baseline ecosystem damage
costs were derived from the European Nitrogen Assessment™ and peer-reviewed studies
(Table S9). Avoided ecosystem damage costs were then calculated using Equations 21,22,
and 23

5
EH benefity = Zk (Ebase,y,k * ECOStbase.y‘k - Eco‘y,k * Ecoszco.y,k) (Equat\on 21)

’ PGDPbase.y
PGDPy020

Densitypasey.x
Densftyzgzo,k

ECOStpaseyx = ECOStanz0k * (Equation 22)

#| PGDPcoy  Densitycoyk

Ecost.,,. = Ecost ' ’
coyk 2020k * PGDP 020 * Densityzo0k

(Equation 23)

where Ecostagoox denotes the monetized ecosystem damage costs of gas k in 2020.
ECOStpasey and Ecostq,y refer to the corresponding ecosystem damage costs in year y
under the baseline and CCBS pathways, respectively. The coefficient 4 is an adjustment
factor for ecosystem damage costs, derived from empirical relationships between histori-
cal damage costs, per capita gross domestic product (PGDP), and emission intensity.
Climate impact (Clpenerir) refers to the reduction of GHG and the alteration of the cooling
effect that N, emissions have on the Earth system. Warming effects from CO,, CHy4, and
N,O were quantified using monetized parameters from studies on the social cost of car-
bon.®' The net cooling effects of NHs and NO, generally involve increased aerosol loads,
shortened CH, lifetimes, and enhanced land carbon sequestration associated with the
anthropogenic N, increase.*? The monetized parameters for these effects are sourced
from the European Nitrogen Assessment and relevant global assessments,**** with ad-
justments based on China-specific aerosol simulations (Equations 24, 25, and 26):

5 .
Cl impacty = Zk (Ebass.y,k * C/base,y.k - Eco.y,k * Clco,y,k) (Equat‘on 24)

+ [PGDPpasey  Densitypaseyk
cl -l z v
base,y.k 2020k * PGDPqy0 * Density;00

- [PGDPyy,  Densityeoy«
looyk = CI - -
Cleoyic = Clavzos * \ | BGDBy00 * Densityaonos

where Clyozox refers to the monetized climate impact of gas k (CO,, CHa, N2O, NHg, and
NO,) in China for 2020. Clpaseyx and Cleoy refer to the regional monetized climate impacts
under baseline and CCBS pathways in year y, respectively. The coefficient y is a provincial

adjustment factor derived from empirical relationships between historical damage costs,
PGDP, and emission intensity.

(Equation 25)

(Equation 26)

Uncertainty analysis

The integration of a mass-balance framework provides a robust biophysical constraint
on the emission inventory, minimizing cumulative error propagation by enforcing mass
conservation across compartmental transfers.®* Despite these constraints, inherent uncer-
tainties persist due to heterogeneities in data quality and parameter applicability. In this
study, uncertainty propagation was quantified using a Monte Carlo simulation approach
with 10,000 iterations. Regional discrepancies in activity levels, stemming from divergent
statistical protocols, reporting biases, and survey granularities, constitute the primary sour-
ces of unavoidable error. Input uncertainties were characterized using coefficients of vari-
ation (CVs), derived from an extensive literature review and expert judgment (Table S2). Pa-
rameters adopted from international studies were assigned higher CVs to reflect lower
regional specificity. In addition, a semi-quantitative confidence classification was applied
to AD and emission parameters, distinguishing five tiers: very high (+5%), high (+5%—
33%), medium (+33%—67%), low (67%—95%), or very low (95%). For each iteration, input
parameters were randomly sampled from their respective probability distributions (typically
normal or log-normal, depending on the parameter type) to generate 95% confidence

