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ABSTRACT: Ammonia, the foundation of fertilizers, grows food that feed 3.8 /é Facilities = Lgﬁaﬁ\ﬁ‘ig
billion people. While recent efforts focus on ammonia emissions and costs, water supply

use and scarcity risks remain understudied. We quantify water consumption of 2"~
ammonia production, evaluate exposure to water scarcity for each of the 406 global

plants, and trace how fertilizer trade redistributes water stress across supply chains,
estimating how many people rely on food grown with fertilizers produced in water- N
scarce regions. We find that ~18% of global ammonia output (~33 Mt NH; yr™') Sggurity I ffectey
experiences at least one month of scarcity annually. The sector’s reliance on 406

large, geographically concentrated plants further heightens vulnerability, as local froducticp giiected

shortages can cascade globally through highly interconnected trade networks. Five

exporters (China, Russia, Egypt, Saudi Arabia, and Qatar) account for half of global fertilizer exports, linking the food security of 637
million people to production under water-stressed conditions. Major importers such as Brazil, the U.S., and India are indirectly
exposed to water scarcity in distant basins, with the largest trade routes including Qatar—U.S., Qatar—Brazil, and China—Brazil. We
show that water scarcity at ammonia production sites represents not merely a local constraint but a systemic risk to global food
systems, highlighting the importance of explicitly incorporating water availability into decarbonization strategies and trade policies.
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B INTRODUCTION transport contributes a further ~30 Mt CO, equivalent.”
Altogether, fertilizers account for 1,100—1,300 Mt CO,e
annually, emphasizing that while decarbonizing ammonia
production is critical, mitigating downstream N,O emissions
remains the greater long-term challenge.”’

Nitrogen fertilizer use has profound impacts on both water
and air quality.” Excess nitrogen leaches into water bodies,
where it drives eutrophication, harmful algal blooms, and
nitrate contamination of drinking water.””'! At the same time,
fertilizer application releases reactive nitrogen compounds such
as ammonia into the atmosphere, contributing to particulate
matter formation and ozone pollution."*"?

Despite growing momentum toward decarbonizing ammo-
nia production,’ its water use and water scarcity risks remain
poorly understood. Large volumes of water are needed not
only for hydrogen production—a key feedstock for ammonia
producti011,14_17 but also for cooling, steam generation, and
other auxiliary processes.'®'® Water resources differ funda-
mentally from other industrial inputs in ways that make their

Agricultural productivity, and the ability to feed the global
population, depends on fertilizers that provide essential
nutrients like nitrogen, phosphorus, and potassium." Nitrogen
is the most consumed nutrient in agriculture, with its supply
derived from either manure (33%) or industrially synthesized
ammonia (67%).” Ammonia is the key industrial form of
nitrogen fertilizer, serving as the building block for urea,
ammonium nitrate, and other nitrogen-based fertilizers.
Ammonia-based fertilizers are fundamental for modern
agriculture, supporting the growth of crops that feed
approximately 3.8 billion people.”” As the demand for food
continues to rise," the use of nitrogen fertilizers is also
increasing.” Today, ammonia production is geographically
concentrated, with only 61 countries hosting the world’s 406
ammonia production facilities, leaving many nations, especially
in the Global South, heavily dependent on fertilizer imports.’

In 2021, 99% of industrial ammonia synthesis was powered
by fossil fuels through the Haber—Bosch process.” Ammonia
production is both highly energy- and carbon-intensive,

accounting for 1% of global greenhouse gas emissions Received: = October 13, 2025 E@Z!ﬁ»@: n}jé:
(~450—500 Mt CO,e annually).” Yet it is not only ammonia Revised: ~ November 14, 2025 i
production that contributes to greenhouse gas emissions, but Accepted:  November 17, 2025

also its use.” Fertilizer application adds ~660 Mt CO,e Published: November 25, 2025

annually, mainly due to nitrous oxide (N,O), which is a
greenhouse gas 300 times more potent than COZ.8 Ammonia
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risks particularly acute but often overlooked. Unlike energy or
raw materials, water is nonsubstitutable, spatially constrained
to local basins, and subject to strong seasonal and interannual
variability.”® Industrial withdrawals are also limited by
ecological regulations and competition, especially in water-
scarce regions where agricultural and domestic needs take
precedence.”’ These unique characteristics mean that even
when water is physically present, ammonia plants may face
curtailments to preserve aquatic ecosystems or municipal
supply.

Previous research has demonstrated the critical role of water
in sustaining both food and energy systems. Water scarcity
constrains rainfed”>** and irrigated agriculture”*™>° and limits
energy production.”’ A growing body of studies has quantified
water risks for power,”’ ">’ carbon capture and storage,’”’'
fossil fuel extraction, and hydrogen production,'”**
showing that water shortages can force facilities to curtail or
suspend operations during droughts. Moreover, water use in
the energy sector creates competition with other human
demands and ecosystems, reinforcing inequalities in access.”'

Despite this evidence, ammonia production, an equally
water-intensive and strategically vital industry, has received far
less attention. The sector’s reliance on 406 large, geo-
graphicallgf concentrated plants with inflexible operating
schedules” exacerbates vulnerability, as facilities cannot easily
adapt to local water constraints. Water scarcity can therefore
directly curtail ammonia production, reducing fertilizer output
and tightening supply—demand balances, which drives up
prices. Higher fertilizer costs disproportionately affect farmers
in the Global South, who are often unable to maintain
application rates under price shocks. Reduced fertilizer use
lowers crop vyields, constraining agricultural output and
deepening food insecurity. This cascade from water scarcity
to production curtailment, price increases, and yield declines
underscores the systemic vulnerability of global food systems
to fertilizer supply disruptions. A substantial body of literature
confirms that shocks to fertilizer supply and prices consistently
translate into measurable impacts on crop yields and food
security.”> 3%

Historical cases illustrate these risks in practice: the 2018
Rhine River drought forced BASF’s Ludwigshafen facility to
reduce ammonia output due to low river levels;*' the 2011
Texas drought led to restrictions on fertilizer plants to
safeguard municipal supplies;"” and in 2021, water and
power shortages in Sichuan prompted fertilizer plant shut-
downs.*

In this study, we present a global assessment of the water use
and water scarcity risks associated with ammonia fertilizer
production, and explore how these risks propagate through
international ammonia fertilizer trade and agricultural supply
chains. This study extends previous work,"”” which focused on
energy and trade dependencies, by adding water scarcity as a
distinct analytical dimension and performing facility-level
hydrological assessments. By identifying regions where water
scarcity could emerge as a constraint, our analysis provides a
complementary perspective that cannot be captured by existing
frameworks, offering actionable insights for strengthening
resilience in fertilizer supply chains and global food systems.

