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Excessammonia (NH;) emissions from human activities pose severe threats
toglobal ecosystems and human health. Although urgent control of NH,
emissionsis needed, acomprehensive quantification of mitigation strategies
and their cost-effectivenessis lacking on a global scale. Here we employ a
multi-model framework to evaluate 32 mitigation measures across 7 sectors
in185 countries. Our analysis reveals that strategic implementation of

technological and non-technological (policy and behavioural) measures could
reduce global NH, emissions by up to 60% at an average cost of US$7.4 per
kilogram of NH,. The estimated implementation cost of US$274 + 116 billioniis
far outweighed by the resulting environmental, health and resource benefits,
which we indicatively estimate at US$722 + 302 billion. Priority actionin China

and India couldyield the largest net gains, whereas Sub-Saharan Africa faces
limited cost-effectiveness owing to structural and economic barriers. Future
scenarios indicate that ambitious implementation pathways could halve NH,
emissions by 2050, whereas weak climate action and inadequate nitrogen
regulations would drive continued emission growth, leading to substantial
environmental deterioration. These findings highlight both the feasibility
and urgency of integrating NH, control into multi-objective policies for food
security, air quality and sustainable development.

Ammonia (NH,), a colourless and pungent gas, plays an intrinsic role
in Earth’s nitrogen cycle and is vital for agricultural productivity,
especially in fertilizer synthesis’. Over the past four decades, there
has been a marked increase in global NH, emissions, driven largely by
the growing demand for agricultural products and changesindietary
preferences’. Large countries with important agricultural sectors,
suchas China, Indiaand the United States, are key contributors to this
rise’. Concurrently, the adverse effects of NH, emissions on human
health and ecosystems have become a growing concern. Ammonia

contributes to the formation of fine particulate matter in the atmos-
phere, leading to cardiovascular and respiratory diseases in humans®.
It also causes biodiversity loss in terrestrial and aquatic ecosystems
through eutrophication, acidification and changesin plant community
structures, disrupting the ecological balance'.

Despite the well-documented environmental and health impacts
of ammonia, the development and implementation of targeted NH,
mitigation policies remain at an early stage globally, with most actions
to date limited to high-level commitments or indirect regulatory
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measures. For example, the Colombo Declaration on Sustainable
Nitrogen Management (2019) represents a voluntary international
commitment to halve nitrogen waste’, and regional actions such as the
EU’s National Emission Ceilings (NEC) Directive® and China’s enhanced
fertilizer controls underits 14th Five-Year Plan signal emerging policy
traction’. However, comprehensive and enforceable NH;-specific
regulations remain limited in most countries. Current research and
initiatives mainly target agricultural emissions, whichis consistent with
the dominant role of the agricultural sector, yet other sectors such as
waste management, household activities, industry and transportation
alsorequire consideration®. The costs of implementing various abate-
ment measures and their benefits for environmental and human health
remain poorly understood onaglobal scale’, hampering understanding
and informing policy for comprehensive NH; mitigation strategies.
Anintegrated analysis assessing the costs and benefits of mitigation
strategies in various regions, considering their unique socioeconomic
and environmental contexts, is urgently needed to guide effective and
efficient global NH, mitigation policies.

To address this knowledge gap, this study assesses the mitigation
potential, costs and benefits of various NH; mitigation strategies at
global and regional scales. Employing a multi-model coupled assess-
ment framework (Extended Data Fig. 1), we evaluate 32 mitigation
measures across 7 sectors in185 countries (Supplementary Table 1) to
identify cost-effective strategies that deliver net benefits for society.
The study quantifies the global NH,; mitigation potential through the
combined implementation of selected measures, pinpointing major
sources and priority regions for reduction. It also examines marginal
abatement cost curves (MACC) for NH, emissions in different countries/
regions to determine the most favourable measures for each. Finally,
the study analyses the various NH; mitigation ambitions, together with
their social costs and benefits under mid-term based on scenarios using
the Shared Socioeconomic Pathways-Representative Concentration
Pathways (SSP-RCP) framework'*" for 2020-2050 to provide a com-
prehensive understanding of potential policy impacts.

Global NH; emissions
Over the past four decades, global NH, emissions increased by approxi-
mately 48%, rising from 42 + 3 teragrams (Tg) in 1980 to 62 + 6 Tgin
2020, asillustrated in Fig. 1a. This increase is primarily attributed to
rising food demand, which has driven growthin agricultural emissions,
particularly from cropland fertilization and livestock manure manage-
ment”. Cropland emissions increased from14 £+ 2 TgNH,t022 +2 Tg
NH;, and livestock emissionsrose from11+1Tgto 16 + 2 Tg. The waste
sector, which includes emissions from human solid waste and waste-
water management, contributed 2-4 Tg NH, emissions globally. The
household sector maintained asteady increasing trend of NH, emission,
reaching 2 TgNH,in 2020, predominantly from human excretion, cook-
ing and heating. NH; emissions from the industrial, power and transport
sectors, typically linked with combustion processes®?, collectively
account for 4-5% of total NH; annually. These non-agricultural emis-
sions, previously underestimated in global assessments'®>, demonstrate
the diverse sources of NH, emissions. Emissions from biomass burning
such asforest fires, savannaand grassland fires, are categorized under
‘othersectors’, whichrepresent -3-4% of the total NH, emissions. Emis-
sions from wildlife, wetland and oceans are notincluded in this analysis
duetoinsufficient global data and inadequate evaluation methods.
Figure 1b demonstrates that China and India are the primary con-
tributors to global NH; emissions, jointly accounting for over a third of
the total. This high level of emissions can be attributed to their large
populations and extensive agricultural activities, with fertilizer usein
croplands being the dominant source in China and livestock-related
emissions contributing more prominently inIndia”. Other Asian coun-
tries (OA) collectively contribute 16 + 3%, signifying their substantial
role. Sub-Saharan Africa (SSA), with a growing share, contributed
13 +2%in 2020, whereas Europe and North America (NA) act as notable

emitters with their total contributions of 14 + 3% (9 +1 Tg) NH; emis-
sions. Latin America (LA), including Brazil, accounts for 7+1Tg NH,
per year. The Middle East and North Africa (MENA), along with the
Former Soviet Union (FSU) exhibit moderate contributions. Oceania
has the lowest emission level of 1+ 0.5 Tg NH, per year, which could
be attributed to the region’s smaller population and less intensive
agricultural practices™.