4 The Innovation 7(12): 101433, December 7, 2026

www.cell.com/the-innovation


http://www.thennovation.org
http://www.thennovation.org

= HUB HLJ SAX SC XJ HUN
£ 4 (A ) s M ETY o, O oy HUB HUN () wos oo M s
pl EJ ‘ HUN YN HLJ 6 WN ; SX
L {
g , oz o AH 4 - ; SX 4 SAX ] HLJ
° X ,"\'\\XI//‘// HEB 24 R \\XI//// = 2| 4 \'\”/// i
E ox SN sX ol e \\ A7 NG LN o 3 \//, zJ
c et ,‘;\ = = 5"’ (L ~ = 0 o5 &‘,‘ 'O" B
'g NX - ¥ O A zJ J - O —— HEN FJ =& 1S
2 =, S o BB T SRS s 2T SN W
S JL i s GX B N . BJ T eaN ~_
[7] £ AN /[ T [[I T
x 2yEE HEN el Js . HEB
s S JX S X \
€0, \ Js \ GD \ )
[iNicH,  sH \ 6s X ‘
N0 XJ D BJ SD 6s | 6D
NO, cQ NMG NX j NMG T 4 NMG
ENH, ™ xz By OH 2030 ™ cq uy OH 2040 €9 Nx N QH 2050
0.8 : y
° ' @Developed e 0 i
= . @Middle-Developed 1.2+ 1.2+ ;
= 06l | @Less-Developed }
o 0- ‘ ‘
N ANmG !
| NMG
8 , &SP 0.8+ QNMG 08{ I
| LN HEB
£ 049 o oz oe o Hygzd 960§, 9sp 3 %z o 9%
p SAX HEN sxo99% Q. | X S
LGS LN HUN HEB | 9 oHL
2 ‘ G P10 sHosax gL My i R e
o 0.2 NX SH\JL\ FJ oHLJ HEB 0.4+ BJQ 0 FJ 05‘80 HEN 0.4+ ™ JL‘Q)XJ | 1 @sc OHEN
3 o 2\ %0 N\ ot07267 g @ B9 115 6z P un
2 3% w9 @-sc X GSo 83579 % hus TI-QNX CEYSa
b xz'e-@ HUB TS 9L\ BX YN X HUB
T e cexT ] o Q@ 0 ,,,,“f,dﬂ“&@ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
N ‘
~HN 2030 P Xz 2040 o xz 2050
0 02 0.4 06 0.8 0 04 0.8 172 0 0.4 0.8 12
N reduction (Gg ANP yr-) N reduction (Gg ANP yr-) N reduction (Gg ANP yr-)
e o Agriculture
— 120 I Agriculture [ 12030
— M Transportation [ 12050
> 100 Households
n.g M Industry
3 [ Energy )
‘g» % Transportation . . Energy
50 k !
T:' 60 -0.2 "3 29%
g -14
] -11 6%
@8 40 9% 14
£ 9 3
) -2
g 20 8% . el R '1 1
'_ ‘
0 2020 2030 2050 Households Industry

Figure 2. Synergistic mitigation across regions and sectors under the CCBS-high pathway (A—C) Provincial-scale synergistic mitigation potential in (A) 2030, (B) 2040, and (C)

2050, expressed as Tg GNP.q year™

' The error bars represent the uncertainty ranges (95% confidence intervals) derived from 10,000 Monte Carlo simulations. (D—F) Charac-

teristics between GHG and ANP reductions at the provincial scale under the CCBS-high pathway in (D) 2030, (E) 2040, and (F) 2050. Blue, green, and orange dots indicate developed,
middle developed, and less developed provinces, respectively, classified by provincial GDP (Figure S17). Provincial abbreviations are listed Table S10. (G) Sectoral contributions to
integrated GHG-ANP reduction potential in 2030 and 2050, expressed as Tg GNP, year™'. (H) Coupling degrees (S,) of sectoral GHG and ANP reductions in 2030 and 2050.

intervals for both historical inventories and future projections. The internal consistency and
robustness of the historical emission estimates were validated through cross-comparisons
with global databases and independent peer-reviewed studies (Figure S8; Note S5).