First, using life cycle analysis (LCA), we quantify the water
consumption of ammonia production technologies. Second,
drawing on new data that encompasses the complete global set
of 406 ammonia production facilities, including their location,
production capacity, and technology,3 we evaluate their water

32,33

. . . 25,26
consumption. Third, using a water balance model, we map

facility-by-facility monthly exposure to water scarcity. Fourth,
using system engineering and international trade data of
ammonia fertilizers, we identify key countries where water
scarcity in fertilizer production translates into vulnerability for
downstream food systems. Finally, we assess how many people
are fed by crops grown using fertilizers produced under water-
scarce conditions, both domestically and for export. The focus
of this paper is specifically to highlight that, among the many
trade-offs to consider when decarbonizing ammonia and
improving its resilience, water should also be included as a
key dimension. In this article, we explain why accounting for
water is critical, outline how such an assessment can be
conducted, and discuss its implications. Evaluating additional
systemic risks, such as those related to energy, materials, labor,
or fossil fuel dependency, lies beyond the scope of the present
study.

B METHODS

The methods are structured as follows. First, environmental
LCA quantifies the water consumption associated with
ammonia production. Second, water scarcity is assessed by
mapping facilities against regional water stress. Third, the
number of people fed by ammonia fertilizers is then estimated
using country-specific nitrogen use efficiency and dietary
needs. Finally, trade flows are analyzed with international trade
data to track global fertilizer supply chain.

Life Cycle Analysis to Quantify Water Consumption
of Ammonia Production. Environmental LCA** is used to
quantify the direct and indirect water consumption of
ammonia production. Our analysis is a cradle-to-gate analysis
that includes all upstream processes up to ammonia. The
application of ammonia is excluded from this analysis. The
ecoinvent (v3.10) database™*° serves as the background life
cycle inventory (LCI) database for calculating LCA results
using brightway2."” Additional life cycle inventories of
ammonia and hydrogen production are imported from
premise.”® The ReCiPe 2016" impact assessment method is
applied to quantify life cycle water consumption.

The following conventional ammonia production pathways
are considered: ammonia produced from steam methane
reforming and from coal gasification.'®** Many inventories on
hydrogen and ammonia production have been created in
previous studies.'®*® However, water consumption in environ-
mental LCA needs careful validation to ensure water
consumption is accurately balanced and reported. Therefore,
we adopt the values of Nguyen et al.>® for the direct water
consumption for nitrogen production, using a value of 4.8 kg
H,O per kg of N,. Similarly, for the Haber-Bosch process, we
adopt a direct water consumption rate of 1.1 kg H,O per kg of
NH,, also from Nguyen et al.”°

It is worth noting that a distinction is made between direct
and indirect water consumption. Direct water consumption
refers to the water used on-site at the ammonia production
facility. This includes water required for producing hydrogen
(e.g., via coal gasification or natural gas reforming), producing
nitrogen (typically from air) via an air separation unit, and
operating the Haber-Bosch synthesis process. Indirect water
consumption encompasses the water used throughout the
broader supply chain, often in different geographies other than
that of the actual production facility. This includes the water
embedded in producing and transporting raw materials (e.g.,
steel and concrete) for facility construction, generating grid
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electricity used in the facility, and the upstream water impacts
associated with fuel production. However, in this analysis, only
on-site direct water consumption is considered because we are
interested in local water scarcity assessment.

Our analysis assumes uniform direct water consumption
across all ammonia production plants due to data limitations
and does not account for facility- or technology-specific
variations. Future research would benefit from more detailed
data sets to refine location- and process-specific estimates. In
our water scarcity assessment, we focus exclusively on direct
water consumption because indirect water use, associated with
inputs such as infrastructure, electricity, and fuel, is difficult to
attribute to individual facilities, as these components are often
produced abroad and traded internationally. By relying on
direct water use, which can be consistently linked to the
geographic location of each ammonia facility, our approach
provides a robust basis for evaluating site-level exposure to
water scarcity.

Inventory of Ammonia Production Facilities. To assess
the direct water consumption of ammonia production facilities,
we leveraged a novel, comprehensive global data set detailing
the location and production capacity of existing ammonia
facilities.” This data set includes 406 facilities worldwide,
representing a total annual nominal installed capacity of 211
Mt NH, (100% of total ammonia production capacity installed
globally). It was compiled by integratin$ information from
multiple public and proprietary sources.”’ > What sets this
data set apart is its rigorous validation: each facility’s location
was confirmed through satellite imagery inspection, and
production capacities were cross-verified with company reports
where available.” This makes it the most spatially detailed and
validated global inventory of ammonia production to date.

Water Scarcity Assessment. The goal of the study is to
assess physical water scarcity, without accounting for water
quality, infrastructure, or economic and institutional con-
straints, which are beyond the scope of this analysis. Water
scarcity is defined as a condition in which total monthly human
water consumption exceeded locally available water after
accounting for environmental flows.”* A facility was defined as
exposed to water scarcity in a given month if the 50 km grid
cell of the global water balance model in which it is located
showed water consumption exceeding renewable water
availability.”>>> The 50 km spatial resolution represents the
native resolution of the global water balance model used in this
study.”>* In the analysis, the terms “grid cell” and “grid pixel”
are used interchangeably to refer to this spatial unit. Based on
this pixel-level analysis, we determined the number of water-
scarcity months per year for each facility and estimated the
share of production at risk by multiplying these months by the
facility’s monthly ammonia output.

Water scarcity exposure was assessed at a 30 arc-minute
spatial resolution using a water balance model.”> >’ Renewable
water availability was calculated as the residual of monthly
available surface and subsurface water volumes after subtract-
ing environmental flow requirements’ and was spatially
accumulated using a flow-routing module to preserve up-
stream—downstream hydrological connectivity.