The spatial distribution of NH; emissions from 1980 to 2020
reveals distinct regional trends, with anotable increase in many parts
of the world (Fig. 1c,d). This upward trajectory is driven primarily by
anthropogenic activities, particularly the expansion of intensified
agricultural practicesto sustainaburgeoning global population, cou-
pled with the widespread adoption of synthetic nitrogen fertilizers
(for example, urea-based formulations)”. The major NH, emission
hotspots'are located in East Asia (China), South Asia (India/Pakistan),
the central US and parts of Europe, where they are characterized by
intensive agricultural production, especially high livestock densi-
ties and heavy fertilizer application, rather than necessarily by high
population density.

Abatement cost and benefits across sectors
Toevaluate the global and regional NH, mitigation potential and associ-
ated costs, this study integrated 32 mitigation measures across seven
sectors (Extended Data Fig. 2) into CHANS and GAINS models. Global
MACCs covering all 32 NH; mitigation measures are illustrated in Fig. 2a.
Optionsareranked by increasing marginal cost, from low-cost measures
such as dietary shifts,improved crop and soil management, 4 R fertili-
zationand low-emission manure application, to higher-cost interven-
tions such as NH; scrubbers, NH; slip catalysts and the development of
low-NH,alternative goods. However, the implementation feasibility of
these options depends onlocal agronomic capacity, advisory services
and farmers’ economic risk tolerance.

The curve shows awide cost range, with the global all-sector aver-
age marginal cost estimated at US$7.4 per kilogram of NH,, and a total
technical mitigation potential reaching 60% of global anthropogenic
NH, emissions. In general, technological measures dominate both the
mitigation volume and cost, accounting for 28 Tg NH, abatement ata
cost of US$205 billion (Fig. 2b). Behavioural options, although essential
for demand-side engagement, such as dietary shifts and waste reduc-
tion, offer an important mitigation contribution (9 Tg NH,) at a cost
of US$68 billion. From a policy perspective, about one-third of total
mitigation (28 Tg NH,) is delivered by measures explicitly targeting
NH; emissions (for example, manure management and fertilizer for-
mulation), whereas the remainder (10 Tg NH;) comes from broader
strategies that primarily target other environmental goals (for example,
greenhouse gas (GHG) reduction and nutrient recycling) but also yield
NH, abatement as a co-benefit".

Regional heterogeneity in MACCs is highlighted in Fig. 2c and
detailed in Supplementary Figs. 3-13. Regions with stronger agricul-
tural emissions and mitigation potential, such as India and China,
show larger abatement potential at lower costs, whereas structurally
constrained regions such as Sub-Saharan Africa face steeper marginal
costs due to limited mitigation readiness. The curvature and slope of
each regional MACC (Fig. 2d) reflect not only economic conditions
but also the underlying structure of emissions and the availability of
low-cost mitigation levers.

Figure 3ashows that Indiaemerges with the lowest unit abatement
costs (UAC) at US$4.8 per kilogram of NH,, which is primarily due to
the large abatement potential (5.8 Tg), widespread opportunities to
improve nitrogen use efficiency and relatively low implementation
costs. Europe, witha smaller abatement amount (3.3 Tg), also achieves
alow UAC at US$5.4 per kilogram of NH, through mature regulatory
systems and optimized farming practices. China contributes the larg-
est abatement volume (8.1 Tg), driving the highest total mitigation
cost (US$51 billion), and its UAC remains moderate owing to ongoing
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Fig.1| Global NH; emissions from 1980 t0 2020. a, NH, emissions by sector
during1980-2020. b, NH, emission flows among sector, region and income
groupin2020. ¢,d, spatial patterns of NH; emission density in1980 (c¢) and 2020
(d). Detailed country classification can be found in Supplementary Table 1. Maps

32 © 48 gm?y’

were created based on the integration of CHANS emission inventory and EDGAR
annual grid maps with 0.5 x 0.5 degree resolution. UMI, upper-middle income;
LMI, lower-middleincome; HI, highincome; LI, low income. Basemapsincandd
are sourced from GADM (https://gadm.org/).

modernizationin agriculture and waste management. By contrast, SSA
faces the highest UAC at US$14 per kilogram of NH,, not because of high
baseline agricultural emissions, which remain low owing to limited
inputuse, but due tostructural challenges. These include fragmented
farming systems, poor infrastructure and limited access to capital and
technology. The region requires substantial upfront investments in
basic infrastructure and training to enable effective implementation
of mitigation measures.

The global totalimplementation cost for the proposed NH, mitiga-
tion optionsis estimated at US$274 + 116 billion, based on 2020 technol-
ogy and price levels. The mitigation potential and associated costs vary
significantly across different sectors, as shownin Fig. 3. The agricultural

sector, encompassing both cropland fertilization and livestock man-
agement, offers the largest direct technological mitigation potential,
with 23 Tg NH,, abated at a low average cost of US$2.6 per kilogram
(Fig. 3a), accounting for 61% of the total mitigation potential while
contributing only 21% of the total cost. The household sector, primarily
through behavioural measures such as dietary shifts and food waste
reduction, contributes a substantial 8.2 Tg of NH, abatement, despite
itslow baseline emissions (2.7 Tg), and incurs amoderately higher cost
of US$3.6 per kilogram, reflecting the systemic nature of behavioural
change. Similarly, the waste sector (solid waste and wastewater) con-
tributes 3.6 Tg of abatement at a cost of US$13.8 per kilogram of NH;,
due to the infrastructure and operational investments required for
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Fig. 2| MACC of global NH, emissions. a, MACC of global NH; emissions by
option, the x axis stands for the value of cumulative NH; mitigation and the
yaxisisthe marginal abatement cost of the mitigation optionin dollars per
kilogram of NH, mitigated. Note that the values do notinclude the financial
value of N saved by reduced NH, emissions of the measures listed; each dot on
the MACCs represents a different mitigation option, and all options are ranked
according to their unit costs, with the least costly on the left. Options labelled
ingreen represent NH,-targeted options, whereas options with orange borders
are behavioural options; the remaining options are non-technological options
and/or co-benefit options. Detailed option classification and description could

be found in Supplementary Tables 3-5. b, NH, mitigation potential and costs
categorized by NH,-targeted versus co-benefit options and technological versus
non-technological options. ¢, Global and regional NH; mitigation potential and
cumulative cost. 60% represent the overall NH, mitigation potential globally
under the current baseline. The red dashed line represents the global average
abatement cost (dollars per kilogram of NH; abated), which is calculated by
dividing the global total mitigation cost by the total NH; reduction.d, The
enlarged version of regional MACC in c for better visibility. LCP, low-crude
protein; 4R, right time, right type, right rate and right place of fertilization; EENF,
enhanced efficiency nitrogen fertilizer; SCR, selective catalytic reduction.