RESULTS AND DISCUSSION
Synergistic mitigation potential

Over the past two decades, China’s anthropogenic GHG and ANP emissions
have exhibited partially divergent trajectories (Figure S8). Between 2000 and
2010, emissions of both GHGs and ANPs increased rapidly, driven by population
growth and the expansion of fossil fuel use.®® Thereafter, GHG emissions
continued to rise, reaching 11.8 =+ 0.7 petagrams (Pg) CO, year™', 47.4 + 7.1
teragrams (Tg) CH, year™', and 1.8 + 0.2 Tg N,O year~" by 2020 (Figure S9).
In contrast, the implementation of air pollution control policies since 2013 led
to a marked decline in NO, emissions,®® while agricultural interventions, such
as the zero-growth fertilizer initiative, contributed to the reduction of NH3 emis-
sions after 2016.%" Spatially, GHG and ANP emissions display broadly consis-
tent but sector-specific patterns (Figure S10). CO, and NO, emissions are

concentrated in major urban and industrial regions,*®*° whereas NH; and

N,O emissions are primarily associated with agricultural hotspots.*®*' These
historical trends reveal the structural drivers of emissions and underscore the
tight coupling between climate and nitrogen pressures, providing an empirical
backdrop for assessing future synergistic mitigation potentials.

Future emission trends and the reduction potential of GHGs and ANPs in
China were simulated under two suits of scenarios: (1) three baseline SSPs
(SSP1, SSP2, and SSP5), and (2) three CCBSs (CCBS-high, -middle, and -low)
related to these SSPs. The worst-case baseline, SSP5, shows a substantial
surge in emissions by 2050, with CO,, N,O, and CH, increasing by 48%,18%,
and 35% relative to 2020, respectively (Figures TA=1C). NHz emissions are ex-
pected to remain stable at 12.8 + 0.2 Tg year~', while NO, emissions will
decrease by 32% relative to 2020 (Figures 1D and 1E). Under the better perform-
ing baselines, SSP1 and SSP2, emissions are modestly lower than under SSP5.
For instance, emissions under the SSP1 pathway are 5%—30% below SSP5
levels across all species by 2050, mainly driven by enhanced environmental
awareness and demand shifts."? However, these socioeconomic changes
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Figure 3. Atmosphere PM, 5 concentration under different scenarios in 2050 Shown is the geographic distribution of surface air PM, 5 concentration in 2050 under the baseline
scenarios (A) SSP1, (D) SSP2, and (G) SSP5; the co-control scenarios (B) CCBS-high, (E) CCBS-middle, and (H) CCBS-low; and the corresponding differences between CCBS and
baseline scenarios (C, F, and I). A comparison of baseline-year aerosol distributions with the observation-based dataset can be found in Figures S6-7.

alone are insufficient to meet ambitious mitigation targets, necessitating tar-
geted intervention strategies. By incorporating cross-sectoral abatement mea-
sures into the CHANS model, the CCBS pathways reveal divergent emission
magnitudes and trajectories. Under the SSP1-CCBS-high (CCBS-high), GHG
emissions exhibit a consistent decline by 2050, with reductions of 94% for
CO,, 51% for N,O, and 57% for CH, compared to 2020, respectively
(Figures TA=1C). Concurrently, NO, and NHz emissions are projected to fall
by 66% and 76%, respectively (Figures 1D and 1E). The SSP2-CCBS-middle
pathway (CCBS-middle) also achieves emission reductions, albeit to a lesser
extent, whereas SSP5-CCBS-low (CCBS-low) fails to curb CO, and CH4 emis-
sions due to sustained fossil fuel demand, with only marginal decreases in
NHz and NO, compared to 2020 (Figure 1).

To ensure comparability of overall mitigation potential, we developed a GNP
index, which weighs GHG and ANP emissions based on their social costs,
derived from carbon pricing and pollution damage estimates®® (Figure 1F;
Table S3). In essence, this index compares pollution burdens based on legisla-
tively defined damage attribution and serves as a policy-weighted scoring
metric rather than a physical emission indicator (Note ST). Under the CCBS-
high pathway, the energy sector is the dominant contributor to GHG and ANP
synergistic mitigation, accounting for 43% of the total GNP, reduction,
although its marginal mitigation potential declines after 2040 (Figure 1G). In-
dustry and agriculture follow with broadly comparable contributions
(Figure 1G). Remarkably, the contribution of agriculture is projected to surpass
that of industry by 2030, reaching 17.4 4+ 2.0 Tg GNP, year—' (0.9 Pg CO,
year™', 7.6 Tg CH, year™', 0.6 Tg N,O year~!, 8.6 Tg NH5 year™', and 0.4 Tg
NO, year™") by 2050, underscoring its considerable but often underappreciated

potential of agriculture for synergistic reductions of GHG emission and nitrogen
pollution. This temporal lag could be attributed to the more rapid transformation
and deployment of technological solutions in China's industrial sector,*®
whereas the fragmented nature of agriculture, such as small farm size, policy
complexities, and the time required to change management practices, slows
the abatement pace.**