To capture hydroclimatic variability, we used an ensemble of
20 simulations combining two global hydrological models
(HO8 and WaterGAP2—2e) with five CMIP6 (Coupled Model
Intercomparison Project) global climate models (GFDL-
ESM4, IPSL-CM6A-LR, MPI-ESM1—2-HR, MRI-ESM2—0,
and UKESM1—0-LL) under two Shared Socioeconomic

Pathways (SSP1-2.6 and SSP5—8.5), with fixed socio-
economic conditions from 2015.°% We selected SSP1-2.6
and SSP5—8.5 as they represent two divergent futures: a low-
emission sustainability pathway consistent with limiting
warming to well below 2 °C (SSP1—2.6) and a fossil fuel—
intensive, high-emission trajectory leading to >4 °C warming
by 2100 (SSP5-8.5).*’

Monthly runoff (surface and subsurface) and irrigation water
consumption data were obtained from the ISIMIP3b data
set,”® which includes harmonized simulations across all model
combinations. We focused on the 2020—2029 period, treating
2025 as a representative year. Since ISIMIP3b simulations
diverge from 2015 onward, bias correction was performed
using year 2015 as the common baseline, ensuring consistency
across ensemble members. This bias-adjustment method was
applied both to runoff and to irrigation water consumption,
following a delta-change approach in which projected differ-
ences were applied to harmonized reference values.

Other human water consumption was modeled as the total
monthly demand from livestock, electricity generation,
domestic use, mining, and manufacturing sectors. These
sectors were selected because together they account for the
largest contribution to direct human water use beyond
irrigation, representing close to 100% of the anthropogenic
water footprint.’” Livestock and domestic use are the
dominant nonirrigation consumptive uses globally, while
electricity generation, mining, and manufacturing represent
major industrial water demands. Including all of them ensures
that our analysis captures the full range of human water
consumption across agricultural, urban, and industrial
activities. Sectoral demands, except for irrigation, were held
constant at 2015 levels, based on the global data set by Huang
et al.’" For this analysis, ammonia production water
consumption was introduced as an additional sector. We
assessed facility-specific monthly direct water consumption by
multiplying life cycle direct water consumption times monthly
ammonia production at each facility. For each ammonia
production facility, annual water consumption estimates were
evenly distributed across all 12 months, assuming constant
monthly operation throughout the year. If multiple ammonia
production facilities were located within the same 30 arc-
minute grid cell (S0 km at the Equator), their monthly
consumptions were aggregated, and the total cell-level
ammonia—water demand was computed as the sum of all
facilities contributions within that cell.

Quantifying People Fed by Ammonia Fertilizers. After
quantifying facility-specific exposure to water scarcity, we
assessed the number of people fed by food grown with
fertilizers from ammonia produced with and without water
scarcity conditions. Nitrogen fertilizers are the building block
of amino acids, which are essential for the synthesis of
proteins—fundamental nutrients for human sustenance.
Because of this direct link between nitrogen and dietary
protein, it is possible to estimate how many people are fed by
the nitrogen used in agriculture. Each facility’s output in kilo
tonnes (kt) NH; yr~' was converted to kt of nitrogen (N),
accounting for molar mass (17.031 g/mol for NH;, 14.007 g/
mol for N) and assuming an 86% capacity factor for each
facility.”>®® This conservative lower-bound estimate reflects
the typically high utilization rates of ammonia production
plants, which are generally designed to operate continuously at
86—96% of capacity throughout the year.””®* This estimate is
supported by cross-checking reported production and installed
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Figure 1. Water consumption of ammonia production via natural gas steam methane reforming and coal gasification. The figure illustrates the
global average direct and indirect water consumption. Direct water consumption is used in the remaining analyses to assess water consumption and
water scarcity at the facility level. We apply a single global, “average” water intensity (distinguished between both ammonia production pathways)
across all geographical locations. The “Supply chain” labels indicate indirect water use associated with the specific supply chain process to produce

ammonia.

capacity for facilities in the United States and Canada, the only
regions with both sets of data available, which confirmed that
an 86% capacity factor provides a reasonable representation of
actual plant operation.”* Downtime is generally limited to
planned maintenance, which occurs during scheduled turn-
arounds approximately every four years and usually lasts about
one month. Based on global fertilizer use statistics, we assumed
that 70% of ammonia produced is allocated to agriculture.’
The Food and Agriculture Organization reports an agricultural
nitrog7en fertilizer production of approximately 125 MtN in
2020,”* equivalent to roughly 150 Mt NH,. Multiple sources,
including the International Energy Agency,’ indicate that
around 70% of total ammonia is used in agriculture. Based on
this share, total global ammonia production can be estimated
as 150 Mt NH; + 0.7 &~ 217 Mt NH;, which aligns closely with
the aggregated installed capacity of 406 ammonia facilities,
estimated at 211 Mt NH;® The total N available from
ammonia for fertilizers use at each plant (Nag‘j) was therefore
calculated as (1)

14.007
17.031

N,

rod,j
[, = 0.70-NHE™%.

0.86 1)
Where j represent a facility. These quantities were aggregated
at the country and global levels, and the share produced under
water scarcity was determined based on each plant’s location
and local water scarcity.

Following the methods of Rosa and Gabrielli," we then
converted available nitrogen in each producing country (i.e.,
the sum of all national plants production, Nag,j,i) into an
equivalent number of “people fed” per country (F;) based on
country-specific nitrogen use efficiency (77;), annual per capita
protein intake (I;), average farm-to-fork N yield (y) and
average N content of protein (p) (2)

2Ny
L-p

)

Nitrogen use efficiency (#;) represents the fraction of applied
nitrogen that is used by crops during photosynthesis. It is
calculated as the ratio of nitrogen uptake by crops to the total
nitrogen applied.”> This metric captures how efficiently
fertilizers are utilized in each country, with lower values
indicating higher nitrogen losses to the environment. Data for
161 countries and territories was collected from Lassaletta et
al.®® For the few cases where data was missing (specifically

25820

Taiwan and Cote d’Ivoire), we replaced the values with the
average calculated across all other countries and territories with
nonmissing data.

Farm-to-fork nitrogen yield (y) accounts for losses
throughout the food supply chain—from production to
consumption.®”®” We adopt a global average of 42.5%, based
on prior estimates ranging from 41% to 44%.°>®” This factor
reflects inefliciencies such as harvesting losses, postharvest
waste, nonfood uses, processing and packaging losses,
distribution inefficiencies, and food waste at the consumer
level.