source separation, composting and advanced treatment. The power
and industry sectors exhibit limited abatement potential (0.9 Tg and
0.7 Tg NH,, respectively), but incur high marginal costs of US$66 and
US$78 per kilogram, respectively (Fig. 3a), and they together contrib-
ute only 4% of the total mitigation volume while absorbing over 40%
of total mitigation costs. The transport sector shows the highest unit

cost (US$80 per kilogram) with minimal abatement potential (0.2 Tg),
largely due to the limited role of NH, in modern vehicular emissions
and the high cost of emission control technologies such as NH; slip
catalysts. The ‘other’ sector, which includes biomass burning emis-
sions, offers moderate potential (0.9 Tg) at relatively low cost (US$10
per kilogram), but faces higher uncertainty due to diffuse sources.
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Fig. 3| NH; mitigation costs and benefits by region and sector. a, Sectoral
contributions and marginal costs of global NH, mitigation. b, Regional
contributions and marginal costs of global NH; mitigation. ¢, Cost and benefit

distribution of NH, mitigation by sector and region for the baseline year 2020.
Net benefits are presented as white diamonds (means) + 95% confidence
intervals, based on the standard errors of 1,000 Monte Carlo simulations.

Cost-effectiveness across region and sector
NH, mitigation potential and costs exhibit pronounced regional dis-
parities (Fig. 3b). Oceania shows the lowest level of mitigation and
associated costs, inline withits relatively minor emissions and limited
scope for NH; abatement. Indiaand China, witha combined mitigation
potential of 14 Tg NH, emissions, can achieve substantial reductions
at costs below the global average, underscoring their future pivotal
role in global NH; mitigation efforts, as shown in Fig. 3b. FSU demon-
strates the limited potential of 1.0 TgNH; reduction with the total cost
of US$7.8 billion. Europe and NA share similar NH, mitigation potential
(-3 -4 Tg), with corresponding costs of US$18 billion and US$24 billion,
respectively. MENA, LA and Brazil present higher implementation costs
to achieve their NH; mitigation potentials. Notably, OAand SSA hold a
considerable NH, mitigation share but much higher implementation
costs than the global average. The comprehensive execution of NH,
mitigation optionsin SSA will require asubstantial investment of US$57
billion, primarily for enhancements in the waste, power and industry
sectors, able to achieve 3.5 Tg NH, abatement.

Although NH; mitigation in various regions involves substan-
tial costs, the associated societal benefits, particularly in preventing

premature human mortality and ecosystem degradation, are con-
siderable (Fig. 3c). The monetized costs of premature mortality and
ecosystem degradation were estimated using region-specific unit
damage costs derived from published literature, primarily based on
willingness-to-pay methods for ecosystemservices and the economic
valuation of healthimpacts from PM,.;exposure, scaled by population,
gross domestic product (GDP) per capita and NH; emission density
(see details in Methods). China leads with the highest net benefits of
US$148 + 57 billion, followed by Europe, NA and India with benefits of
US$95 + 39 billion, US$92 + 39 billion and US$81 + 33 billion, respec-
tively (Fig. 3c). The high values in these regions stem from a combina-
tion of elevated ambient concentrations, large exposed populations
and underlying health conditions. By contrast, OA, FSU and MENA
present lower net benefits, indicating a less cost-effective outcome.
SSA faces the most challenging cost-benefit outlook, where the esti-
mated mitigation cost (US$57 + 23 billion) exceeds the total monetized
benefits (US$23 + 11 billion). This imbalance mainly stems from our
cost-benefit analysis being conducted from all-sector NH; control
perspective, without fully accounting for the broader GHG, air quality
or long-term ecosystem synergies. Importantly, the regional average
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masks opportunities for selectively implementing cost-effective meas-
ures, particularly in agriculture and sanitation, where abatement can
generate local health and productivity cobenefits.

The total estimated benefits from global NH, mitigation amount
to US$722 + 302 billion, comprising US$373 + 148 billion in health
benefits* and US$414 + 183 billion in ecosystem benefits™, offset by
US$65 + 29 billion in negative climate impacts'. The agricultural sec-
tor presents the most favourable benefit-cost ratio (BCR) at 7.6 with
US$58 + 23 billion in mitigation costs but US$440 + 177 billion in total
benefits from health, ecosystem and climate impacts (Fig. 3c). This
accounts for 61% of the total estimated benefits, resulting in a net
benefit of US$382 + 155 billion from agriculture. The waste sector,
with costs at US$50 + 18 billion and total benefits at US$71 + 27 billion,
shows a BCR of 1.5, suggesting a relatively cost-effective mitigation.
The household sector has estimated benefits of US$42 + 15 billion
compared with mitigation costs of US$33 + 10 billion, yielding aBCR of
1.4. Conversely, the transport, industry and power sectors encounter
low BCRs at -0.2 - 0.5 for NH,; mitigation, which underscores the eco-
nomic challenges of reducing NH, emissions in these sectors unless the
considerable cobenefits of reducing GHGs and air pollutants (NO,, SO,
and PM, ;) are factored in®.

Future pathways

To evaluate future NH; emission trajectories, four distinct SSP-RCP
scenario analyses (Methods) spanning 2020-2050 were conducted.
The SSP1-1.9 scenario, characterized as the ‘sustainability’ pathway
(Extended Data Table 1), demonstrates a substantial reductionin NH,

emissions, with a decrease of 34.0 Tg between 2020 and 2050, repre-
senting areduction of more than50% (Fig.4a and Extended DataFig. 3).
This decrease is mainly driven by sustainable diets, reduced food waste
and resource-efficient production systems, with notable 27.6 Tg and
3.2 Tgreductionsintheagriculture and waste sectors, respectively. In
this scenario, all regions show adownward emission trend from 2020
t02050, albeit at different rates, as depicted in Fig. 5a. In addition, pre-
scribed burning practices are included in the other sector under SSP1-
1.9, helping to mitigate wildfire risks, particularly in fire-prone regions.