Under the CCBS-middle pathway, synergistic mitigation in the energy and in-
dustrial sectors increases steadily but remains moderate (Figure TH).
Conversely, agriculture emerges as the dominant contributor, contributing
over 40% by 2050, with 17% to GHG reduction and 89% to ANP reduction. A
similar pattern is observed under CCBS-low, where agriculture contributes, on
average, 44% of total mitigation, primarily driven by nitrogen management prac-
tices and soil carbon sequestration. Contributions from the energy and indus-
trial sectors remain limited, while the transportation and residential sectors
continue to play minor roles (Figure 11). Overall, the relative importance of agri-
culture is expected to increase after China's anticipated carbon peak around
2030, and the regional heterogeneity in sectoral contributions reflects divergent
development pathways and resource endowments (Figures S11 and S13).
These sectoral patterns are robust across alternative damage attribution frame-
works under different tax levels (Figure S14).

Spatially, provinces with higher synergistic mitigation potential are mainly
concentrated in the eastern and southern regions, exemplified by Jiangsu,
Guangdong, and Shandong (Figures 2A—2C and S15). These provinces also
rank among the national leaders in agricultural, industrial, and economic devel-
opment, reflecting stronger capacity to adopt advanced technologies and
implement sustainable practices (Figures S16 and S17). Along the CCBS-high
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Figure 4. Sub-sectoral GHG and ANP synergistic abatement potential in 2050 Shown are the synergistic mitigation contributions of individual measures in 2050 under the (A)
CCBS-high, (B) CCBS-middle, and (C) CCBS-low pathways, expressed in Tg GNP, year™' (materials and methods). The error bars represent the uncertainty ranges (95% confidence
intervals) associated with parameter values compiled from the literature and data sources. Detailed descriptions of the measures are provided in the supplemental tables.

pathway, most provinces are capable of synchronous GHG and ANP abatement
management, although regional priorities vary with industrial structure,
resource endowments, and development trajectories (Figures 2D—2F and
S18). For instance, provinces with a legacy of heavy industry, including oil, min-
ing, and manufacturing, such as Inner Mongolia and Liaoning, derive larger GHG
mitigation benefits from industrial co-control measures. In contrast, Qinghai
and Tibet, endowed with substantial soil carbon sequestration and renewable
energy potential, may realize greater advantages by prioritizing co-control stra-
tegies that leverage these assets. Importantly, stringent co-control manage-
ment is projected to lower the national average PM, s concentration by 35%,
from 34 pg/m? in 2020 to 22 pg/m? by 2050, with pronounced air quality im-
provements in Hunan, Chongging, Hubei, and Anhui (Figure 3). These benefits
reflect environmental gains attributable solely to atmospheric nitrogen pollution
control. When synergies among multiple air pollutants are considered, these in-
terventions may generate greater health co-benefits, accelerating progress to-
ward the ambitious global air quality standards proposed by the United Nations
Environment Program.*®

Synergistic mitigation effects

To quantify the synergistic effects under different co-control solutions, we
introduced two coefficients (S; and Sy) to assess the interplay between GHG
and ANP emission reductions (materials and methods). S; reflects the physical
synergy efficiency, while S, represents the coupling degree within the control

systems. At the national level, the average synergy efficiency (S;) over
2025-2060 under the CCBS-high, CCBS-middle, and CCBS-low pathways is
4.9 (4.6-5.2),2.0 (1.56-3.0), and 2.9 (2.5-3.1), respectively, implying that reduc-
tions in ANP are associated with multiplicative reductions in GHG emissions
(Figures S19 and S20). Under the CCBS-high pathway, each unit of ANP reduc-
tion is accompanied by an approximately five-unit reduction in GHG emissions,
with higher synergies observed in Shanghai, Beijing, and Inner Mongolia.
Notably, by 2030, the coupling degree (S,) exceeds 0.9 across all three CCBS
pathways, suggesting a high level of coordination between the embedded mea-
sure portfolio for GHG and ANP control.