Nitrogen content of protein (p) is assumed to be 18%,°* a
standard biochemical factor reflecting the average nitrogen
proportion in edible proteins. For nitrogen used domestically,
we applied the producer country’s efficiency and dietary
parameters. For nitrogen being exported and used abroad, we
applied nitrogen use efficiency and protein intake of the
importing country. Annual per capita protein intake (I)
represents the average amount of protein consumed by an
individual in a given country each year. This value varies widely
across countries and is crucial in estimating how much
nitrogen is required to meet national dietary needs. Data for
155 countries was sourced from the Food and Agriculture
Organization.”” In the eight countries and territories where
data was unavailable (i.e.,, Bahrain, Bermuda, Brunei
Darussalam, Cook Islands, Eritrea, Nauru, Qatar, and Tonga)
we substituted missing values with the average calculated
across all other countries with available data.

Ammonia Fertilizers Trade. International trade data for
N fertilizers was collected from World Bank Comtrade data
(2022)7° under product code 3102: “Mineral or chemical
fertilizers, nitrogenous”, providing a country-to-country trade
matrix by both value and weight. Reported global trade in
fertilizer products was cross validated with the Observatory of
Economic Complexity data.’”' To harmonize all flows by
nitrogen content, we used estimates from the Food and
Agriculture Organization of the United Nations of 45 Mt N
traded globally in 2022,” assigning an average N content of
47% by weight to all trade routes (in the absence of more
granular product breakdowns). This produced a comprehen-
sive matrix of annual N flows (in tonnes) for all trade routes.

To determine how much nitrogen each country uses
domestically and how much it exports, we grouped trade
flows to obtain annual N imports (Nj,;) and exports (N, ;)
for each country i. As many countries are both importers and

https://doi.org/10.1021/acs.est.5c14489
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Figure 2. Estimated direct water consumption for ammonia production by country (million m* yr™'). Bars are colored according to the share of
facilities fed by natural gas (steam methane reforming-based ammonia production) (green) and coal gasification-based ammonia production
(orange). Countries are sorted by direct water consumption, with only the top 20 producers shown individually. The remaining countries are

aggregated under “Other producing countries”.

exporters, we first calculated the trade balance for each. In
cases where reported N exports exceeded total national
production dedicated to agriculture (}N,g;;), we capped
exports to the country’s actual production (3). The remaining
N was counted as used domestically (4)

Z\Iexp,i = min(l\]exp,reported,il Z l\rag,j,i) (3)

Z I\Lg o exp, (4)

This ensures that a country cannot export more nitrogen
than it produces.

For each country, the share of ammonia fertilizers produced
under water scarcity was determined from facility-level data
and mapped to both domestic and exported N under the
assumption of national-level mixing (i.e., the same fraction
applies to both streams). This is necessary since fertilizer trade
is tracked at the national, and not at the facility level.

For exported N, the share produced under water scarcity is
incorporated in the trade flow, regardless of the importing
country.

Ndom i

B RESULTS

Water Consumption Intensity. Figure 1 shows the water
consumption of two conventional large-scale ammonia
production pathways using coal gasification and steam
methane reforming technologies. The stacked bar chart
illustrates the life cycle water consumption per metric ton of
ammonia (t NH;) produced. Each bar segment represents a
specific contribution to the total water intensity. Figure 1
illustrates that ammonia production via coal gasification

25821

consumes approximately 16 m® per t NHj, resulting in a
higher total life cycle water footprint compared to the steam
methane reforming pathway, which uses about 12 m® per t
NH;. The higher water consumption in the coal pathway is
primarily driven by indirect water use, particularly from
electricity demand and water-intensive coal extraction
processes along the coal supply chain. Direct water
consumption is also slightly larger for coal-based ammonia
production, around 7 m* t NH; ™', compared to steam methane
reforming-based production at nearly 6 m*® t NH;™". These
direct water demands originate from hydrogen production, the
Haber-Bosch process (~1.1 kg H,O per kg NH;), and nitrogen
production (~4.8 kg H,O per kg N,).

Water Consumption of Ammonia. We estimate water
consumption for 406 ammonia production facilities by
multiplying the direct water consumption intensity of each
production pathway by the facility-specific ammonia output.
Figure 2 represents direct water consumption for ammonia
production by country, distinguishing between natural gas and
coal-based ammonia production pathways. The histogram
highlights the top 20 ammonia-producing countries along with
the rest of the producers (“Other producing countries”).
Globally, direct water consumption for ammonia production is
estimated at 1.09 billion m® per year, with approximately 67%
of water consumption from steam methane reforming and the
remaining 33% from coal gasification (Figure 2). China is by
far the largest water consumer, using approximately 342
million m* of water annually, primarily due to its reliance on
coal gasification, and its large production volume. In contrast,
other top producers such as the United States (94 million m®
per year, 9% reliance on coal gasification), India (85 million m*
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Figure 3. Water scarcity exposure to ammonia production. (a) Global distribution of ammonia production facilities, with the colors indicating the
number of months per year affected by water scarcity. The marker shapes denote feedstock type (circle: natural gas; square: coal), and size reflects
estimated annual production capacity (kt NH; yr™'). (b) Country-level aggregation of water-scarcity-affected ammonia production (kt NH; yr™'),
with bars colored by total estimated national production. Interval bars illustrate interquartile ranges across plants within each country according to
the ensemble of 20 combinations between two hydrological models (HO8 and WaterGAP2—2e), five climate models (IPSL-CM6A-LR, UKESM1—
0-LL, GFDL-ESM4, MPI-ESM1.2-HR, and MRI-ESM2.0), and two climate scenarios (SSP1—2.6 and SSP5—8.5). Numeric labels above each bar
indicate the median percentage of total ammonia production exposed to water scarcity in each country. The inset highlights additional countries
with smaller but non-negligible affected production.

per year), and Russia (77 million m® per year) predominantly Facility-Specific Water Scarcity Exposure. Figure 3
rely on natural gas. Other countries include Indonesia (39 illustrates the global exposure of ammonia production to water
scarcity conditions in terms of the number of affected months
by facility (Figure 3a) and by country (Figure 3b). In the
geospatial map (Figure 3a), each point represents an individual
ammonia production. ammonia production facility, with the shape indicating the

million m® per year), Ukraine (30 million m® per year), and

Egypt (29 million m® per year), all with fully natural gas-based
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Figure 4. The 20 countries with the largest population fed with ammonia fertilizers production, disaggregated by water scarcity exposure and
domestic and export use. Bars distinguish between ammonia fertilizers produced and used domestically (blue shades) and for export (red shades),
with hatched bars indicating production under water scarcity. For each country, three adjacent bars represent the 25th percentile, median, and 75th
percentile estimates, reflecting uncertainty in water scarcity exposure based on the interquartile range from hydrological variability in water scarcity

assessment.

