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Abstract
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Decarbonizationis crucial to combat climate change. However, some
decarbonization strategies could profoundly impact the nitrogen cycle.
Inthis Review, we explore the nitrogen requirements of five major
decarbonization strategies to reveal the complex interconnections
between the carbon and nitrogen cycles and identify opportunities to
enhance their mutually sustainable management. Some decarbonization
strategies require substantial new nitrogen production, potentially leading
toincreased nutrient pollution and exacerbation of eutrophicationin
aquatic systems. For example, the strategy of substituting 44 % of fossil
fuels used in marine shipping withammonia-based fuels could reduce CO,
emissions by up to 0.38 Gt CO,-eq yr ' but would require a corresponding
increase in new nitrogen synthesis of 212 Tg N yr™. Similarly, using biofuels
toachieve 0.7 + 0.3 Gt CO,-eq yr* mitigation would require new nitrogen
inputsto croplands of 21-42 Tg N yr™.. To avoid increasing nitrogen losses
and exacerbating eutrophication, decarbonization efforts should be
designed to provide carbon-nitrogen co-benefits. Reducing the use of
carbon-intensive synthetic nitrogen fertilizer is one example that can
simultaneously reduce both nitrogeninputsby 14 Tg N yrand CO,
emissions by 0.04 (0.03-0.06) Gt CO,-eq yr . Future research should
guide decarbonization efforts to mitigate eutrophication and enhance
nitrogen use efficiency in agriculture, food and energy systems.
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Introduction

Climate change and human alteration of global nutrient cycles are
two environmental threats that have already exceeded their planetary
boundaries and require urgent action to bring them back within safe
operating space'” (Fig. 1). Climate change, largely driven by anthro-
pogenic greenhouse gas (GHG) emissions, has led to global warming
and arange of environmental issues, from more frequent and intense
weather events tosealevel rise*. Anthropogenic GHG emissions, domi-
nated by carbon dioxide (CO,), reached 59 + 6.6 Gt CO, equivalent
(CO,-eq) in 2019 (ref. 5) (Fig. 1a). Unless emissions are reduced, the
mean global temperature could exceed 1.5 °C global warming relative
to pre-industrial temperatures, which could trigger multiple climate
tipping points®. Thus, thereis an urgent need to adopt decarbonization
strategies to mitigate climate change.

However, some decarbonization strategies, such as swapping
fossil fuels withammonia-based fuels or biofuels, could increase nitro-
gen (N) inputs into the environment. Such strategies could enhance
N-polluting human activities and contribute to other environmental
issues, including eutrophication of waterways’, declining regional air
quality, global ozone depletion and climate change®. Thus, strategies
should simultaneously abate GHG emissions and nutrient pollution to
mitigate both climate change and eutrophication.

Anthropogenicinputs of N to the environment are already nearly
double the natural terrestrial and oceanic inputs from N fixation
(estimated to be 110 and 140 Tg N yr™, respectively’, compared to
256 Tg N yr'ofhumaninputs'®; Fig. 1b). Excessive N inputs to waterways
arethe primary driver of eutrophication’, as elevated N concentrations
trigger proliferation of algal biomass that canlead to dissolved oxygen
depletion and toxin production'. Eutrophication impacts threaten
water security and ecosystem and human health. For example, the
annual damage cost of eutrophication in the USA is estimated over
US$4 billion (ref. 12). Eutrophication is already globally prevalent,
intensifyinginmostlakes since the1980s (ref.12) and impacting coastal
and open oceans™". Therefore, unsustainable management of Nusein
decarbonization strategies could have devastating impacts™.

The increasing feasibility of producing ammonia (NH,) using
renewable energy hasled to growing enthusiasm for using NH, as afuel
todecarbonize the shipping sector® (see The Cool Down). Butreplacing
fossil fuels in shipping with NH; would more than triple NH; demand
and production, which is already beyond the planetary boundary for
human disturbance of N cycles*'®. However, some decarbonization
strategies have the potential to provide co-benefits for addressing both
climate change and eutrophication through simultaneously reduc-
ing emissions of CO, and N species''®. For example, electrification
of energy supplies and transitioning to renewable fuels will probably
reducereliance on fossil fuel combustion and, thus, reduce associated
emissions of nitrogen oxide (NO,) and NH; (ref. 19). Understanding
the impacts of decarbonization efforts on the global N cycle prior
to implementation will help avoid exchanging one pollutant and set
of environmental impacts for another and to promote synergies of
multi-pollutant reductions.

Inthis Review, we summarize the environmental impacts of exces-
sive human N use, with a focus on eutrophication, and explore the
potential synergistic and antagonistic impacts on carbon (C) and N
emissions from five major decarbonization strategies. These strategies
include reducing C-intensive synthetic N fertilizer production, grow-
ing plant biomass as a renewable energy source, using NH; as C-free
fuel, sequestering C in agricultural soil, and intensifying crop yield
to reduce pressure for land use change and deforestation. Through

greater consideration and synergistic management of the intercon-
nected C and N cycles, decarbonization efforts can simultaneously
address climate change and avoid exacerbating eutrophication.

Nitrogen impacts on the environment

Nis critical for producing the biological molecules necessary for life,
such as proteins and nucleic acids®. Although Nis the most abundant
element in the atmosphere, it mostly exists as inert dinitrogen (N,)
which cannotbe directly utilized by most living organisms without first
being converted into reactive forms of nitrogen (N,), such as NH, (Fig. 2).
Innature, biological N fixation by organisms, such as N-fixing bacteria
thatare either free living or in symbiosis with leguminous plants, facili-
tates the conversion of N, to N,. Globally, N-fixation has been adding
N, at the rate of about 250 Tg N yr™, yet N, availability remains a key
limiting factor for global primary production’. The invention of the
Haber-Bosch process in the early twentieth century enabled N fixa-
tion through anindustrial process and was used to produce synthetic
N fertilizer to alleviate N limitation and enhance crop yields?. Ever
since, N, input to the Earth system by human activities has increased
exponentially, fast approaching the N, input by biological N fixation
processes in nature and disrupting the global N cycle*** (Fig. 1b).

Thedrasticincrease of synthetic N fertilizer use boosted agricul-
tural productivity, butithasalsoled toawide range of environmental
issues. Only about half of the N applied in crop production is assimi-
lated into harvested crops®, with the remaining — termed N surplus* —
accumulatinginthe environment. N surplus can enter groundwater
and surface waters through leaching and runoff, causing eutrophica-
tionand contamination of drinking water”. Eutrophication degrades
the environment as it depletes oxygen in the water creating hypoxic
zones lethal to aquatic life'. Algae that form eutrophicblooms can also
generate toxins that can cause extensive biodiversity loss in aquatic
ecosystems'. N surplus can also be emitted as NH; and NO, to the
atmosphere where it contributes to regional air pollution through
the formation of fine particulates, nitrogen dioxide and ozone, and
poses risks to human respiratory health*. Upon deposition, atmos-
pheric N emissions can disrupt the nutrient balance in natural eco-
systems and potentially cause declines in plant diversity, habitat
degradation” and eutrophication®®. N surplus can also be converted
back to N, through denitrification processes in both terrestrial and
aquatic ecosystems, with a fraction being emitted as N,O, which is
currently the most abundant ozone-depleting substance in the strato-
sphere and a prominent greenhouse gas®. Some N surpluses could be
retained insoil leading to abuildup in soil N stocks that could poten-
tially enhance future crop yields, but this retention also renders
these N pools vulnerable to being emitted in various forms over
subsequent years',