The SSP2-4.5 scenario, known as the ‘stabilization” pathway, fea-
tures intermediate levels of climate mitigation efforts and has mod-
erate ambition on NH; mitigation (Fig. 4b). This scenario envisions a
trajectory balancing economic growth with environmental sustain-
ability. Although SSP2-4.5 does not aim as ambitiously as SSP1-1.9,
it includes measures to stabilize and gradually lower NH; emissions
across key sectors, including agriculture (=10 Tg), waste management
(-2.3 Tg), household practices (0.8 Tg) and fuel combustion-related
sectors (—0.8 Tg). Most regions under SSP2-4.5 exhibit asteady but less
significant decrease inemissions compared with SSP1-1.9, whereas SSA
shows a slight rise by 2050 (Fig. 5a), driven by rising population and
intensified food demand.

In the SSP3-7.0 scenario of the ‘regional rivalry’ world, NH,
emission-reduction actions in different countries and regions lack
effective targets and technology development. Major emitting coun-
tries progress slowly on NH; emission-reduction policies, and anotice-
able upward trajectory in NH, emissions is projected by 2050 (Fig. 4c).
The agricultural sector alone contributes anincrease of 7.3 Tg, driven
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by inefficient fertilizer use, expansion of livestock systems and lack
of policy enforcement. Only Europe presents a slight decrease in NH,
emissions (Fig. 5a).

SSP5-8.5 represents a world with fossil-fuel-intensive economic
growth and high energy demand, with little attention to controlling
NH, emissions. Under this pathway, NH, emissions rise to 73.7 Tg by
2050 (Fig.4d). Agriculture drives most of thisincrease, as production
isintensified through greater fertilizer use and livestock density, with
limited regard for environmental impacts. Emissions from waste and
householdsincreaseby2.2 Tgand 0.9 Tg, respectively, reflecting weak
investmentin treatmentinfrastructure and rising consumption. Indus-
try, power and transport add another 1.0 Tg due to minimal deploy-
ment of abatement technologies. The ‘other’ sector also contributes
substantially, mainly because of more frequent and severe wildfires.

Globally, SSP1-1.9 requires substantial abatement costs
(US$296 + 92 billion), but the benefits for health, ecosystems and
climate rise to US$884 + 292 billion by 2050 (Fig. 5b), demonstrating
the long-term economic payoff of strong sustainability action. Under
SSP2-4.5, moderate costs (US$111 + 33 billion) still yield growing net

benefits, reaching US$317 + 129 billion by 2050. By contrast, SSP3-7.0,
with weak and uneven NH; control, leads to worsening healthand eco-
system damage valued at US$390 + 198 billion. SSP5-8.5, marked by
minimal NH; abatement and fossil-fuel-intensive growth, drives even
larger losses (US$778 + 435 billion), underscoring the cost of inaction.

In general, across mitigation pathways (SSP1-1.9 and SSP2-
4.5), most regions gain net benefits (Extended Data Figs. 3-5), with
China showing the largest gains (Extended Data Fig. 6). Conversely,
under non-mitigation pathways (SSP3-7.0 and SSP5-8.5), nearly all
regions, except Europe, suffer increasing health and economic losses
(Extended Data Fig. 6). Agriculture remains the central source of NH,
emissions and the main target for mitigation (Extended DataFig.7); in
mitigation scenarios, its social benefits are large enough to offset the
sector’s damages under non-mitigation futures.

Policy implication

Our findings highlight the need for targeted and sector-specific strat-
egies to achieve effective NH; mitigation, with agriculture and waste
management emerging as global priorities. In the agricultural sector,
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Short term
Energy and industry 2020-2030
[l §
SDGs

Regional policy

Fig. 6| Roadmap for global NH; mitigation. A staged pathway to reduce global
NH,; emissions across all major source sectors: agriculture (dominant source),
energy and industry, household, transport and waste. The roadmap links sector-
specific strategies with international cooperation and cost-effective options
that deliver social and environmental cobenefits. It defines coordinated global
targets over three time horizons: short term (2020-2030), 20-30% reduction,
driven by rapid adoption of proven, low-cost measures and clean air policiesin
key regions (for example, China and India); medium term (2030-2050), -50%

Halving N waste

Middle term Long term
2030-2050 2050-
Clean air

Carbon neutrality

50% NH, mitigation

@)

Global target

International cooperation

Mitigation strategies

Social benefits

reduction, supported by broader structural transformation of agriculture and
waste management, deployment of cleaner fuels and processes, and integration
of NH; controlinto policies for food security, public health and sustainable
development; long term (post-2050), >50% reduction, aligned with global goals
on clean air, halving nitrogen waste, achieving carbon neutrality and advancing
the SDGs. Icons from OfficePLUS Free Illustration Library under a Creative
Commonslicence CCO1.0.

empirical evidence fromregions such as Europe”, China?, Australia™,
the USA and Canada?, confirms the effectiveness and practicality of
abatement measures, not only for reducing NH; emissions but also
for curbing nitrogen runoff/leaching and GHG emissions®. Success-
ful practices include fertilizer use regulations, adoption of precision
agriculture and financial support for low-emission manure systems
and feed additives™*°. Nevertheless, strategies must balance reduced
fertilizer use with food security concerns for key crops (rice, wheat
and maize). In waste management, stricter standards for incinera-
tion, composting” and landfills can substantially cut NH, emissions,
although these improvements often require high investment, espe-
ciallyinlow-incomeregions. Intheindustry, power and transportation
sectors, NH; abatement costs are high when calculated only from the
perspective of NH,. However, many of the evaluated measures are often
implemented primarily for climate or air quality purposes, other than
NH; control. These include transitioning to cleaner fuel, efficiency
improvement and NO, control technologies in these sectors. In these
cases, NH, abatement is best understood as a co-benefit rather thanthe
maindriver ofintervention, which may nonetheless resultin substan-
tial cost savings when viewed from an integrated policy perspective.
Mitigation choices must be sensitive to context, and policies should
promote integrated approaches that account for both synergies and
trade-offs among environmental, economic and welfare objectives.
Geographical differences shape NH, mitigation priorities. Asia,
in particular China and India, accounts for the highest emissions and
should lead global efforts, with cooperation among countries such
as Pakistan, Indonesia and Bangladesh being crucial due to the trans-
boundary nature of NH, pollution®. Europe, by contrast, is already
experiencinga declinein NH, emissions; many effective NH, mitigation
measures are enforced primarily through the EU Nitrate Directive®,
originally aimed at reducing water pollution. This reflects that NH,
control could be effectivelyimplemented whenintegrated with water
and nutrient management frameworks, particularly inthe agricultural

sector. SSA faces a different problem: agricultural NH, emissions are
projected torise with growing fertilizer use and livestock production,
and food security remains a priority*°. The high cost of upgrading
inadequate infrastructure makes NH, mitigation a formidable task
in SSA. Considering the region’s ongoing development in agricul-
ture and low-income status, immediate NH; abatement is deemed a
lower priority.