feedstock type and production technology (circles for natural
gas steam methane reforming, squares for coal gasification) and
the size proportional to the plant estimated annual production
capacity (in kt NH; yr™"). Facilities in Europe, North America,
and Southeast Asia experience less than three months or no
water scarcity, indicating limited hydrological stress under
current production conditions. In contrast, clusters of facilities
in North Africa, the Middle East, Northeast and South Asia
exhibit markedly higher exposure, with several sites facing 6—
12 months of water scarcity per year (Figure 3a).
Production Affected by Water Scarcity. Figure 3b
presents the country-level aggregation of ammonia production
affected by water scarcity, highlighting both ensemble median
and interquartile range across producing countries. We find
that 18% (33 Mt ammonia per year; interquartile range: 16—
21% among models) are in water scarcity for at least a month
per year. The largest absolute impacts are observed in China
and India, where an estimated 9 and 6.9 Mt NH; yr ',
respectively, are potentially exposed to operational disruptions,
corresponding to 18% and 46% of their total national
production, respectively. Other major producers such as
Egypt, Pakistan, Qatar, and Saudi Arabia also exhibit high
levels of exposure, with affected capacities often exceeding 52—
100% of national totals (Figure 3b). In contrast, countries
among the top 10 ammonia producers, such as the United
States, Russia, Trinidad and Tobago, and Canada, reveal no or
only limited exposure to water scarcity. For example, in the
United States, only 4% of total ammonia domestic production
(equivalent to approximately 618 kt NH; yr™") is potentially
exposed. Smaller producers show disproportionately high
relative exposure, such as Algeria, Iran, Oman, and
Turkmenistan, where over 27—48% of national production
may be at risk (Figure 3b). Libya stands out due to its highly
skewed interquartile range (Figure 3b), with a low median
exposure (1 month; 52 kt NH; yr™') but a 7Sth percentile
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reaching 6 months (327 kt NH,/yr), reflecting substantial
interannual variability in water scarcity conditions and
underscoring the risks of relying on a single, high-capacity
facility in a hydrologically volatile environment.

People Fed from Ammonia Fertilizers. By integrating
data on fertilizer production, international trade, dietary
patterns, and fertilizer use efliciency, we estimate the number
of people supported by food grown with ammonia-based
fertilizers—focusing on fertilizers produced in water-scarce
regions. Figure 4 illustrates the number of people fed by food
grown with ammonia fertilizers, distinguishing between those
produced in water-scarce versus water-abundant regions, and
whether the fertilizers were used domestically or exported. The
results are presented for the median and interquartile scenarios
based on 20 combinations of hydrological and climate models
and emissions pathways, highlighting the impact of hydro-
logical variability on the estimates.

Globally, 70% of ammonia production is used to grow food
that feeds 3.8 billion people."”” Of these, 2.4 billion people rely
on food produced with domestically manufactured fertilizers,
while the remaining 1.4 billion are fed through food grown
using fertilizers intended for export (Figure 4). Our analysis
reveals that 637 million people worldwide, approximately 18%
of the total, depend on food grown with ammonia fertilizers
produced in regions experiencing water scarcity (Figure 4).
This estimate varies from 545 to 730 million people (15—19%)
across 20 combinations of hydrological and climate models
and emissions scenarios (Figure 4). Of this total, 355 million
people (interquartile range: 300—417 million) are supported
by domestically consumed fertilizers produced under water-
scarce conditions. The remaining 282 million people
(interquartile range: 245—314 million) rely on food grown
using imported fertilizers produced under water scarcity risks
(Figure 4). These cross-border fertilizer flows effectively
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Figure S. Major global trading partners of ammonia-based fertilizers. Top S fertilizer exporting countries by total people fed (in millions), showing
their main import partners. Values in parentheses indicate the share (%) of those people whose food production is linked to fertilizer produced

facing water scarcity.

transfer water stress internationally, embedding environmental
burdens within global food supply chains.

Figure 4 also presents results at the country level. Ammonia
tertilizers produced in China support food production for 705
million people, with 62% used domestically and the remainder
contributing to food systems abroad through exports. In China,
79 million people (interquartile range: 68—93 million) are fed
with food grown using fertilizers produced under water-scarce
conditions, while 49 million people (interquartile range: 42—
57 million) in other countries are fed through imports from
China (Figure 4).

Russia and the United States follow, each contributing to the
food supply of approximately 370 million people, primarily
through exports and largely without exposure to water scarcity
in their ammonia production. India and Indonesia are also
major contributors, feeding 296 million and 278 million
people, respectively. India’s food production is highly reliant
on domestically produced nitrogen, with a substantial share
(42—49%) originating from regions facing water scarcity. As a
result, India is the largest contributor to the population fed
using fertilizers produced under water-scarce conditions—
accounting for 137 million people (interquartile range: 123—
146 million). Egypt is another major producer of ammonia
fertilizers in water-scarce regions feeding 82 million people,

followed by Qatar (66 million people), Saudi Arabia (39
million people), Pakistan (30 million people), and Iran (29
million people).

Trade Flows of Ammonia Fertilizers. By analyzing trade
flow data for ammonia fertilizers, we estimate the number of
people reliant on trade and mapped key trade routes, revealing
the extent of global reliance on fertilizers produced in water-
scarce regions. Figures 5 and 6 illustrate these trade flows,
showing the number of people fed through each route—both
with and without exposure to water scarcity—and identifying
countries that are most vulnerable to supply disruptions and
water scarcity risks.