Over 70% of the harvested N in crop products is used as feed for
livestock production, which is even less efficient in converting N to
food products than most plant-based human food*. This inefficiency
results in a high proportion of residual N in manure®, which is readily
lost to the environment through leaching, runoff, and NH; and N,O
emissions'. Recycling manure back to cropland and pasture could
potentially offset up to 70% of synthetic N fertilizer demand® and
improve the efficiency of N use in agricultural production systems.
However, broad implementation of this practice has been limited by
economic and logistical challenges, such as the cost of transporting
manure that has high water content™ ™,

The production process and transportation of synthetic N fertilizer
impactsthe environmentand contributes to climate change. Synthetic
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N fertilizer production is an energy-intensive process, currently
accounting for 2% of global energy consumption®, about 4% of global
natural gas use, and 1% of GHG emissions* %, In 2019, synthetic fertilizer
productionwas responsible for about 0.45 Gt CO,-eq yr™ of emissions,
primarily from conventional industrial NH, production using the fossil
fuel-based and energy-intensive Haber-Bosch process®. Transporta-
tion of fertilizers adds another 0.03 Gt CO,-eq yr'in emissions®. The
CO,-eq of combined GHG emissions from the production and transport
of synthetic N fertilizer, which are dominated by CO,, is similar to
that of the emissions resulting from the application of synthetic N
to cropland soils, which are dominated by N,O emissions estimated to
be 0.63-0.66 Gt CO,-eq yr™ (refs. 37,38).

Overall, human activities that convert N, to N,, predominantly
through the Haber-Bosch process, have been pivotal in enhancing
agricultural productivity and food security. Yet, industrial production
of N, has driven the exponential growth of Ninput to the environment
that hasled to anincreasingly eutrophic world***?. Enhanced Ninputs
have posed risks to ecosystem and human health, owing to not only
the eutrophication of water bodies but also the release of air pollut-
ants and the exacerbation of climate change and stratospheric ozone
depletion. Moreover, N, introduced by human activities can lead to
multiple environmental impacts as it changes forms, such as microbial
processes within the natural N cycle that oxidize ammonium to nitrate
and reduce nitrate to nitrous oxide, each with its own environmental
impacts, a phenomenon known as the N cascade effect®. Therefore,
itis critical to manage and track N, introduced by human activities,
its loss to the environment, its transformations between different N,
species, and its fate.

Decarbonization strategies and nitrogen

The Cand N cycles are intimately linked (Fig. 2). There are five major
decarbonization strategies (DSs) that impact human-driven N inputs
andlossesinthe Earth system (Table 1, Fig. 3; Supplementary Table1).
This section synthesizes quantitative estimates of the C mitigation
potential and the direct effects of decarbonization strategies on CO,
mitigation, and the corresponding changes in N inputs and N losses
for the five major DSs. Here, N input refers to N, that is converted from
inert N, by human activities, which is synonymous with new N, intro-
duced into the environment by humans. N inputs are dominated by
synthetic fertilizer N production through the Haber-Bosch process,
but they alsoinclude N, fixed by crops and N, emitted from fossil fuel
burning (Fig. 1b). Effects on N,O emissions and perhaps CH, emissions
would also probably occur, but the estimation of net GHG emissions is
excluded here owingto the large uncertainties of N,O and CH, emission
factors and to the complexities of C-N interactions.

Reducing carbon-intensive fertilizer production

Reducing CO, emissions from synthetic N fertilizer production (DS1)
involves two types of efforts with very differentimpacts on Ninputs and
losses® (Supplementary Fig.1). One effort is to reduce the C intensity of
NH; production (Fig. 3a; DS1a). Since 2009, the emission intensity of N
fertilizer production has decreased by 12% (ref. 36), but further reduc-
tions in emission intensity from conventional production using the
Haber-Bosch method are expected to have arelatively modestimpact
onenergy and emissions savings*’. More transformative measures are
required, such as integrating C capture and storage with continued
fossil fuel use (called blue NH;), using carbon-free electricity for water
electrolysis (called green NH,), and using biomass as a feedstock for the
Haber-Bosch process**'. These methods could reduce NH; production
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Fig.1|Historical trends of CO, emissions and nitrogen (N) inputs from human
activities. a, Atmospheric CO, concentration (solid red curve, ppm) and CO,
emissions (solid black curve, Gt CO,) between 1850 and 2022, with atmospheric
CO, concentration representing the planetary boundary indicator for climate
change. b, Annual Ninputs (Tg N yr™) from fertilizers (fertilizer N, green), crop
biological nitrogen fixation (BNF crop N, yellow) and fossil fuel use derived
nitrogen inputs (fossil fuel N, orange) between 1860 and 2015. The planetary
boundaries for Ninput and atmospheric CO, concentration are noted as red
zonesinboth panels and are taken fromref. 1; red shaded areas represent the
uncertainty range of the planetary boundary. Data for Ninputs are taken from
ref. 24. CO, concentrations are taken from ref. 172 (see National Oceanic and
Atmospheric Administration) and CO, emissions are taken from refs. 102,173-175.
CO, emissions and N inputs from human activities have exceeded their planetary
boundaries and require urgent mitigation efforts.

emissions by 95%, and net-zero C emissions could be achieved by off-
setting residual emissions with CO, removal technologies®. However,
these technologies are limited by scale and their high investment and
operation costs, with environmental trade-offs related to energy, land,
water, and biomass usage** that exacerbate land and water scarcity***.
Nevertheless, major efforts to produce NH; with renewable energy
sources or with C capture and storage are being implemented* 5.
Inaddition, new catalysts for synthesizing NH, at ambient temperature
and pressure, and photochemical reaction-based catalysts, hold the
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Fig.2|Interconnections and human perturbations of the carbonand
nitrogen cycle. Purple lines represent carbon cycle flows, orange lines
represent nitrogen cycle flows, black lines show carbon-nitrogen flows, and blue
dashed lines represent nutrient-containing water flows. The carbon cycle comprises
‘photosynthesis’, wherein plants convert carbon dioxide (CO,) and water into
glucose and oxygen using sunlight; ‘respiration’, wherein organisms release CO,
backinto the atmosphere by breaking down organic-C substrates for energy;
‘decomposition’, wherein bacteria break down dead organic matter to use

for their respiration, releasing CO, back into the environment; ‘combustion’,
wherein burning of fossil fuels or biomass releases CO, into the atmosphere;
and ‘sedimentation’, wherein carbon canbe stored in sediments and potentially
become fossil fuels over long periods. The nitrogen cycle constitutes ‘nitrogen
fixation’, wherein inert atmospheric dinitrogen (N,) is reduced to ammonia

(NH,), either biologically such as abacterial symbiosis with leguminous plant
roots or through industrial processes (for example, the Haber-Bosch process);
‘nitrification’, wherein NH, and ammonium (NH,") are oxidized to nitrite (NO,")
and then to nitrate (NO;"); ‘assimilation’, wherein plants, animals and microbes
take up NO;”and NH," for anabolism, which then gets converted to soil organic
matter through ‘decomposition’ upon their death; ‘ammonification’, wherein
organic nitrogen gets converted into NH," by decomposers; and ‘denitrification’,
wherein NO;™is reduced to nitric oxide, nitrous oxide and dinitrogen gas emitted
to the atmosphere.NO;™ canalso ‘leach’ from terrestrial ecosystems to aquatic
ecosystems'O°#12%123125126 please note that it is not our intention toillustrate
allNand C compounds, and their fates, in this figure, but to instead focus on the
most relevant ones to this review.

potential to bypass the energy-intensive Haber-Bosch process*’™".