Despite the availability of effective NH; mitigation measures,
implementation across sectors and regions faces multiple barriers,
enablers and uncertainties. Economic constraints remain a major
obstacle, particularly in low-income and middle-income countries
where high upfront costs, for manure treatment, precision agriculture
or waste infrastructure, restrict widespread adoption. Technologi-
cal limitations, such as restricted access to advanced fertilizers and
controlled-release formulations, along with institutional weaknesses
such asfragmented policies orinadequate extensionservices, further
hinder progress. Nevertheless, severalimportant enablers can support
wider uptake. These include strong cobenefits for climate mitigation
(for example, GHG reductions), air and water quality improvement
and enhanced agricultural productivity, especially when NH; con-
trolis embedded in multi-objective policies. Aligning NH, mitigation
with global sustainable development agendas, such as the Colombo
Declaration’s goal to halve global nitrogen waste® and the United
Nations Sustainable Development Goals (SDGs) (for example, SDG2
ZeroHunger, SDG6 Clean Water, SDG13 Climate Action and SDGIS5 Life
onLand)*, can enhance policy coherence and maximize environmen-
tal, social and economic gains. For example, the Europe Sustainable
Development Report 2022* includes NH, emissions from agriculture
as an SDG2 indicator, with a long-term goal to limit NH, emissions to
8 kg NH, ha™. Policymakers can further leverage these synergies by
incorporating NH; abatement into national SDG strategies and air
quality programmes. However, considerable uncertainties remain,
including variability in behaviouraladoption, the robustness of policy
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enforcement and evolving technology costs, all of which underscore
the need for flexible, context-specific approaches. A global roadmap
(proposedinFig.6) and coordinated frameworks are essential for scal-
ingactionand addressing the transboundary nature of NH; pollution.

Uncertainty and limitations

Although our global NH, emission inventory has been cross validated
using multiple independent sources, some uncertainties remain, as
discussedin Supplementary Information Section 3. One notable limita-
tionis the exclusion of NH; emissions from natural ecosystems, such as
wetlands, oceans and wildlife owing toalack of reliable data and robust
evaluation methods. As aresult, our analysis of NH, emission-reduction
potentials and costs focused on major anthropogenic sectors and
relies primarily on literature review combined with Coupled Human
And Natural Systems (CHANS)** and greenhouse gas and air pollu-
tioninteractions and synergies (GAINS)* simulations. The mitigation
potential estimates should beinterpreted asindicative technical-eco-
nomic potential under modelled assumptions rather thanguaranteed
real-world performance.

Several limitations affect our cost-benefit projections. In
particular, a sensitivity test shows that adoption rates and cost
estimates are the primary sources of uncertainty in mitigation
potential and cost-effectiveness, whereas assumptions on exposure-
response functions dominate the uncertainty in health cobenefits
(Supplementary Fig. 21). These findings highlight the importance
of policy ambition, socioeconomic context and data quality in
shaping model outcomes. Although our MACs reflect variation in
socioeconomic capacity through per capita gross domestic product
(PGDP)-adjusted costs and scenario-dependent adoption rates, we did
not model dynamic changes in mitigation efficiency or the emergence
of new technologies. In addition, structural inefficiencies, includ-
ing fragmented supply chains, financing constraints and regulatory
delays, may increase actualimplementation costs beyond our reported
uncertainty ranges. Future work could integrate technology diffusion
models to better reflect innovation and learning effects across SSPs.

Regarding the valuation of NH;-related impacts and miti-
gation benefits, coefficients and parameters used for quan-
tification are derived from literature and model simulations
(Supplementary Tables 3 and 4). Future damage cost coefficients
have been adjusted toreflect changesin projected emission levels and
socioeconomic development trajectories under each scenario. How-
ever, we acknowledge that this approach may introduce considerable
uncertainty in assessing the broader socialimpacts of NH, reduction,
particularly due to simplified assumptions about exposure-response
relationships, ecological recovery dynamics and economic valuation
of ecosystemservices (see detailed discussionin Supplementary Infor-
mation Section 4). Although we reported standard deviations for key
metrics (for example, US$274 + 116 billion for costs and US$722 + 302
billion for benefits), these figures should be seen asindicative variabil-
ity rangesrather than precise confidence intervals. Monte Carlo simu-
lations account for parameter uncertainty but do not fully capture
epistemic uncertainty related to structural assumptions, long-term
behavioural responses and valuation methods. Consequently, our
cost-benefit analysis should be viewed as a tool for assessing rela-
tive cost-effectiveness rather than a definitive statement of social
desirability. Decisions on NH, mitigation are inherently complex and
value driven, requiring careful consideration of ethical, institutional
and cultural factors beyond simple economic metrics. In addition, our
study does not systematically quantify the potential synergies and
trade-offs between NH, mitigation and the control of other pollut-
ants. Futureresearch should prioritize multi-pollutant strategies that
target simultaneous reductionsin NH;, GHGs and other air pollutants
acrossregion and sectors, thereby maximizing synergies, minimizing
trade-offs and supporting broader goals such as carbon neutrality,
clean air and the SDGs.

Methods

Global NH; emission inventory

This study compiled an updated global NH, emission inventory mainly
based onthe CHANS mass-balance model, with integration of credible
global emission databases, including the Community Emissions Data
System (CEDS)**, Emission Database for Global Atmospheric Research
(EDGAR)?, Integrated Model to Assess the Global Environment
(IMAGE)*® and the Model of Agricultural Production and its Impacton
the Environment (MAZPIE)* (Extended Data Fig. 1). Detailed descrip-
tions of these NH; model datasets used in this study are provided in
Supplementary Information Section 1. We also referred to regional
(USA, UK and Australia) NH, emissions inventories and the published
NH;-related paper for national validation (Supplementary Fig. 18).
Seven major sectors of NH; emissions are defined in this study for
inventory compilation and source apportionment, including agri-
culture (fertilizer application, livestock manure and biomass burn-
ing), waste (solid waste management and wastewater treatment),
household (cooking, heating and building), transport (on-road, rail
and off-road), power (energy production and fossil fuel combustion),
industry (explosives and acrylonitrile production) and others (biomass
burning). Definitions for each emission source by sector are listed
in Supplementary Table 2. The main data sources used in this study
include the following.