At the sectoral scale, under the CCBS-high pathway, China’s integrated
emissions will fall by 44% by 2030 compared to 2020, with contributions
from energy (44%), agriculture (35%), industry (12%), and transportation
(8%). From 2030 to 2050, a further 72% reduction is expected, driven primarily
by energy and agricultural sectors (Figure 2G). Notably, benefitting from car-
bon sequestration, agriculture will achieve negative emissions of 5.7 Tg GNP,
year™" (—1.6 Pg CO, year™', 7.5 Tg CH, year™", 0.6 Tg N,O year™', 2.2 Tg NHg
year™', and 0.6 Tg NO, year™") by 2050. Figure 2H delineates the coupling de-
grees (S,) of GHG and ANP mitigation across sectors under the CCBS-high
pathway. All sectors play a distinct role, with the average S, exceeding 0.8.
In particular, the transportation and household sectors exhibit higher S,
reaching 0.97 and 0.94 by 2050, respectively, indicating near-synchronous re-
ductions in GHG and ANP emissions. For the energy and industry sectors,
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measures such as phasing out outdated capacity and promoting cleaner fuels
are expected to further curb both GHG and ANP emissions, especially in
Shaanxi, Shanxi, and the Northeast regions. Meanwhile, synergistic mitigation
in the transportation and household sectors is mainly achieved through the
adoption of clean energy and greener consumption patterns, particularly in
densely populated or coal heating-dependent regions, such as East and North-
east China. Although agriculture shows lower physical synergy owing to
limited CO, emissions, practices such as soil/crop management and
enhanced carbon sinks play an indispensable role in GHG and ANP co-control,
especially in major grain-producing regions such as the North China Plain and
the Fenwei Plain.*®

Under the CCBS-middle pathway, the co-control potential is modest, with a
9% reduction by 2030 and an additional 27% feasible by 2050 (Figure S21). Un-
der the CCBS-low pathway, insufficient progress in energy transition leads to a
12% increase in integrated emissions by 2050. Encouragingly, activated carbon
sequestration is expected to offset approximately 6.5% of GHG emissions,
providing further evidence of the critical role of agriculture in co-controlling
GHG and ANP emissions (Figure S21). These findings underscore the pivotal
role of structural transformation and policy guidance in promoting cross-secto-
ral synergistic mitigation, particularly through targeted prioritization of mea-
sures in various regions.

Cost-benefit analysis

Embedded in the co-control solutions, we synthesized 28 mitigation mea-
sures and quantified their mitigation potentials and MACCs, uncovering the
co-benefits for abating GHG and ANP emissions simultaneously (Figures 4
and 5). By 2050, the high-intensity implementation of co-control measures
could reduce overall emissions by 78% compared to the SSP1 baseline, with
an average MAC of US$2.8 per kilogram (kg) of GNPq (Figure 5). The corre-
sponding average costs are estimated at US$13.2 per ton of CO5eq for GHG miti-
gation and USS6.2 per kg of N for ANP control (Figure 6). For GHGs, average
abatement costs in 2050 for reducing CO,, CH,4, and N,O are USS11, USS22,
and USS$81 per ton of COzq, respectively (Figure S22). The most cost-effective
options include improving energy production efficiency, enhancing fuel quality
and efficiency, adopting clean energy sources, and afforestation. For ANPs,
average MACs are USS$4 per kg of NHz and USS5 per kg of NO, in 2050, with
the lowest-cost being included 4R fertilization (right type, right rate, right time,
and right place), optimized livestock management, and soil/crop management
(Figure S23). Several measures exhibiting negative abatement costs (indicating
net cost savings), such as improving energy production efficiency, using renew-
able energy, and enhancing public transportation, are therefore suitable for
broad adoption. Overall, agricultural practices tend to display lower unit abate-
ment costs. However, measures such as adoption of renewable energy (within
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the industry sector), regulating biomass combustion, enhancing building insula-
tion, and switching to cleaner fuels (within the industry sector) exhibit higher
MACs, exceeding USS10 per kg GNPq by 2050 (Figure 5). These results sug-
gest that, as the industrial sector encounters diminishing returns and reaches
marginal cost ceilings, agricultural practices could become an increasingly
cost-effective lever to boost further GHG reductions and support the carbon
neutrality mandate.