Overall, the production capacity of low-C NH, is projected to increase
from the current 0.02 Mt yr'to 15 Mt yr ' by 2030 (ref. 42).

Technologies toreduce the Cintensity of NH; production cansup-
portdecentralized production, whichin turn decreases CO, emissions
from transportation and improves N resource distribution®. These
technologies include electric Haber-Bosch, non-thermal plasma-
activated N fixation, photocatalytic N reduction and direct electro-
catalytic N reduction®?. Such technologies allow for smaller production
facilities, which are more than two orders of magnitude less than the
capacities 0f2,000-3,000 t NH, per day in current large and central-
ized plants*. Although GHG emissions from transporting NH, are
relatively small (<10% of the emissions from fertilizer production) and
so the emission mitigation benefits are modest, localization of fertilizer
production offers the added benefits of reducing the transportation
costs for farmers, especially in the Global South where distances from
production plants are often large™.

Technologies to reduce the C intensity of NH, production hold
great potential for mitigating C emissions during fertilizer produc-
tion and transportation, but theirimpact on the amount of N used in
agricultural production and the associated N loss to the environment
remains unclear. For example, distributed systems that provide more
reliable year-round fertilizer access could enable better synchroniza-
tion of N fertilizer application with plant demand and discourage
application at times when fertilizer use is inefficient (for example,
fallapplication, which is common in the US Midwest)**. The increased
availability and accessibility of N fertilizer will also probably increase
Ninputsinregions with poor infrastructure (for example, sub-Saharan
Africa) and possibly promote more fertilizer-intensive crop produc-
tion or practices™. The latter development could be appropriate in
regions where increases in domestic food production are needed or
where efforts are needed to reduce GHG emissions from land con-
version for agricultural expansion®* (and other co-benefits such as
minimizing biodiversity loss)>. In addition, distributed green NH,
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production could reduce thereliance of aregion onfertilizerimports
and make agriculture-food systems more resilient to supply chain
shocks™.

Decreased demand for synthetic N fertilizer would also reduce
CO, emissions from synthetic N production, which in turn would
reduce the overall GHG emissions associated with transportationand
application (Fig.3a, DS1b). This decarbonization strategy aligns with
the need toaddress eutrophication challenges and canbe achieved by
improving N management on crop and livestock farms, and through-
out the supply chain of agriculture-food systems. Estimates suggest
that food demand could still be met if the Ninput to crop production
was reduced by 14 Tg yr™ (ref. 16), which would be equivalent to a
reduction of 0.04 (0.03-0.06) Gt CO, yr* emissions from fertilizer
production, assuming the current Cintensity of fertilizer production
at2.52(2.18-3.91) kg CO, per kg N fertilizer® (Table 1; Supplementary
Table 2).

Improving N use efficiency (NUE) of crop farms through better
management of N fertilizer application would provide sustained
levels of crop production despite lower N inputs*?. Many technolo-
gies and management practices, including enhanced efficiency
fertilizers, cover copping and no-till farming, improve NUE at the
plot scale®**°, However, there is a limit to how much inputs can be
reduced, as Nis needed in crop production systems to boost yield
and avoid soil N depletion. Another measure to lower N application
rates and losses isincreasing the use of alternative N sources, such
as biological N fixation, manure, anaerobic digester effluent and
composts toreduce dependency on synthetic fertilizer N inputs®’.
Soil N-fixing bacteria can convert atmospheric N to NH; for crop
use®. These bacteria are typically associated with legumes such

as beans and peas, but ongoing genetic engineering efforts aim to
introduce biological N fixation to cereal crops®°*. Management
practices such as crop rotation and intercropping with legumes
offer additional means to enhance biological N fixation and reduce
reliance on synthetic fertilizers. Using livestock manure asan N
source for cropsisanother alternative to using synthetic N fertiliz-
ers®*; however manure can cause higher N,0 emissions meaning
thatits net effect on GHG mitigation is uncertain and inconsistent®.
The net effect of manure application is further complicated by
factors such as the emissions associated with manure collection,
processing, transportation, and application®”*°, Additionally, the
increasing spatial separation of crop and livestock production
reduces the efficiency of recycling manure to cropland®-"%, Finally,
improving the efficiency of the agriculture-food system and mini-
mizing waste from farm to table can further reduce demand for fer-
tilized crops™. Itis estimated that roughly one-third of agricultural
products are lost or wasted from farm to table®”’°. By reducing these
losses throughout the supply chain, the need for increased farm
production could be alleviated, as could the demand for additional
Ninputs®*”.,

Growing plants for biofuels

Biofuels are projected to have the potential to mitigate approxi-
mately 0.7 + 0.3 Gt CO,-eq yr' by 2030 (ref.17). Using biofuels as an
alternative to fossil fuels (DS2) has become an important element
in strategies to mitigate C emissions (Fig. 3b). The production of
biofuelinthe USA, which is mainly as corn-based ethanol and some
biodiesel, hasincreased sharply from less than 3.8 billion in 2000
t059.4 + 4.5 billion 1in 2019 (ref. 72), accounting for approximately

Table 1| The impacts of major decarbonization strategies on nitrogen (N) use

Mitigation potential
(GtCO,-eqyr ' or
1,000TgCO,-eqyr™)

Decarbonization strategies (DS)

Major impacts on N use

Potential change in N
loss (TgNyr™)

Potential change in
Nuse (TgNyr™)

DS1: Reducing carbon-intensive 0.43°

fertilizer production

DS1a: If achieved by reducing carbon-intensity
for centralized N production, no impact on N

0 or unknown 0 or unknown

use; the impact of green ammonia on N use is

unknown

0.04 (0.03-0.06)°

DS1b: Reducing N inputs through better

-14 (ref. 16) -48 (ref. 16)

N management can be win-win for CO,
mitigation and N input reduction

DS2: Growing plants for biofuels 0.7+0.3° N inputs are needed to grow the plant materials  21+9 for corn 6+3 for corn ethanol;

for biofuel ethanol; 42+18 for 42 for soybean
soybean biodiesel®  biodiesel®

DS3: Using NHj as a carbon-free fuel Up to 0.38" More NH, needs to be produced for fuel usage 2129 Unknown"

DS4: Sequestering carbon in 0.6 (0.4-0.9) Given the typical C-to-N ratio of soil, soil C 0-~14) 14~01

agricultural soil fixation is accompanied by N fixation, but
whether the fixed N is from additional N inputs
or saving the N losses varies

DS5: Intensifying crop yields toreduce 3.4 (2.3-6.4)¢ Theoretically connected but challenging to 23-512! 13-282!