China, Russia, Egypt, Saudi Arabia, and Qatar collectively
account for over half of the global population fed through
fertilizer exports. China and Russia are the leading exporters of
ammonia fertilizers, supporting the diets of 269 million and
196 million people, respectively (Figure S). In China, 18% of
fertilizer production occurs under water-scarce conditions,
meaning that a proportionate share of importing countries’
food supply is exposed to water scarcity risks (Figure 5). China
mainly exports its fertilizers to Brazil, Malaysia, India,
Indonesia, and Vietnam feeding 84, 29, 28, 23, 12 million
people, respectively (Figure S). Russia does not face water
scarcity in production of ammonia and export its fertilizers to

https://doi.org/10.1021/acs.est.5c14489
Environ. Sci. Technol. 2025, 59, 25817—25829


https://pubs.acs.org/doi/10.1021/acs.est.5c14489?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c14489?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c14489?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c14489?fig=fig5&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c14489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

a Total people fed (via domestic + export)
- -

Top export routes
(People fed, million)

o 34
—_— 2 )’
_— 21
100 200 300 400 500 600 70|0 |No production
People fed by ammonia-fertilizers per year (million)
b People fed via export

Top export routes
with water scarcity
(People fed, million)

@ 18

9

4

0 50 100

150 200 250

No production

People fed by exported ammonia-fertilizers per year (million)

Figure 6. Global distribution of people fed by ammonia fertilizers production and largest trade routes. (a) Countries are color-coded by the total
number of people fed (domestic + export), with arrows indicating the top 20 trade routes measured as people fed. (b) Countries are color-coded by
the total number of people fed through export only, with the top 20 trade routes shown based on the number of people fed using ammonia
fertilizers produced under water scarcity. Results are presented considering the median scenario among the 20 combinations between hydrological

and climate models and scenarios.

Brazil, the USA, India, feeding 34, 31, 14 million people,
respectively (Figure S). Egypt, Saudi Arabia, and Qatar follow,
supporting 81, 67, and 66 million people, respectively. Notably,
a substantial share of their fertilizer exports is produced under
water-scarce conditions—78% in Egypt, 55% in Saudi Arabia,
and 100% in Qatar (Figure 5). On the import side, Brazil is the
largest recipient, importing fertilizers that feed 190 million
people. It is followed by the United States (122 million), India
(111 million), France (78 million), United Kingdom (44
million), and Australia (38 million) (Figure ).

Figure 6 highlights the top 20 ammonia fertilizer trade
routes based on the number of people fed. Figure 6a presents

25825

total values, while Figure 6b focuses on the number of people
fed using fertilizers produced under water-scarce conditions.
The largest trade route is from China to Brazil, where Chinese-
based ammonia fertilizers support the diets of 84 million
people per year (Figure 6a). This is followed by exports from
Russia to Brazil (34 million people per year), Russia to the
United States (31 million), and Canada to the United States
(31 million). Other significant routes include exports from
China to Malaysia (29 million), India (28 million), and
Indonesia (23 million). Notably, seven of the top eight trade
routes involve China or Russia as the exporting country
(Figure 6a).
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When focusing specifically on trade routes involving
fertilizers produced under water-scarce conditions, the largest
is from Qatar to the United States, supporting 18 million
people (Figure 6b). This is followed by Qatar-to-Brazil and
China-to-Brazil route, which support 16 and 15 million people,
respectively, and by additional exports from Egypt to Ethiopia
(11 million people), Qatar to India (9 million), and Egypt to
France (9 million). These patterns underscore the important
role of water-scarce regions in exporting fertilizers that embed
water stress into global food supply chains (Figure 6b).

Bl DISCUSSION

Our results show that ammonia production faces facility-
specific water scarcity risks that can propagate through global
fertilizer supply chains, posing a secondary but critical threat to
food security compared to agricultural water scarcity. Globally,
~18% of ammonia production (~33 Mt NH; yr) is exposed
to at least one month of water scarcity annually, with
substantial impacts in China and India (18% and 46% of
national production, respectively). Smaller producers, such as
Egypt, Qatar, and Saudi Arabia, face even higher water scarcity
risks (Figure 3). Because global ammonia production is
concentrated in just 406 facilities, disruptions at a single
large plant can reverberate across international markets,
amplifying local water scarcity shocks into worldwide fertilizer
supply constraints. Trade further magnifies these vulnerabil-
ities: major exporters such as China, Russia, Egypt, Qatar, and
Saudi Arabia supply more than half of the global population
dependent on ammonia-based fertilizers, linking water scarcity
in exporting basins to food production in importing regions
(Figures 4—5). As a result, approximately 637 million people
rely on food grown with fertilizers produced under water-
scarce conditions (Figures 5—6). Local hydrological risks thus
extend globally, shaping fertilizer costs, supply security, and
ultimately food availability. The 2022 fertilizer price surge
reduced Sub-Saharan African fertilizer use by 20—30%,
lowerin% maize yields by 15% and raising global food prices
§—15%.>

Water scarcity affects supply chains in ways that differ from,
for example, energy shortages. Water scarcity often forces
governments to prioritize water for households over industry,
making ammonia production plants more vulnerable. Because
these plants are often clustered near rivers to secure significant
amounts of water, a drought can disrupt multiple facilities
simultaneously. As such, recovery is usually slower than for
energy shocks since there are no water substitutes (as with
energy), and restarting production may require (costly)
inspections and regulatory approvals.

Many countries depend on food produced in water-stressed
regions, where irrigation faces both physical constraints,
limited renewable water availability””** and socioeconomic
or institutional barriers to sustainable management.56’73
Irrigated croplands under water scarcity currently sustain
about 1.3 billion people, with roughly 15% of unsustainable
irrigation embedded in internationalléy traded commod-
ities.”»”> The concept of virtual water’®”” underscores how
local water scarcity is “exported” through trade, transmitting
water risks from producing to consuming regions. Recent
studies further highlight the central role of agro-food
enterprises in shaping virtual water flows and advancing global
water stewardship.”*~*°

Our analysis does not incorporate facility-specific water
consumption, instead we apply a uniform direct water use

assumption across all ammonia production plants due to data
limitations. We adopt a single average and conservative
estimate, distinguishing only between coal- and natural gas-
based production, which inevitably overlooks variability arising
from local operating conditions and technology differences.
While this global averaging provides a consistent basis for
comparison, it prevents identification of regional and facility-
level differences in water use, meaning our assessment does not
fully capture local variations. Future research should therefore
leverage facility- and country-specific data sets, where available,
to refine water scarcity assessments and provide more location-
specific insights.

Although this study focuses on industrial ammonia
production and its associated water risks, we acknowledge
that ammonia use itself also imposes substantial environmental
burdens. In the broader debate, some advocate for producing
ammonia more sustainably, while others argue that both
production and use should be reduced in agriculture to
mitigate climate, air, and water impacts. Addressing these
challenges requires improving nitrogen use efficiency in
agriculture,65 reducing food waste, and shifting toward less
nitrogen-intensive diets," alongside circular economy strategies
such as nutrient recovery, recycling organic fertilizers,*' and
developing alternative fertilizer technologies.*> These demand-
side measures complement supply side decarbonization and
are critical for reducing environmental impacts from nitrogen
fertilizers.