Considering both mitigation efficiency and techno-economic performance,
we evaluated the implementation costs and social benefits of co-control solu-
tions with varying intensities. Across all scenarios, total social benefits from
synergistic mitigation far exceed the costs, by approximately five times in
2050 (Figure 7). The CCBS-high pathway entails the largest abatement expen-
ditures, amounting to US$200 (USS$118-USS$283) billion, but delivers the great-
est benefits of US$959 (US$499—-USS$1,419) billion by 2050 (Figure 7A). Sector-
ally, agriculture contributes the largest share of the benefits at 38%, followed by
energy (31%) and industry (16%), with households and transportation contrib-
uting 8% and 7%, respectively. Around two-thirds of total benefits arise from
climate benefits, 23% from health benefits, and 15% from ecosystem benefits
(Figure S24). Spatially, health co-benefits are concentrated in Hebei, Henan,
Shandong, and Jiangsu, where population exposure to PM, 5 is more severe.
Ecological benefits are pronounced in southwestern and central regions, such

as Hebei, Henan, Yunnan, and Sichuan, while climate-related gains are promi-
nent in energy-exporting and consumption-intensive regions, such as Guang-
dong, Inner Mongolia, Shandong, and Zhejiang (Figure 8).

The CCBS-middle strategy involves roughly 70% of the implementation costs
of CCBS-high, yielding net social benefits of US$774 (US$488-USS$1,060) billion
by 2050 (Figure 7B). In contrast, CCBS-low yields the lowest social returns,
amounting to US$334 (US$241-US$428) billion by 2050, at an implementation
cost of USS57 (US$43-USS70) billion, owing to its continued reliance on exist-
ing fossil fuel infrastructure and limited investment in frontier technologies.
Comparing MACs in 2050, CCBS-high (US$2.8 per kg GNP,g) is more cost-effec-
tive than both CCBS-middle (US$4.0 per kg GNP.q) and CCBS-low (US$3.1 per
kg GNP Figures S25 and S26). This advantage stems from the deep penetra-
tion of synergistic mitigation measures under the CCBS-high pathway, including
improved fuel quality and efficiency, advanced emission control technologies,
soil/crop management, and enhanced public transportation (Note S4).

Feasibility and policy implications

Our integrated multi-model framework promotes the prevailing single-
pollutant, sector-isolated paradigm of environmental governance by systemat-
ically evaluating GHG and ANP emission reductions from sectoral, regional, and
measure-level dimensions in China (Figures 2 and S27). The proposed GNPeq
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Figure 7. Cost-benefit analysis of different co-control scenarios in China (A) Total mitigation costs and benefits by sector from 2025 to 2050 (unit: US$100 billion year™'). Negative
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10,000 Monte Carlo simulations. (B and C) Spatial pattern of (B) abatement cost and (C) societal benefits in 2050 under the CCBS-high pathway.

framework bridges a critical gap in existing approaches by internalizing the
societal damage costs of climate and air quality pollutants into a unified equiv-
alency metric. This integration prevents the uncritical adoption of trade-off mea-
sures such as achieving deep CO, reductions at the expense of exacerbating
nitrogen pollution. Crucially, the GNP, index highlights the underrecognized
mitigation role of agriculture. Evaluated solely on CO, emissions, agriculture's
contribution appears marginal compared to fossil fuel-intensive industries.
However, when factoring in the disproportionate health and ecological impacts
of NH3, CHy4, and N0, its synergistic mitigation potential is projected to surpass
that of industry by 2030, underscoring the need to prioritize high-leverage inter-
ventions along the carbon neutrality pathway.