pressure for land use change quantify

2Value calculated as 95% reduction from total CO, emission from fertilizer production, representing an upper limit of the mitigation potential®’; the total CO, emission from fertilizer production
in 2020 is from ref. 36. "Value calculated based on the mitigation potential in N input and N surplus noted in ref. 16. “Value the mitigation potential of biofuels with a carbon cost at US$100t™'CO,
(ref. 17). “These estimates will be more uncertain if to consider all GHG mitigation (for example, including N,0). °Considers that nitrogen use efficiencies (NUE) for corn and soybean are at 70%
and 80%, respectively (Supplementary Tables 3 and 4). ‘This value for 44% of the CO, emission from shipping sector in 2022, calculated as 44%x0.855 Gt CO,-eq according to ref. 92. The actual
level of CO, mitigation will also depend on the quantity of NH; used to replace shipping fuel and on the carbon intensity of the NH, (Supplementary Table 5). “Value calculated based on the NH;
needed for replacing 44% of the shipping fuel in 2022, equivalent to 44%x11EJ. "Depends on the emission factor of the NH, used as fuel owing to leakage and incomplete combustion. ‘Mitigation
potential of soil carbon management in croplands with a carbon cost at US$100t™ CO, (ref. 17). Detailed explanation is available in Supplementary Fig. 5. “Mitigation potential of reducing
deforestation and degradation with a carbon cost at US$100t™'CO, (ref. 17). 'Considers global averaged yield and NUE (Supplementary Fig. 7 and Supplementary Table 7).
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Fig.3|Decarbonization strategies (DS) and their impact on nitrogen and
carbon cycling. a, Reducing carbon-intensive synthetic N fertilizer production
and reduced fertilizer application (DS1a and DS1b). b, Growing plants for
biofuels as arenewable energy source (DS2). ¢, Using NH; as a carbon-free fuel
inmarine shipping (DS3). d, Carbon sequestration in agricultural soils (DS4).
e, Intensifying crop yield to reduce pressure for land use change and deforestation
(DSS). Orange arrows indicate major N flows whereas purple arrows indicate CO,
flows. The minus (green) and plus (red) signs indicate the major intervention

points of each strategy. For DS1 (panel a), there are two intervention points:

the green minus sign on the left indicates DS1a, reducing carbon intensity of
fertilizer production, whereas the green minus sign on the right indicates DS1b,
reduced fertilizer application. N, and N, represent nitrogen gas and reactive N,
respectively. The purple-shaded regions represent impacts on carbon emissions
and the orange-shaded regions represent impacts on nitrogen use and emissions.
The five major decarbonization opportunities have varying impacts on nitrogen
inputs to the Earth system.

half of the global biofuel production”. However, substantial uncer-
tainties remain regarding the netimpact of biofuels on climate and
the environment”7*,

Three generations of biofuels have been developed using dif-
ferent feedstocks, with the first generation — primarily derived from
food crops such as corn, sugarcane and soybean — dominating the
market”. However, there are concerns over the N demand of these
crops and its effects on the N cycle, in addition to concerns regarding
land use change, the overall netimpact on CO, mitigation and potential
disruptions to food supply” 7. For example, the calculated C intensi-
ties of US ethanol production range from 51.4 to 122.1g CO,-eq MJ*
(refs.73,74,79), whichis of a similar order as that of gasoline’s C intensity
0f93.1g CO,-eq M)~ (ref. 79) (Supplementary Table 3). Variation among

thesereported values predominantly arises fromthe accounting of GHG
emissionsrelated to land use change induced by feedstock crop produc-
tion, whichis ahighly uncertain and sensitive driver, and the accounting
of downstream recycled co-products, such as soy meal or distillers’
graininto livestock production. To provide 1 MJ of biofuel, 0.05or 0.03 |
of first-generation bioethanol or biodiesel is needed respectively (see
US Department of Energy), requiring the production of 0.11 kg of corn
or0.03 kg of soybean®® (Supplementary Table 3). Consequently, if the
CO, mitigation target of 0.7 + 0.3 Gt CO,-eq yr™'is met by corn ethanol
orsoybeanbiodiesel alone, thenabout21+9 TgNyrtor42+18 TgNyr?!
of Ninputs are required, respectively, which leads to 6 + 3 Tg Nyr ™ or
4 +2TgNyr'increase in N surplus based on an optimistic corn and
soybean NUE at 70% and 80%' (Table 1; Supplementary Table 4).
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Despite theintensive Ninputs required to grow biofuel crops, very
little Nis present in the final biofuel product after distillation®' and so
large amounts of N are available for reuse and recycling. N retained
in distiller grains or crushed soy meal has been increasingly used to
produce livestock feed and potentially offset the impacts of biofuel
productiononNinputs to cropland®>® (Supplementary Fig. 2). Taking
US ethanol production as an example, in2012, approximately 1.8 T|g N
cornwas used for biofuel production, requiring about 2.5 Tg N inputs
(about 1.9 Tg N input as fertilizer), of which 1.4 Tg N was recovered
as feed co-product'®®* (see US Department of Agriculture Economic
Research Service) (Fig.4), which was used indomestic or international
livestock markets®. Consequently, it has been suggested that 70%-76%
of the N inputs for corn ethanol production should be considered as
directly related to ethanol production and that the remainder should
beattributed to theimpacts of feed co-product, thereby reducing the
N intensity of ethanol production®. Nevertheless, how N removed
from the biofuel production process is utilized and accounted for is
critical for determining the overall impacts of biofuel production on
theNcycle.

The second generation of biofuelsis sourced fromnon-food crops
and agricultural residues, such as corn stover, sugarcane bagasse,
wood and grass, and the third generation is sourced from algae.
Although removing agricultural residues can disrupt the Cand N bal-
ance in soils, both second-generation and third-generation biofu-
els are probably less disruptive to the N cycle than first-generation
biofuels derived from food crops’>*. Algae are viewed as an ideal
third-generation biofuel feedstock®, as algal carbohydrates canbe con-
verted into bioethanol, and algal oils can be used to make biodiesel®®,
butits growth requires N inputs. When managed effectively, algal
biomass extraction could also serve asamechanismto remove excess N
frompolluted aquatic ecosystems and address eutrophication issues®.

Overall, the contribution of biofuels to fueling transportation
fleets in the future, such as larger trucks and airplanes, is projected
to increase’. Efforts to minimize cropland expansion and optimize
nutrient use efficiency in crop cultivation will be key for optimizing
biofuel GHG reduction potential and minimizing its potential impacts
oneutrophication. However, given the relatively rapid risein purchases
of electric carsin the light and medium duty vehicular fleets across the
USA, Europe and China, whether biofuels willbe used for those classes of
vehiclesis unclear, whichmay limit the widespread uptake and climate
mitigation of efficacy of biofuels (see International Energy Agency).

Using NH; as a carbon-free fuel

The potential to produce blue or green NH; with little to no CO, emis-
sions enables NH; to be used as alow-GHG transportable energy and
hydrogencarrier for a variety of uses throughout the energy and indus-
trial sectors (DS3; Supplementary Fig. 3). By 2030, Japanaims toimport
low-GHG NH; to replace two-thirds of its energy demand for industrial
energy, feedstocks and power, which currently rely largely on fossil
fuels imported from Australia and Saudi Arabia®.. Since 2021, there
has beenincreasing focus on the potential of using NH; to decarbon-
ize maritime shipping (Fig. 3¢c). Prototypes of NH;-powered ships are
under construction, for example, in Chinaand Norway" (see The Cool
Down), and several multi-billion-dollar NH, production plants with
capacities of morethan1million t per yearareeither planned orin devel-
opmentinSaudiArabia,Omanand USA (see Nutrien). Projections sug-
gest that the contribution of NH;-based fuels in the maritime shipping
industry will grow from 0% in 2024 to 44%in 2050 (equivalent to about
5EJ yr), whichwouldlead to reductions of up to 0.38 Gt CO,-eq yr *and

contribute tothe GHG mitigation goals of the industry®” (Supplementary
Table 5and Supplementary Fig. 4).