(1) FAOSTAT*, used for detailed crop production, land use
and livestock population data. The World Bank*, provided
national-scale socioeconomic indicators such as human
population and GDP. IFASTAT*, supplied information on
fertilizer consumption and nutrient use. Non-agricultural
activity data such as fuel consumption are primarily based on
IEA world energy balances*. Data on transportation activity,
including vehicle counts and mileage, were sourced from the
IEA Mobility Model**. Estimates of biomass burning area were
derived from the Global Fire Emissions Database (GFED4s)*
and MODIS satellite observations*’, whereas wastewater
generation and treatment practices were informed by UNEP
sanitation assessments*’, national environmental reports and
peer-reviewed papers.

(2) Latest published papers on field experiments, meta-studies and
national gas emission inventories that offer diverse parameters
(for example, N content in crops, harvest index and manure
recycling ratio) and regional-specific N, emission factors (EFs)
or global default values for countries that have not developed
their own methods and EFs to enable the calculation of regional
NH, emissions (Eyy, ;) (equation (1),

185 7
ENH;,i = z ZAi,j,k X EFi,j,k (1)
Jj k

where i, j, krepresent the specific year, region and sector of NH, emis-
sions, A; jxistheactivity level dataand EF, ; are the specific NH, emis-
sion factors, which were derived from a comprehensive literature
review and from the emission models and datasets referenced in
Supplementary Fig. 14.

Mitigation options and potential

To explore the overall NH; mitigation potential, we first conducted a
literature review from the Web of Science published in 2000 to identify
feasible NH, abatement measures by sector. Keywords used for the
search included ‘ammonia OR NH; emission OR ammonia emission
inventory OR ammonia mitigation potential OR mitigation cost OR
mitigation benefit’, ‘mitigation options OR abatement OR reduction’,
‘agriculture OR waste OR industry OR transport OR cropland OR live-
stock OR fertilizer’ and ‘cobenefits OR trade-offs’. The selection of
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NH; abatement measures was guided by five main criteria: (1) high
mitigation efficiency; (2) relatively low implementation cost based on
available literature and international assessments; (3) broad applica-
bility across sectors and geographies; (4) feasibility of regionalimple-
mentation under current or projected socioeconomic conditions; and
(5) the presence of clear cobenefits (for example, GHG reduction and
air or water quality improvement) or recognized trade-offs. Based
ontheselection criteria and literature review, a total of 32 mitigation
options across seven emission sectors were included in this study.
These options were classified from different perspectives: that is,
technological versus non-technological options, NH,-targeted versus
co-benefit options (Supplementary Fig.2), to explore the feasibility and
effectiveness of various mitigation strategies. A detailed description
of each option’s application scope, implementation cost, co-benefit
or trade-offsis provided in Supplementary Tables 3-5. In general, the
technological options primarily focus onequipment upgrades, process
modifications and infrastructure improvements that require capital
investment and technical implementation. By contrast, behavioural
options emphasize changes in human activities that can be imple-
mented through policy interventions and awareness campaigns. The
NH;-targeted options are specifically designed to reduce NH; emissions
as their primary objective, whereas co-benefit options address other
environmental concerns, such as reducing GHG emissions, improving
air quality or enhancing resource efficiency while contributing to NH,
mitigation. This classification framework allows a comprehensive
assessment of the trade-offs between direct NH; reduction effective-
ness and broader environmental benefits, providing policymakers with
insights into optimal mitigation portfolio selection based on specific
regional priorities and constraints.

Mitigation potentials of NH, emissions at the national scale were
assessed by combining various mitigation options with the original
emission inventory, whichis calculated as in equation (2):

AEnuy i = D) Ak X EF ik X Rigem X Xijem (2)
X

where i, j, k represent the specific year, region and emission sector,
AE\y, sisthereduction potential of NH, emissionsinyear i, mrepresents
a specific abatement option or the combination of multiple
options,n; ;. is the NH; abatement efficacy and X; 4 , is the imple-
mentation rate of the abatement technique or options.

Implementation costs
Atechnologically detailed bottom-up approach can assess the financial
costs ofimplementing various NH, mitigation measures across nations/
regions. Abatement options and their associated mitigation efficiency
are characterized by major NH;-emitting sectors such as agriculture,
transportation, industry and waste management. Theimplementation
cost of NH; emissions in this study is defined as a direct expenditure
(the sum of investment costs and operation costs) for implementing
measures to reduce NH; emissions from different emission factors,
whereas the possible public costs (for example, subsidy to promote
the control policy) are not considered. Here we mainly refer to the
methodology of cost assessment from the GAINS model to calculate
the abatement costs of implementing various NH; mitigation meas-
ures. The GAINS model has been widely used to determine least-cost
abatement policies for reaching specified gas emission control targets
in many countries and regions. The calculation of abatement costs is
formulated in equation (3) as

1+0"

AC,-’k = Ii,k X 1 xr
1+n"* -1

+ FOi,k + VOi,k - FS,-,k 3)

where AC,, represents the annual implementation cost, /;, refers to the
investment cost, risthe discountrate, It,, represents the lifetime of the

abatement technique (10-15 years), FO, is the fixed operating cost,
VO, is the variable operating cost (for example, feed, gas, electricity,
labour and water) and FS;, represents saving costs from reduced use
of N fertilizer. All cost data from the literature were adjusted by the
purchasing power parity index and measured in constant 2017 US dol-
lars by assuming 2% annual inflation. Detailed cost-calculation methods
and parameters can be found in Supplementary Table 4. Country/
regional differencesin the mitigation cost were considered througha
series of international cost indices (labour, non-energy materials,
electricity, water and energy) to create a more heterogeneous repre-
sentation of emissions and mitigation costs across countries. For
non-traditional or emerging options where empirical validation is
limited, we applied uncertainty bounds and conducted uncertainty
analysis to capture the plausible cost range (Supplementary Table 2).

MACC

AnMACC s ananalytical tool used to understand the costs associated
with emission reduction. Country-specific data on baseline emission
sources, abatement potentials, capital and operating costs, and tech-
nology adoption rates allows estimation of regional-specific MACCs.
Based on the efficiency of investigated mitigation options and annual
implementation cost, we estimated the regional and global marginal
abatement cost (MAC) of NH; mitigation to determine the additional
cost associated with reducing one more unit of emissions. The basic
equation for calculating the MAC is

AC,

MAC,,, = F
m

“)

where AC,, is the cost change due to the implementation of the abate-
ment measure m, and AE,, represents the corresponding change in
NH; emissions.