Translating these theoretical synergies into practice requires a phased, adap-
tive implementation strategy that accounts for sectoral dynamics and techno-
logical readiness. Sectorally, in the near term, synergistic mitigation led by the
energy and fossil fuel-based industrial sectors appears more advantageous
owing to the homogeneity of CO, and NO, emissions*’ and the escalating so-

cial cost of carbon.“® In parallel, the transportation and household sectors pro-
vide immediate opportunities for synergistic abatement via electrification, clean
heating, and modal shifts.*® However, the long-term sustainability of mitigation
in capital-intensive heavy industries remains contingent upon infrastructure
turnover rates and the maturation of advanced technologies.®® Key challenges
include mobilizing large-scale financing for deep decarbonization and strength-
ening institutional capacity to manage transitions from coal-dominated sys-
tems toward emerging energy structures.®"*? While the energy sector remains
central to decarbonization, advances in hydrogen and ammonia systems may
fundamentally reshape carbon-nitrogen interactions.>® This prospect necessi-
tates anticipatory governance to regulate potential nitrogen-related externalities
through integrated regulatory standards.

As the marginal mitigation potential of heavy industry plateaus, agriculture
will emerge as the critical frontier for synergistic mitigation post 2030 in
China.**®> Unlocking this potential, however, is often hampered by the frag-
mented nature of rural production and the risk-averse behavior of
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Figure 8. Societal benefits under alternative co-control scenarios in 2050 (A—C) Cost-benefit analysis across six geographic divisions in 2050 under the (A) CCBS-high, (B) CCBS-
middle, and (C) CCBS-low pathways, respectively. The error bars represent the uncertainty ranges (95% confidence intervals) derived from 10,000 Monte Carlo simulations. (D—F)
Spatial distribution of (D) health benefits, (E) ecosystem benefits, and (F) climate impact in 2050 under the CCBS-high pathway.

smallholders.® Overcoming these barriers requires moving beyond mere tech-
nological deployment to align economic incentives, enhance social acceptance,
and expand local knowledge extension networks. Crucially, successful imple-
mentation is tied to the evolution of policy instruments.** The persistent lag
in regulating agricultural nitrogen emissions (especially NHz) remains a primary
bottleneck. While incorporating NHz into air quality standards is a positive step,
the absence of explicit reduction targets and robust enforcement limits its over-
all impact.'® Establishing market-based instruments, such as tiered nitrogen
credit systems or expanded emissions trading schemes that internalize both
carbon and nitrogen externalities, could improve the financial viability of these
measures, particularly in regions where environmental objectives face tensions
with economic returns.®”*®

Spatially, the deployment of co-control strategies should be tailored
to regional socioeconomic and biogeochemical profiles.’®  For
example, major urban agglomerations, such as the Beijing-Tianjin-Hebei,
Yangtze River Delta, and Pearl River Delta regions, are well positioned to
pioneer high-intensity, cross-sectoral mitigation measures, such as indus-
trial upgrading and household energy transitions. Coordinated governance
within these clusters facilitates infrastructure integration and policy align-
ment, reducing MACs while maximizing co-benefits between air quality
improvement and climate objectives. In contrast, intensive agricultural
hubs, such as the North China Plain and the Middle-Lower Yangtze River
Basin, should prioritize low-cost, high-leverage interventions targeting
non-C0O, GHGs and nitrogen pollutants. Practices such as precision fertil-
ization and livestock-cropland nutrient recycling could deliver massive
emission reductions while simultaneously enhancing soil carbon
sequestration and food security. Collectively, effective synergistic mitiga-
tion means abandoning parallel environmental agendas, instead embed-
ding unified GHG-ANP objectives into a cohesive policy framework
that balances near-term, low-regret actions with long-term structural
transformation. '”

Uncertainty and limitations

This study faces several sources of uncertainty and limitation, arising from
data availability, model structure, and scenario design. First, the analytical
boundary focuses on GHG and ANP, excluding nitrogen flows and impacts
on aquatic systems. Emissions from certain subsectors, such as shipping
and aviation within the transport sector, are not included due to data con-
straints. In addition, while emerging strategies, such as the use of renewable-
derived ammonia as an energy carrier, have been proposed in the literature,*
uncertainties remain regarding nitrogen leakage from alternative fuels and their
future technological diffusion.°® Further, interactions with other air pollutants
(e.g., SO,, VOCs, and primary aerosols) are not explicitly considered despite their
potential influence on air quality outcomes and associated co-benefits.