Thetechnicaland economicbasis for using NH; as amaritime fuel
is largely grounded in its physical properties. NH; is carbon-free and
combustible, has no direct global warming potential, and has energy
densities (by volume and mass) reasonably practical for maritime
transport” (Supplementary Table 6). The production costs for NH, and
itsfuel-cycle thermodynamic energy requirements outperformthose
of fuels produced with electricity from renewable sources, whose Cis
produced from CO, (ref. 94). Using NH; as a fuel also has advantages
relative to liquefied hydrogen. Liquefied hydrogen has comparatively
higher energy requirements, higher costs of liquefaction, greater
explosiveness, and high boil-off losses and other fugitive emissions
than NH; (ref. 95). Fugitive hydrogen emissions also have indirect global
warming potential®.

However, a 44% replacement of maritime fuels with NH; would
entail anincrease of 212 Tg N yr'in global NH, production’®, implying
substantial increases in global reactive N production for any large-
scaleimplementation of NH; in energy and industry (Table 1). Ideally,
such uses of NH; would return N to its inert atmospheric form (N,)
prior to being released back into the environment. However, at these
scales even modest fugitive emission rates of NH,, as well as second-
ary emissions of NO,and N,0O, could cause deleterious environmental
impacts, includingair pollution, eutrophication, climate change, and
stratospheric ozone depletion’. NH, leakage from existing produc-
tion and transportation facilities remains poorly quantified”, but it
hasbeen suggested that the leakage rate for NH; could range from 0.3
to 2.5%, drawing parallels with methane®®. Additionally, 0.2-2.5% of
NH; might be emitted as NO, or N,O during combustion’®, However,
direct measurements and observational data are needed to validate
and refine these estimates.

Many-foldincreasesin NH;demand are expected toincrease NH;
prices, which could also affect the price of fertilizer and food, impacting
food security and the profitability of agricultural production®*”",

Bioenergy Food Animal-derived
production from food
food waste production
19%
0.8Tg N
Nl
Manure
recovery
0, L4 1O/
Fuel 42% 39% Feed
879N Uscom TN
43TgN
14Tg N

Ethanol co-products

Fig. 4| The food-feed-fuel triangle. The case for US corn as an example of the
competing uses of crop products between feed, fuel and food (including food,
seed, exports and other uses). The orange arrows demonstrate nitrogen flows and
the numbers represent US corn usage share and amount for feed, fuel and food
usage'*®* (see US Department of Agriculture Economic Research Service). The
dashed orange arrow represents the energy requirements of the productionand
transportation of synthetic nitrogen fertilizer. A very limited amount of cropN
products are used for direct food consumption.
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Inadditionto the first-order equilibrium price impacts fromademand
shock, the anticipated adoption of green and blue NH, as the stand-
ard production technologies could put further upward pressure on
prices**. The 2022 production costs of green NH, are two to three times
higher thanthe dominant NH; production technology, steam methane
reforming®, though future scale-up and consequent learning-by-doing
in electrolysis and renewable electricity generation are expected to
substantially bring down these costs™?1°°,

The markets for NH; for fuel and fertilizer could be sufficiently
different from one another to insulate agricultural producers from
potential price impacts owing to marine shipping fuel demand, but that
remains uncertain. Without robust regulation across country borders,
the feasibility of separating two different markets for the same physi-
cal commodity is probably limited*. Higher fertilizer prices, if they
occur, wouldincrease costs and reduce profit margins for agricultural
producers, and might also encourage more efficient use of fertilizer,
leading toreductions in system-wide nutrient runoff and N,O emissions
and the associated impacts on eutrophication. The potentialimpacts
of these simultaneous and notable changes to NH; markets will vary
greatly by region and over time. The large uncertainties in how NH,
fuels may develop make it crucial to predict market impacts, identify
key causal mechanisms and N cycleimpacts, and develop strategies to
mitigate adverse outcomes.

Sequestering carbon in agricultural soils

Sequestering atmospheric C in agricultural soils (DS4) has gained
considerable attention as a climate change mitigation strategy'” (see
United Nations Department of Economic and Social Affairs). Soils store
more C than aboveground vegetation and the atmosphere combined'?,
butthelegacy of global agricultureis estimated to have resulted inthe
loss 0f 133 Pg C from the top 2 m of soils converted to agriculture'®.
Tillage makes soil more vulnerable to erosion and exposes soil organic
matter to oxygen and microbial enzymes thatincrease rates of decom-
position'**. To reverse this historic soil C debt, a variety of soil C markets
aredevelopingto promote soil C sequestration through a variety of best
management practices, such as reduced tillage and planting winter
cover crops'®. Aglobal estimate for the technical potential of cropland
C sequestration is 1.9 (range 0.4-6.8) Gt CO,-eq yr™, although socio-
economicbarriers would probably limit actual C sequestration to only
0.6 (range 0.4~0.9) Gt CO,-eq yr'at market prices of US$100 t ™ CO,-eq
(ref.17). For example, farmers may not adopt technologies owing to
their reluctance to making changes, their adversity to taking financial
risks and their lack of good information'®>'°¢,

Most agricultural soils have a C-to-N (C:N) ratio of about 12 (ref.107);
thus fixing C in agricultural soil will inevitably impact N cycles in agri-
culturalland'®'° (Fig. 3d). For example, sequestering 0.6 Gt CO,-eq yr™!
inagricultural soils would resultin14 Tg N yr*also being sequestered™’
(Table 1; Supplementary Fig. 5), which is equivalent to approximately
12% of current global fertilizer consumption. However, the actual
amount of Nsequesteredin the soil associated with C will vary depend-
ingonthe C:Nratio of the sequestered forms of soil organic matter and
the sources of the N. This important role of N in C sequestration does
not necessarily mean that more fertilizer N is needed, because there
are opportunities to improve soil retention of current applications of
manure and fertilizer N (ref. 58). Hence, the N requirements of newly
sequestered soil C also depend on the historical intensity of N use and
the management practices that affect N retention or loss.

Inintensively managed croplands, particularly those in the devel-
opedworld, new sequestration of soil Cand N could be achieved without

additional N application by adopting more sustainable management
practices. Such practices canincrease crop uptake of N, reduce Nlosses,
increase Cinputstothesoil, stabilize soil organic matter and reduce ero-
sion’®, Winter cover crops and conversion of conventional tillage to no till
orreducedtillage have been shown toincrease soil Cwithout changing N
inputs" ™. When fertilizer N isimmobilized in the soil through these best
management practices, the surplus inorganic-N available to nitrifying
and denitrifying bacteria to produce N,0O decreases™. Once soil organic
matter accumulates, the processes of N mineralization,immobilization
and turnover cansupply more N for crop needs and Nfertilizer inputs and
the associated GHG emissions can be reduced™" (Supplementary
Fig. 6). Other practices include adding biochar to agricultural soils"""
and N-fixing legumes to crop rotations and pastures®®*. However, bio-
char additions can initially immobilize soil N through adsorption of N
andreduce Navailability in soils, which canresult in additional Ninputs
being required"®. Biochar applications have been shown to produce
medium-term gains in soils C, but important concerns remain about
eventual saturation of the soil C sink, permanence of sequestration of
the soil C, and viability of C marketincentives that require measurement,
reporting and validation'**". Inaddition, production of biochar requires
removing biomass stock fromanother ecosystem, which could affect C
and N balances there®. Hence, the short-term and long-termimpacts of
biochar additionon NUE and the N cycle are unclear.