Decarbonizing ammonia production is critical for meeting
climate targets, particularly as many existing facilities are aging
and in need of modernization.® While comprehensive life cycle
assessments of low-carbon ammonia pathways are not yet
available, previous studies indicate that blue ammonia (fossil-
based production with carbon capture) or green ammonia
(renewable-based) tend to be more water- and energy-
intensive than conventional fossil-based production.”'”**
This potential for increased resource intensity raises concerns
about exacerbating water stress.”* These findings highlight the
importance of carefully evaluating local resource constraints
when deploying low-carbon ammonia technologies.*’

Ammonia production’s exposure to water scarcity represents
a distinct and under-evaluated risk for global food security,
particularly in regions reliant on imported fertilizers or
concentrated production hubs. Previous work has demon-
strated that spatially differentiated nitrogen supply is key in a
global food—fertilizer price crisis.”* To enhance resilience,
strategies include siting new facilities in water-abundant areas,
adopting decentralized small-scale systems that reduce geo-
graphical concentration of production,”™*" or relocating
production away from vulnerable regions, while integrating
water availability into facility siting and operational decisions is
critical for aligning decarbonization with broader sustainability
objectives. Retrofitting plants with water-efficient technologies,
such as closed-loop or air-cooling systems, can reduce
freshwater use in water-stressed regions, while desalination
offers an alternative source of industrial water but comes with
important energy requirements and additional costs that could
undermine the competitiveness of green ammonia. Diversifying
production through new facilities in water-abundant areas or
investments in small-scale decentralized green ammonia
reduces geographic concentration risks.

https://doi.org/10.1021/acs.est.5c14489
Environ. Sci. Technol. 2025, 59, 25817—25829


pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c14489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

B ASSOCIATED CONTENT

Data Availability Statement
Results of this study are available at: 10.5281/zenodo.
17595109

B AUTHOR INFORMATION

Corresponding Author
Lorenzo Rosa — Biosphere Sciences & Engineering, Carnegie
Institution for Science, Stanford, California 94308, United
States; ® orcid.org/0000-0002-1280-9945; Email: Irosa@
carnegiescience.edu

Authors

Andrea Citrini — Biosphere Sciences & Engineering, Carnegie
Institution for Science, Stanford, California 94308, United
States

Tom Terlouw — Biosphere Sciences & Engineering, Carnegie
Institution for Science, Stanford, California 9430S, United
States; Laboratory for Energy Systems Analysis, PSI centers
for Nuclear Engineering and Sciences and for Energy and
Environmental Sciences, Paul Scherrer Institute, 5232 Villigen
PSI, Switzerland; Chair of Energy Systems Analysis, Institute
of Energy and Process Engineering, ETH Zurich, Zurich
8092, Switzerland; © orcid.org/0000-0003-3744-9728

Stefano Mingolla — Biosphere Sciences & Engineering,
Carnegie Institution for Science, Stanford, California 943085,
United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.5c14489

Author Contributions

L.R. conceived and designed the study. T.T. performed LCA.
analyses; A.C. performed hydrological analyses; S.M. per-
formed trade and food security analyses. L.R. wrote the study
with inputs from all authors.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We thank the Alfred P. Sloan Foundation for the valuable
discussions and financial support as in award G-2024-22698.
This research received philanthropic support from Anthony J.
Cavalieri and Ellen E. Look. This research was supported by
the Stanford Hydrogen Initiative. T.T. acknowledges the
support from the Horizon Europe European Commission
Project “TRANSIENCE’ (grant no. 101137606) and thanks
the Swiss State Secretariat for Education, Research, and
Innovation (SERI).

B REFERENCES

(1) Rosa, L.; Gabrielli, P. Energy and food security implications of
transitioning synthetic nitrogen fertilizers to net-zero emissions.
Environ. Res. Lett. 2023, 18 (1), No. 014008.

(2) Gao, Y.; Cabrera Serrenho, A. Greenhouse gas emissions from
nitrogen fertilizers could be reduced by up to one-fifth of current
levels by 2050 with combined interventions. Nat. Food 2023, 4 (2),
170-178.

(3) Mingolla, S.; Rosa, L. Low-carbon ammonia production is
essential for resilient and sustainable agriculture. Nat. Food 2025, 6,
1-12.

(4) Beltran-Pena, A.; Rosa, L; D’Odorico, P. Global food self-
sufficiency in the 21st century under sustainable intensification of
agriculture. Environ. Res. Lett. 2020, 1S (9), No. 095004.

(5) Zhang, X.; Sabo, R;; Rosa, L.; Niazi, H.; Kyle, P.; Byun, J. S,;
Wang, Y,; Yan, X; Gu, B,; Davidson, E. A. Nitrogen management
during decarbonization. Nat. Rev. Earth Environ. 2024, S (10), 717—
731.

(6) Ammonia Technology Roadmaplnternational Energy Agency
2021 https://www.iea.org/reports/ammonia-technology-roadmap.
Accessed: November 14, 2025.

(7) Menegat, S,; Ledo, A.; Tirado, R. Greenhouse gas emissions
from global production and use of nitrogen synthetic fertilisers in
agriculture. Sci. Rep. 2022, 12 (1), No. 14490.

(8) Davidson, E. A. The contribution of manure and fertilizer
nitrogen to atmospheric nitrous oxide since 1860. Nat. Geosci. 2009, 2
(9), 659—662.

(9) Michalak, A. M.; Anderson, E. J.; Beletsky, D.; Boland, S.; Bosch,
N. S.; Bridgeman, T. B.; Chaffin, J. D.; Cho, K.; Confesor, R.; Daloglu,
1; DePinto, J. V.; et al. Record-setting algal bloom in Lake Erie caused
by agricultural and meteorological trends consistent with expected
future conditions. Proc. Natl. Acad. Sci. U.S.A. 2013, 110 (16), 6448—
6452.

(10) Sinha, E.; Michalak, A. M.; Balaji, V. Eutrophication will
increase during the 21st century as a result of precipitation changes.
Science 2017, 357 (6349), 405—408.