Second, uncertainties are inherent in the integrated multi-model framework.
Coupling CHANS, GAINS, and atmospheric modeling components requires
harmonization of data across different spatial, temporal, and sectoral resolu-
tions. This integration inevitably involves simplifications, including aggregation
across regions, linearization of nonlinear processes, and approximations to
maintain computational feasibility at provincial and national scales. In the air
quality component, processes such as bidirectional NHz exchange between
the surface and atmosphere remain highly uncertain and are therefore treated
in a simplified manner.°’ These structural and parametric uncertainties may
affect the absolute magnitude of estimated emissions, concentrations, and
associated impacts.

Third, the GHG-ANP coupling index provides a policy-oriented tool for assess-
ing co-control potential, but it is inherently normative. Weighting factors depend
on assumptions regarding carbon prices and nitrogen damage valuations,
which vary regionally and temporally and remain debated. Although sensitivity
analyses support the robustness of the main results, GNP¢q should be inter-
preted as a comparative scoring framework rather than a physical emission
metric, as it cannot fully capture spatial heterogeneity, temporal dynamics, or
nonlinear damage functions. The accuracy of weighting factors could be further
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improved through iterative coefficient estimation systems that incorporate the
physicochemical properties of pollutants and their impacts on human health
and ecosystems.

Fourth, the scenario design introduces additional limitations. Each CCBS is
paired with a specific SSP pathway, implying changes in socio-economic struc-
ture, demand patterns, technological progress, and policy stringency. While this
approach ensures internally consistent futures, it limits the ability to isolate
emission reductions attributable to underlying socio-economic changes from
those due to additional co-control measures. A broader scenario matrix that
varies co-control intensity while holding SSPs constant, or explores a broader
range of plausible future socioeconomic trajectories, would enable a more sys-
tematic evaluation of integrated mitigation benefits. Finally, the cost-benefit
analysis is subject to uncertainties in investment and operating costs, mitiga-
tion efficiencies, and long-term technological progress. Real-world feasibility
also depends on factors such as policy design, institutional capacity, financing
conditions, behavioral responses, and social acceptance.

To capture the propagation of uncertainties, probabilistic ranges derived from
Monte Carlo simulations were incorporated to reinforce the robustness of the
core findings. For instance, at the most conservative lower bound of the prob-
abilistic estimates, the total societal benefits of synergistic mitigation consis-
tently exceed the implementation costs (Figure 7). In addition, the strategic shift
in mitigation priorities toward the agricultural sector remains statistically robust
across the full uncertainty range (Figure S14). Although absolute estimates
vary, the economic feasibility of co-control strategies and the policy implications
remain highly robust. Future research can further reduce current uncertainties
by expanding sectoral coverage, refining coupling processes, and adopting
more comprehensive scenario matrices.

CONCLUSION

This study develops an integrated multi-model framework that quantitatively
bridges disciplinary gaps among biogeochemical fluxes, atmospheric physico-
chemical feedback, and cost-benefit analysis. We demonstrate that a stringent
co-control strategy could achieve reductions of 88% (80%—101%) in GHGs and
67% (50%—80%) in ANPs by 2050, generating US$959 (US$499-USS$1,419)
billion in net social benefits with a 5-fold return on investment. Further, by em-
ploying MACCs to evaluate cross-sectoral measures, we pinpoint cost-effective
priority actions that offer actionable insights for policy optimization.

Resolving the dual crises of climate change and environmental degradation
requires moving beyond fragmented governance toward dynamic co-control
strategies. Our assessment reveals a critical structural turning point. As indus-
trial mitigation approaches its marginal cost ceilings post 2030, agriculture will
shift from a complementary option to the essential frontier for cost-effective
synergistic mitigation. This temporary pivot in sectoral dominance necessitates
a dynamic realignment of national policy priorities following the anticipated
carbon peak. Methodologically, the GNP index provides a robust framework
to normalize and compare the complex social externalities of GHGs and
ANPs, facilitating a systematic evaluation of cross-sectoral trade-offs. Beyond
China, this study offers a scalable and transferable policy design paradigm,
providing actionable quantitative evidence for rapidly developing economies
that integrating deep decarbonization with sustainable nitrogen management
represents an economically viable pathway to achieving multiple environmental
goals.
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