In contrast to intensively managed cropland in the developed
world, croplands in many developing countries produce very low yields
and at the cost of mining soil N —removing more Nin the harvest than
the sumofallinputs of Nto the soil, thus depleting soil N, and reducing
soil C'*"%, Consequently, soil C sequestration in those croplands prob-
ably requires more Ninputs, whichwouldincrease cropyield, increase
crop residue inputs to the soil, and increase soil C and N stocks, with
only modest effects on N,O emissions and N loss through leaching™’.
For example, in a 2-year experiment in Kenya, annual N,O emissions
remained relatively low despite increasing fertilizer application rates
in maize production from 0 to 50 kg ha™ yr (ref. 119).

The climate benefits of cropland soil C sequestration are deter-
mined by the amount of C sequestered and the GHG emissions associ-
ated withrequired Ninputs. Forexample, ifincreased N inputs owing to
Csequestrationinitiatives are derived from fertilizers produced by the
Haber-Bosch process, then the GHG benefit of 1 kg soil C sequestration
isreduced by about 7% owing to the embedded CO, emissionsintheN
fertilizer.N,O emission associated with the increasing Ninputs will fur-
ther offset the C sequestration benefit'®, Although the increase in N,O
emissionsis relatively smallin croplands with low-to-moderate N ferti-
lizerinputs, it canincrease considerably in heavily fertilized soils owing
to the nonlinear response of N,0O emissions to N application rates'®.

Insummary, whether C sequestrationin agricultural soils yields a
net climate benefit depends upon the management of soil N. Where N
additions are already small, as in most of sub-Saharan Africa, increas-
ing fertilization rates will probably increase both yields and soil C,
but where N application rates are already high, as in North America,
Europe and East Asia, soil Csequestration would only have anet climate
benefitif current N applications are better managed and increased N
applicationisavoided.

Intensifying crop yields to reduce land use change

Land use change has resulted in net CO, emissions 0f 4.5+ 2.6 Gt CO, yr™
globally during the decade 2012-2021 (ref. 102). These emissions
have been predominantly owing to deforestation, which contributed
6.6 1.5 Gt CO, yr (ref.102). This value is higher than net emissions
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from land use change because land use change estimates are the sum
of emissions from deforestation (positive flux) and sequestrated CO,
fromactivities such as afforestation and reforestation (negative flux)'%
Deforestation is primarily driven by expansion of agricultural pro-
duction”, which subsequently impacts the N cycle. Most agriculture-
driven deforestation andits associated CO, emissions currently occur
in developing countries, especially those in tropical regions'®.. For
tropical forests, the median C densities of primary vegetation and
undisturbed soils are 190 and 120 t C ha™, respectively'?*. The conver-
sion oftropical forests to cropland results inaglobal average C loss of
120 t C ha™, but the actual loss varies widely depending on factors such
as the disturbance to soil C, usage of the woody products, crop type
and management practices'”. It is estimated that collectively Brazil,
Indonesiaand the Democratic Republic of the Congo alone accounted
for approximately 58% of the global emission from land use change
between 2012 and 2021 (ref.102). Thus, halting deforestationin these
carbon-dense regions is vital for global climate mitigation, as well as
biodiversity conservation. However, stopping tropical deforestation
requires global cooperation because the agriculture expansionin these
countries is driven by not only their growing domestic needs but also
the food, fuel and fibre demand of other countries'.

One way to slow down agricultural expansion is through inten-
sification®® whereby the productivity of existing agricultural land is
enhanced, which will probably require additional N inputs in many
parts of the world (DS5)" (Fig. 3e; Supplementary Fig. 7). Taking major
cereal production as an example, many parts of the world still have
yields that are substantially lower than 75% of the attainable yield, with
N input being a major limiting factor for regions such as sub-Saharan
Africaand Eastern Europe'. Bringing yields up to 75% of the attainable
yield would increase global cereal production by 29%, aligning it with
the projected increase of 27% to 46% for three major cereal crops by
2050 (ref. 16). However, achieving 75% of the attainable yield would
also require a 30% increase in N inputs'>*"?%, By achieving 100% of
the attainable yield, production for major cereals could increase by
45%-70% (ref.126), demonstrating the possibility of meeting the 2050
food demand without expanding cropland'”.

TheincreaseinNinputs required tosupportincreasesinyield will
probably increase N losses to the environment**°. That said, an initial
50 kg N ha™ yr' N input rate typically has minimal impacts on N,O
emissions and nitrateleaching*"!. Intensification can also be achieved
by increasing productivity in pasture and relocating pasture to crop-
land”>'*, Both strategies could require more fertilizer N or biological
N fixationinputs and are constrained by climate and soil conditions™*.
Thus, when achieving agricultural intensification and increased crop
yields, itis crucial to consider how N inputs can best be managed and
improved to minimize losses to the environment. Agricultural inten-
sification often also requires additional resources beyond N, such as
phosphorus, potassium, lime, other nutrients and irrigation water'*”'?%,
which are beyond the scope of this study but should not be overlooked.

The future efficacy of agricultural intensification remains unclear
as questions persist over whether increasing yields will curtail agricul-
tural land expansion or drive further expansion owing to heightened
economicincentives™. Therebound effect debate™* is particularly acute
for developing countries where agricultural exports are an important
component of the economy. The impact of intensification on halting
deforestation remains uncertainas itis unclear whetheryieldincreases,
especiallyinthe developing tropics, will attract more agricultural activ-
ity to these regions'. To ensure a favourable outcome, intensification
needs to be accompanied by several other measures, such as strong

policy intervention on land conversion, effective management of the
food supply chains, and international cooperation mechanisms.

Quantifying the impact of agricultural intensification on C emis-
sionsattributed toland use is challenging. Itis difficult to identify where
the potential land savings occur. In the context of an interconnected
global market, ayield increase in one location can have complex effects
on proximal and distal land conversions. Given the vast disparitiesin C
intensity across natural habitats and climatic zones, identifying where
land savings have been achieved is pivotal to quantifying the Cbenefits
oftheland-sparingstrategy. The global average C stock reduction owing
toland conversion fromforest to cropland isapproximately120 t Cha™
in the tropics, roughly double that of temperate and boreal zones'*.
There are differences between the C intensities of systems even within
the same climaticarea, for example, between peat forests and non-peat
forests™®. Thus, verified and standardized protocols and agreements are
essential to circumvent double-counting or miscalculating theimpacts
of avoided land conversions and CO, mitigation. Another challenge is
accounting for additional N,O emissions associated with yield increases,
which act to reduce the overall climate benefits of the intensification
strategy™”. However, the extent of this reductionis influenced by several
factors, such as climate, soil, and management practices.

Overall, intensifying crop yield has large potentials for decarboni-
zation, butitsactualimpacts onland use change, as well as associated
CO, emissions and Ninputs, warrants further research.