Societal benefit assessment

Societal benefits (SOCpenerr) Of NH; mitigation in this study are defined
as the sum of benefits (avoided damage cost) for human health
(HHpenefie), €cosystem service (EHpenere) and climate impact (CLimpacy), @S
showninequation (5):

SOCbeneﬁt,i = HHbeneﬁt,i + EHbeneﬁt,i + CLimpact,i (5)

The health benefit (HHpenerie,;) refers to the benefit of prevented
mortality derived from PM, s mitigation caused by NH, abatement**,
We derived the baseline (2020) national-specific unit health damage
costs (Hcostygyo ;) of NH; emission from the N-share methodology*,
which connected the economic cost of premature mortality per unit
of NH, emission with the PM, s concentration, population density, GDP
per capita and total years of life lost. Then we estimated the changed
health damage cost (Hcost; ;) in a specific country and year based on
the variation of regional NH; emission density and the PGDP, as shown
in equation (6). The avoided health damage cost by NH, mitigation
compared with 2020 is regarded as the health benefits, as presented
inequation (7). Itis noted that the estimated health benefits represent
indicative magnitudes rather than precise valuations, given the uncer-
taintiesin exposure-response relationships, modelled chemical frac-
tions of PM, ;and monetization based on PGDP-weighted approaches.

.| PGDP;;
Hcost; ; = Hcostypyg,j X PGDPyoyo.; X
J

HHpenefit,i,j = E2020,j X HCOSty020,; — E; j X Heost; @

Density, ;

(6)

Density,o,0,;

where E; ; and E,oy ; refer to the national NH; emissions in the years i
and 2020, respectively (specific parameters provided in Supplementary
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Table 7), PGDP; ; and PGDP,q,, ; refer to national GDP per capita in the
years i and 2020, respectively, Density, ; and Density,,, ; refer to NH;
emission density inkilograms of NH, per hectarein the yearsiand 2020,
respectively, and a is the coefficient for health damage cost, which is
derived by correlation analysis between past NH; damage costs and
PGDP and emission intensity.

Similarly, ecosystem benefits (EHgenes:) in this study are regarded
as the avoided damage costs of the improvement of acidification and
eutrophication of ecosystems due to NH; mitigation. We derived the
baseline regional-specific unit NH; damage costs to the ecosystem
(Ecost,gy0, ;) based on the willingness-to-pay method from European
Nitrogen Assessment*’ and the latest peer-reviewed papers®*°, which
provided national damage cost estimation (specific parameters pro-
videdin Supplementary Table 7). Then we assessed the future changed
ecosystem damage cost based on the changing NH; emission density
and PGDP under the specific scenario to finally calculate the avoided
ecosystem damage cost associated with NH, management (equations
(8)and (9)). Please note that we acknowledge the inherent limitations
and uncertainties associated with willingness-to-pay-based
approaches. These include their dependence on socioeconomic con-
text, valuation method (for example, contingent valuation versus
revealed preference) and cultural perceptions of environmental and
healthrisks. The precision of these estimatesis not meant to represent
exact national values, but to support comparative analyses of where
mitigation may offer relatively higher social benefit.

s PGDP;;
Ecost; ; = Ecostygyo,j X PGDPyoy0 X
.J

EHbeneﬁt, ij = EZOZO,j X ECOStZOZO,j - Ei,j X ECOSt,"j (9)

Density, ;

(8)

Density,,

where Ecost; ;and Ecostygy jrefer to the national monetized ecosystem
damage cost in the years i and 2020, respectively, and g is the coeffi-
cient for ecosystem damage cost adjustment, which was obtained
through analysing the relationship between past damage costs and
PGDP and emission intensity.

The climate impact from NH; mitigation refers only to the altera-
tionin the cooling effect that NH, emissions have on the Earth* result-
ing from the implementation of NH; mitigation strategies, as shown
in equations (10) and (11). The GHG-related cobenefits or trade-offs
resulting from NH, mitigation were not quantified in this assessment
due to data and model limitations.

cl,=Cl (| _PCDP,,  _Density,, (10)
ij = 120207 % PGDonzoJ x Densityzozo’j
CLpenefit,i,j = £2020,j X Claoz0,j — Eij X Cl; (1D)

where Cl; ; and Clygy ; refer to the regional monetized climate impact
intheyearsiand 2020, respectively, and yisthe coefficient for climate
impactadjustment, which was obtained through analysing the relation-
ship between historical damage costs and PGDP and emission intensity.

Future scenario setting

To explore how global NH; emissions may change under differing
socioeconomic and policy conditions, this study conducted scenario
analyses for the period 2020-2050 using the SSPs and RCPs, a frame-
work widely appliedinintegrated assessment models and global envi-
ronmental assessments such as the IPCC Sixth Assessment Report
(AR6)"% In this study, we superimposed NH, mitigation ambitions,
ranging from weak to strong policy efforts, onto four combined SSP-
RCP scenarios (SSP1-1.9, SSP2-4.5, SSP3-7.0 and SSP5-8.5) to assess
potential emissions trajectories, sectoral mitigation contributions

and associated societal costs and benefits. The four scenarios used in
this study align with the standard CMIP6 pathways used in IPCC AR6
interms of demographic, economicand energy trajectories. However,
additional NH;-specific mitigation assumptions (Extended Data Table1
and Supplementary Tables 6 and 7) were overlaid to reflect plausible
variations in policy ambition and abatement adoption within each sce-
nario. These extensions allow sector-specific analysis of NH, mitigation
potential and cost under internally consistent SSP-RCP frameworks*>,
This methodological approach builds on earlier nitrogen-focused SSP
analyses'® by incorporating NH;-specific policies and linking them
to broader sustainability and climate goals. Datasets on the future
NH, emission-related activity levels such as fertilizer use, livestock
population, manure management, agricultural land use and waste
management were derived from the IIASA SSP Scenario Database®™
and peer-reviewed literature'®>*°, Detailed descriptions of the four
scenarios and their characteristics are provided in Supplementary
Information Section 2. Based on the quantifiable characteristics of the
SSP-RCP, we integrated various NH, emission-reduction measures and
strategies into the CHANS model to assess potential emissions trajec-
tories, sectoral mitigation contributions and associated societal costs
and benefits. Through this analysis, we aimed to identify the extent to
whichambitious climate and sustainability pathways could also deliver
substantial NH; reductions and, conversely, how business-as-usual
trajectories may exacerbate emissions and their associated impacts.