Nitrogen use of other decarbonization strategies

The five decarbonization strategies considered here have varying
potentials for CO, reduction, from 0.04 to 3.4 Gt CO,-eq yr, but their
impact on N inputs can be substantial with some reducing and some
increasing Ninputs (Fig. 5). Among these strategies, only the strategy
of reducing fertilizer application (DS1b) shows a clear co-benefit for
CO, mitigation and reductionin N inputs, achieving a reductionin N
input of 0.36 (0.24-0.41) kg N input per kg CO, mitigation. However,
DS1b might lead to other issues relating to food security and agricul-
tural practices, such as potentially scaled-down biomass production,
supply-chain mismanagement, or strained shifts in farming and food
consumption choices®. By contrast, using NH; as fuel (DS3) will lead to
anincreasein Ninputs, ranging from 0.5to 14 kg N input per kg CO, miti-
gation. Other strategies might have negligible impacts on Ninput (for
example, DS1a) or could increase the N input at the rate up to 0.08 kg
Ninput per kg CO, mitigation (for example, DS5). Large uncertainties
remain in these initial assessments; however, the metric of N input
change per kg CO, mitigation can help to facilitate the discussion and
comparison of various decarbonization strategies.

Other decarbonization strategies could also potentially impact
eutrophicationrisk by influencing the fate of Nand other nutrients. In
the energy sector, clean-energy production from solar, wind, hydro-
power and geoelectric alternatives help offset CO, released from burn-
ing fossil fuels but can have a N footprint™°. For example, large water
reservoirs built for hydroelectric power production canalter upstream
and downstream N flows'*°, Water impoundment upstream of hydro-
electricdams could lead to increased water residence times, elevated
nutrient concentrations, eutrophication and hypoxia'°. Downstream
of dams and changes to water streamflow affect the distribution and
availability of nutrients. Reductionsinriverine nutrients could impact
nutrientsupply to the farmlands, which could thenimpact agricultural
productivity and the feasibility of producing bioenergy crops as an
alternative energy source to fossil fuels'*°. By comparison, reducing
the use of fossil fuels in the energy sector, an important component
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Fig. 5| CO, mitigation potential of each decarbonization strategy and
theimpact on Ninputs per kg CO, reduction. a, CO, mitigation potential

of each decarbonization strategy. b, Potential impacts on N inputs of each
decarbonization strategy. Boxes with grey lines represent the uncertainty range
of CO, mitigation potential (Gt CO,-eq yr™') and N impacts (kg N input per kg CO,
mitigation), and the black lines in the boxes represent the mean values. Negative
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values for Nimpactsindicate the decrease in N inputs per unit of CO, mitigation.
The two black lines in panel b for DS3 correspond to average values for NH,
produced fromsolar (1.02 kg N input per kg CO, mitigation) and wind (0.75 kg
Ninput per kg CO, mitigation) energy. Detailed information could be found
inSupplementary Note 3. Different decarbonization strategies have varying
impacts on CO, emissionand N inputs.

of decarbonization, will have co-benefits of reducing NO, and N,0
emissions to the atmosphere and consequently reduce human-induced
perturbations of the N cycle'.

Nutrients such as phosphorus and potassium are also affected
by decarbonization strategies. In the energy sector, phosphorus and
potassium are important in the development of advanced battery
systems for energy storage'*. For instance, compounds containing
phosphorus, such as lithiumiron phosphate, and emerging potassium-
ion batteries as alternatives to lithium-ion ones have important roles
inrenewable energy infrastructures, and their availability influences
the electrification potential in end-use sectors, such as the transport
sector'®, However, comprehensively assessing all the various decar-
bonization endeavours and their influence on all nutrient cycles is
beyond the scope of this article.

Links between decarbonization strategies

The five decarbonization strategies considered here are intercon-
nected, as they all relate to N use in agricultural production, indicat-
ing a need for better coordination among various decarbonization
efforts. This section summarizes the dynamics and potential syner-
gisticand antagonistic effects of these decarbonization strategies and
highlights the need for effective coordination between the various
decarbonization efforts to mitigate excessive N use.

Yield response to Ninput on crop farms

Foragivenareaof cropland, the cropyieldis linked to Ninputs and their
management®, In DS5, the aim is to achieve higher yield per unit area
of cropland. However, depending on how this higher yield is achieved
it could impact other decarbonization strategies associated with N
management in croplands, for example, DS1and DS4. The combined
additional Ninputs needed by DS4 and DS5 are larger than, or similar to,

the potential reductionby DS1(Table 1), suggesting that progress made
by DS1inreducing Ninputs could be overshadowed by the increasing
N demands by DS4 and DS5.

Yieldresponsesto Ninputs foragiven cropland and management
practice are oftenrepresented withyield response curves, which show
a diminishing return of yield increase as N input increases® (Supple-
mentary Fig. 8). Yield increase can be achieved by increasing N input
withinan established practice tointensify productionalong the same
yield curve or, alternatively, by adopting a new practice that shifts
production fromoneyield curve to another®. The potential yield gain
fromthefirstapproachislimitedif the existing cropland management
practice is already operating close to the maximum achievable yield,
meaning that progressively greater Ninputs willbe required to achieve
furtheryield gains'”. Intensive increases in N inputs such as these will
counteract DS1, which seeks to reduce carbon-intensive fertilizer use.
By contrast, the second approachlargely aligns with the management
goals of DS1 and DS4, as it achieves higher yield through improved N
managementand higher N use efficiency. But available N management
practices that canreduce Ninput and enhance C sequestration, such as
cover crop and no-till farming, might not achieve yield levels required
by DS5 to avoid additional land conversion'. The overlapping oppor-
tunities for DS1and DS5 are inregions with low N input and yield, but
itis possible that some additional Ninputs are needed to build up soil
Cand N stocks (DS4) at the initial stages of efforts to increase yield'**.

Competing demand for crops

Althoughitis widely accepted that crop production must increase to
feed the growing global population®'*, crops are also increasingly
being used for purposes beyond satisfying basic protein and caloric
needs for humans alone. In the case of US corn, approximately 40%
of cornis used for ethanol, 40% is used for domestic animal feed, and
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20% is used for direct human consumption, seeds, other industrial
uses, and exports”. Of the latter 20%, exports make up almost 40%
(see US Department of Agriculture Economic Research Service) and,
as these exports are mostly used for animal feed, only a small frac-
tion remains for direct human consumption* (Fig. 4). Therefore, the
increasing demand to use crops as fuel (DS2) and feed is probably going
to counteract the goal of reducing N fertilizer use in crop production
(DS1) and elevate the pressure for land conversion to more intensive
crop production (DSS5).

Theimpacts of DS2 on other decarbonization strategies can poten-
tially be alleviated by effective recycling and utilization of N in crop,
animal, and energy production systems***>!*¢_ Since 2012 in the USA,
between 80%to 95% of Nin cornsent to the biorefineryisrecoveredin
dried distillers grains thatis used for livestock feed (see US Department
of Agriculture). Conversely, only 35% of livestock manure is recycled
back to cropland, leaving the remaining N contained in manure to
be lost into the environment. Ineffective manure recycling not only
causes a wide range of environmental problems but also wastes use-
ful resources™. The pressure for additional N inputs for feed and fuel
production can be alleviated through improved management of the
cycling of Nbetween crop, animal and biofuel production. For example,
additional inputs of 21 + 9 Tg N yr ' needed for producing corn ethanol
to meet the mitigation potential could be met by recycling currently
wasted manure'’ (Table1).

Balancing market dynamics

Efficiency gainsin agriculture-food-fuel production will interact with
market demand, subsequently influencing the overall effectiveness of
these strategiesinreducing CO,emissionsand N pollution. Forinstance,
enhancing NUE and yield in crop production could allow for the same
amount of fuel and food to be produced with fewer N inputs and less
land (DS1 and DS5). However, it might also spur higher demands for
biofuel (DS2) and food or shift the demands toward more N-intensive,
land-intensive or water-intensive food and fuel products'®'*®, To avoid
potential rebound effects, governance structures are needed to limit
conversion of lands to agriculture and unsustainable withdrawals of
water from surface and groundwater sources'*.

Another important market dynamic is associated with the grow-
ing need for NH; as fuel (DS3), as well as the disruption of the fertilizer
supply chain caused by the distributed and low-C fertilizer produc-
tionsystem (DS1a). These changes tend to affect the market price and
supply of fertilizer N and consequently influence the management of
N throughout the agriculture-food-energy system (DS1b and DS3),
although the actualimpacts, and even the sign of the impacts, are still
largely unknown®2,

Summary and future perspectives

Decarbonization strategies have complex impacts onthe global N cycle.
Overlooking N use when addressing CO, emissions could undermine
C-based climate mitigation benefits and lead to other environmental
issues, suchas eutrophication. Some decarbonization strategies, such
as DS1whichreduces C-intensive synthetic Nfertilizer use, could reduce
N pollution and offer co-benefits of mitigating climate change and
eutrophication (Fig. 5). However, several other strategies, including DS2
and DS3 that use crop-based biofuel and NH, as fuels, have substantial N,
demands that willimpact the global N cycle and food security®®. Among
the five strategies considered here, using NH; as a fuel will probably
have the largest impact on human N use (Fig. 5). Therefore, given the
growing emphasis on decarbonization in private and public sectors,

itisimperative to elevate efforts to address eutrophication concerns
alongside climate change.

Technological advancements in agricultural N management can
help simultaneously mitigate climate change and eutrophication.
Farm-level practices and technologies to boost NUE range from exist-
ing methods such as conservation tillage and cover crops to cutting-
edge approaches involving gene editing and artificial intelligence™.
Broader systemic changes that improve N management beyond farms
remaina pressing necessity”"**. Inthe current agriculture-food system,
only 16% of agricultural N inputs end up in human food consumption®
despite 46% NUE for global cropland'®, which highlights the inefficiency
of C-intensive fertilizer products and high N losses from livestock and
supply chains. Using technologies that promote recycling of manure
and food waste, prevent food loss and waste, and ensure efficient food
delivery from farm to table can reduce N loss from supply chains®. For
example, acidifying manure and adding compounds, suchas aluminum
sulfate, biochar, and clay, to manure could help adjust N-to-phosphorous
ratios through reducing NH; emissions and/or phosphorus leaching to
better meet crop needs™*. Inaddition, thermal processing technologies
could improve the conversion of human food waste into animal feed,
whichreduces N loss from food waste and the N input requirements of
producing feed grains, thereby further mitigating N loss'™.

Technological innovation alone cannot resolve climate change and
eutrophication. Socioeconomicinnovations that foster policy and market
conditions favourable to technology development, implementationand
adoption are also needed. Such policy and market instruments include
subsidies for cover crops™®, crop insurance programmes, and NUE man-
dates by food retailers™. Policies at both national and international scales
canestablish safeguards against unintended consequences. Forinstance,
theintensification strategy (DS5) is viable only with robust land govern-
ance, such as the Roundtable on Sustainable Palm Qil (see Roundtable
onSustainable Palm Oil) and the REDD+ programme (see United Nations
Framework Convention on Climate Change). Withoutland governance,
increased yields and profitability from deforested lands could further
entice exploitation of regional forest resources. Finally, innovations in
market strategies and education cansteer consumptionbehaviours away
from products that result in intensive GHG emissions and N pollution,
such as moving toward more plant-based diets.

Managing climate change and eutrophication challenges together
requiresasolidgrasp of how Cand N cyclesinteractacross humanand
natural systems. Advances in Earth system modelling of biogeochemi-
cal cycles have provided insights into links between C and N cycles in
and across terrestrial and aquatic ecosystems, including the potential
impacts of decarbonization strategies. State-of-the-art crop models
operating across multiple spatial scales can support more efficient N
management on farms"”**and enable better assessment of N emissions
and environmental outcomes***1°°, Advancesin observational capaci-
tiesand datasets, from point measurement of N and C concentrations
in soil and water to regional atmospheric measurements and remote
sensing, have provided valuable insights into how decarbonization
strategies will probably affect demand for and fates of N.

Quantifying and monitoring N flows in human systems, particu-
larly agriculture-food-energy systems, remain limited'®'*>. Advances
in tracking N across multiple human systems on national to global
scales'"'®® have enabled Integrated Assessment Models to project
potential impacts of socioeconomic conditions and technological
development on human N use and GHG emissions'**'®>, For exam-
ple, the Global Change Analysis Model was used to project the global
and regional consequences up to 2100 of realizing the mitigation of
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GHG emissions, shifting to predominately plant-based diet, and yield
intensification'®. However, challenges remain, including limitations
in our understanding and representation of intricate N flows in the
food supply chain'®®. Data availability is an issue when assessing N
flows through food supply chains, especially for the processing and
retail stages®*'®’. Additionally, interregional and international trade
complicate the definition of system boundaries when conducting N
budget assessments, as trade and recycling occur across different
spatial scales. Owing to privacy and regulatory concerns, there is also
alack of basic data such as farm-level N application and information
on management practices'”. Developing secure digital platforms for
anonymized reporting with standardized data collection protocols
could help improve data availability for N management assessment
and help overcome these challenges. Collaborating with farmers to
promote the benefits of sharing data and providing economic incen-
tives to encourage participation in data reporting could also help
address data limitation issues.

There is ongoing debate about the robustness of some methods
used to evaluate the effectiveness of strategies to mitigate climate
change and eutrophication'*®'”, For instance, differences between
methods for estimating the C intensity of ethanol production, and
whether they focus solely onimpacts from land use change or consider
other aspects, could result in divergent evaluations of biofuel use.
Increasing the circularity of N and C in the agriculture-food-energy
system and enhancing material use efficiencies, such as reusing etha-
nol by-products as feed, will bring additional challenges in Cand N
accounting”*"', Estimates suggest thatin 2010, 2% of global cropland
was dedicated to biofuel production, declining to 1.5% when the use of
biofuel co-products as livestock feed is considered, owing to the reduc-
tioninland arearequired for cultivating grains and oilseeds”’. Omitting
co-product generationin biofuel assessments could, therefore, lead to
land requirements being overestimated by over 40% (ref.170). In the
future, models assessing biofuel policies should integrate impacts of
co-products onland use, economy and environment.

Minimizing the impacts of decarbonization onthe global N cycle
requires that technology, socioeconomic and systemic changes across
theagriculture-food-energy system converge on the aim of addressing
climate change and nutrient pollution together. Itis critical to account
for and manage the N dimensions of decarbonization strategies to
ensure food security and minimize environmental degradation as
we mitigate CO, emissions. This multifaceted challenge underscores
the importance of a holistic, integrated perspective when designing
and implementing sustainable solutions, ensuring that our pursuit
of a carbon-neutral future does not inadvertently exacerbate other
environmental challenges.

Data availability

All data are available in the article and its Supplementary informa-
tion. The data and associated R scripts for Fig. 1 are openly available
inZenodo at https://zenodo.org/records/11097254 (ref.176). The data
for Fig. Sis available in Supplementary Table 1.
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