Uncertainty analysis

Toevaluate the robustness and reliability of our results, we conducted
acomprehensive uncertainty analysis using Monte Carlo simulations.
We performed 1,000 Monte Carloiterations to quantify uncertainties
inNH; emission inventories, mitigation potential, abatement costs and
associated benefits across different sectors and regions. Our simula-
tion framework incorporated uncertainties from multiple sources
and their potential interactions: activity data (for example, fertilizer
application rates, livestock populations and industrial production
levels), emission factors specific to different NH, sources, technical
parameters of mitigation measures (including mitigation efficien-
cies and implementation rates) and economic parameters (labour
costs, market price and discount rates). Key parameters varied in the
simulation included baseline emission factors (+15-30%, with larger
uncertainties for non-agricultural sectors), mitigation efficiencies
(+10-30%, depending on technological maturity), implementation
costs (+20-50%, with regional variations) and activity data (+5-15%,
based on statistical reporting uncertainty). The uncertainty ranges
were sector specific, reflecting varying levels of data quality and under-
standing of emission processes. For example, agricultural emission
factors had narrower uncertainty ranges due to extensive field meas-
urements, whereas industrial and waste sector parameters had wider
ranges reflecting limited data availability. We also considered param-
eter correlations and cross-sector interactions in our Monte Carlo
framework. Cost-benefit calculations incorporated uncertainties in
both monetary valuations of environmental benefits (for example,
healthimpacts and ecosystem services) and region-specific discount
rates. Detailed documentation of the simulation methodology and
comprehensive results is provided in Supplementary Information
Section 4 and Supplementary Tables 9 and 10.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Shared Socioeconomic Pathways (SSPs) projections used for scenario
modelling are publicly available from the [IASA SSP Scenario Database
(https://iiasa.ac.at/models-tools-data/ssp). Data supporting the find-
ings of this study are available within the article and its Supplementary
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Information. Specific model parametrization is available upon reason-
ablerequest fromthe corresponding author. Source data are provided
with this paper.

Code availability

No custom code was developed for this work. Data processing and
statistical analyses were performed using Microsoft Excel (365), Origin
(v.2025), ArcGIS Pro (v.3.3) and GraphPad Prism (v.10.1). All procedures
aredescribed in Methods.
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Extended Data Fig. 2 | Classification of NH, mitigation options. NH,-targeted
options are designed to reduce NH; emissions as their primary goal, co-benefit
options are primarily targeted other objectives (for example, climate mitigation,
water quality, health) but also reduce NH; as a co-benefit. Technological options
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systems to reduce NH, emissions. Non-tech options depend on changes in human
behavior, management practices, policy frameworks, or institutional support,
without necessarily requiring new physical technologies. Detailed descriptions
of mitigation options could be found in supplementary Table 3-5.
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Extended Data Fig. 3| NH; emission change (%) in 2050 compared to 2020 level under different SSP/RCP scenarios. a, b, ¢, d represents the relative changes (%) of
NH,; emissions from 2020 to 2050 under SSP1_1.9, SSP2_4.5, SSP3_7.0, and SSP5_8.5, respectively. Basemaps are sourced from GADM (https://gadm.org/).
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Extended DataFig. 4 | Spatial distributions of NH, mitigation cost ($ per capita) in 2050 under SSP/RCP scenarios. a, b, ¢, d represent the distribution of
implementation cost for NH3 mitigation under SSP1_1.9, SSP2_4.5, SSP3_7.0, and SSP5_8.5, respectively. Basemaps are sourced from GADM (https://gadm.org/).
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Extended DataFig. 5| Monetized impact of NH; emissions ($ per capita) in 2050 under SSP/RCP scenarios. a, b, ¢, d represent the distribution of the net monetized
impact of NH3 emissions under SSP1_1.9, SSP2_4.5, SSP3_7.0, and SSP5_8.5, respectively. Basemaps are sourced from GADM (https://gadm.org/).
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Extended Data Fig. 6 | Regional costs and benefits of NH, mitigationin

2050 under SSP/RCP scenarios. a, b, ¢, and d represent the regional impact
assessment under SSP1_1.9, SSP2_4.5,SSP3_7.0 and SSP5_8.5, respectively;

e, f, g, and hrepresent the regional shares ofimplementation cost and monetized

impactunder SSP1_1.9,SSP2_4.5,SSP3_7.0, and SSP5_8.5, respectively. Net
benefits are presented as white diamonds (means) + 95% confidence intervals,
based on1000 monte carlo simulations; negative value of impact denotes the
damage cost.
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Extended DataFig. 7 | Sectoral costs and benefits of NH, mitigationin 2050
under SSP/RCP scenarios. a, b, ¢, and d represent the sectoral cost and impact
assessment under SSP1_1.9, SSP2_4.5,SSP3_7.0 and SSP5_8.5, respectively;

e, f,g,and hrepresent the sectoral shares of implementation cost and monetized

impactunder SSP1_1.9, SSP2_4.5,SSP3_7.0, and SSP5_8.5, respectively.Net
benefits are presented as white diamonds (means) + 95% confidence intervals,
based on1000 monte carlo simulations; negative value of impact denotes the
damage cost.
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Extended Data Table 1| Description of NH; mitigation ambition under different SSP-RCP pathways

SSP1_1.9 SSP2 4.5 SSP3_7.0 SSP5_8.5

Road Sustainability ~ Middle of the road  regional fossil-fueled
rivalry development

Public awareness of NH; +++ ++ + *

mitigation

Climate ambition High Medium Low Low

GHG emission --- - ++ +++

Food demand ++ 4+ ++ +++

Animal products Consumption ++ +++ ++ +++

Agricultural land area -- - + ++

Recycling of crop residues, animal ~ +++ ++ - -

manure, Food waste, and sewage

Productivity in agriculture +++ ++ + +

Adoption of mitigation techniques  +++ ++ + g

End-of-pipe technologies -+ ++ + -

Clean alternative technologies +++ ++ + -

NH; monitoring capabilities ++ + * -

International cooperation -+ ++ . *

Note: “+++, strong increase compared to the base year 2020, “+, moderate increase, ‘+, slight increase, ‘', strong decrease, ‘', moderate decrease, -, slight decrease, * no changes. The

scenario assumptions are qualitatively aligned with each SSP storyline. Detailed scenario descriptions can be found in Supplementary Text S2, quantitative assumptions on adoption rates and
sectoral measures used for scenario modeling are provided in Supplementary Table S6-7.
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