(11) van Vliet, M. T. H; Thorslund, J.; Strokal, M.; Hofstra, N.;
Florke, M.; Ehalt Macedo, H.; Nkwasa, A;; Tang, T.; Kaushal, S. S.;
Kumar, R.; Van Griensven, A.; et al. Global river water quality under
climate change and hydroclimatic extremes. Nat. Rev. Earth Environ.
2023, 4 (10), 687—702.

(12) Xu, R.; Tian, H.; Pan, S.; Prior, S. A.; Feng, Y.; Batchelor, W.
D.; Chen, J; Yang, J. Global ammonia emissions from synthetic
nitrogen fertilizer applications in agricultural systems: Empirical and
process-based estimates and uncertainty. Global Change Biol. 2019, 25
(1), 314-326.

(13) Liu, L.; Xu, W,; Lu, X; Zhong, B.; Guo, Y.; Lu, X;; Zhao, Y,;
He, W.; Wang, S.; Zhang, X,; Liu, X,; Vitousek, P. Exploring global
changes in agricultural ammonia emissions and their contribution to
nitrogen deposition since 1980. Proc. Natl. Acad. Sci. U.S.A. 2022, 119
(14), No. €2121998119.

(14) Grubert, E. Water consumption from electrolytic hydrogen in a
carbon-neutral US energy system. Cleaner Prod. Lett. 2023, 4,
No. 100037.

(15) Olaitan, D.; Bertagni, M.; Porporato, A. The water footprint of
hydrogen production. Sci. Total Environ. 2024, 927, No. 172384.

(16) Lin, N.; Arzumanyan, M.; Calzado, E. R.; Nicot, J. P. Water
Requirements for Hydrogen Production: Assessing Future Demand
and Impacts on Texas Water Resources. Sustainability 2025, 17 (2),
No. 38S.

(17) Terlouw, T.; Rosa, L.; Bauer, C.; McKenna, R. Future hydrogen
economies imply environmental trade-offs and a supply-demand
mismatch. Nat. Commun. 2024, 15 (1), No. 7043.

(18) D’Angelo, S. C.; Cobo, S.; Tulus, V.; Nabera, A.; Martin, A. J;
Pérez-Ramirez, J.; Guillén-Gosalbez, G. Planetary boundaries analysis
of low-carbon ammonia production routes. ACS Sustainable Chem.
Eng. 2021, 9 (29), 9740—9749.

(19) Gabrielli, P.; Rosa, L.; Gazzani, M.; Meys, R; Bardow, A;
Mazzotti, M.; Sansavini, G. Net-zero emissions chemical industry in a
world of limited resources. One Earth 2023, 6 (6), 682—704.

(20) D’Odorico, P.; Davis, K. F.; Rosa, L.; Carr, J. A.; Chiarelli, D.;
Dell’Angelo, J.; Gephart, J.; MacDonald, G. K;; Seekell, D. A.; Suweis,
S;; Rulli, M. C. The global food-energy-water nexus. Rev. Geophys.
2018, 56 (3), 456—531.

(21) Jenkins, W.; Rosa, L.; Schmidt, J.; Band, L.; Beltran-Pefia, A.;
Clarens, A.; Doney, S.; Emanuel, R. E.; Glassie, A.; Quinn, J.; Rulli, M.
C.; et al. Values-based scenarios of water security: Rights to water,
rights of waters, and commercial water rights. BioScience 2021, 71
(11), 1157—1170.

(22) He, L.; Rosa, L. Solutions to agricultural green water scarcity
under climate change. PNAS Nexus 2023, 2 (4), No. pgad117.

https://doi.org/10.1021/acs.est.5c14489
Environ. Sci. Technol. 2025, 59, 25817—-25829


https://doi.org/10.5281/zenodo.17595109
https://doi.org/10.5281/zenodo.17595109
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lorenzo+Rosa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1280-9945
mailto:lrosa@carnegiescience.edu
mailto:lrosa@carnegiescience.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrea+Citrini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tom+Terlouw"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3744-9728
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefano+Mingolla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c14489?ref=pdf
https://doi.org/10.1088/1748-9326/aca815
https://doi.org/10.1088/1748-9326/aca815
https://doi.org/10.1038/s43016-023-00698-w
https://doi.org/10.1038/s43016-023-00698-w
https://doi.org/10.1038/s43016-023-00698-w
https://doi.org/10.1038/s43016-025-01125-y
https://doi.org/10.1038/s43016-025-01125-y
https://doi.org/10.1088/1748-9326/ab9388
https://doi.org/10.1088/1748-9326/ab9388
https://doi.org/10.1088/1748-9326/ab9388
https://doi.org/10.1038/s43017-024-00586-2
https://doi.org/10.1038/s43017-024-00586-2
https://www.iea.org/reports/ammonia-technology-roadmap
https://doi.org/10.1038/s41598-022-18773-w
https://doi.org/10.1038/s41598-022-18773-w
https://doi.org/10.1038/s41598-022-18773-w
https://doi.org/10.1038/ngeo608
https://doi.org/10.1038/ngeo608
https://doi.org/10.1073/pnas.1216006110
https://doi.org/10.1073/pnas.1216006110
https://doi.org/10.1073/pnas.1216006110
https://doi.org/10.1126/science.aan2409
https://doi.org/10.1126/science.aan2409
https://doi.org/10.1038/s43017-023-00472-3
https://doi.org/10.1038/s43017-023-00472-3
https://doi.org/10.1111/gcb.14499
https://doi.org/10.1111/gcb.14499
https://doi.org/10.1111/gcb.14499
https://doi.org/10.1073/pnas.2121998119
https://doi.org/10.1073/pnas.2121998119
https://doi.org/10.1073/pnas.2121998119
https://doi.org/10.1016/j.clpl.2023.100037
https://doi.org/10.1016/j.clpl.2023.100037
https://doi.org/10.1016/j.scitotenv.2024.172384
https://doi.org/10.1016/j.scitotenv.2024.172384
https://doi.org/10.3390/su17020385
https://doi.org/10.3390/su17020385
https://doi.org/10.3390/su17020385
https://doi.org/10.1038/s41467-024-51251-7
https://doi.org/10.1038/s41467-024-51251-7
https://doi.org/10.1038/s41467-024-51251-7
https://doi.org/10.1021/acssuschemeng.1c01915?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c01915?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.oneear.2023.05.006
https://doi.org/10.1016/j.oneear.2023.05.006
https://doi.org/10.1029/2017RG000591
https://doi.org/10.1093/biosci/biab088
https://doi.org/10.1093/biosci/biab088
https://doi.org/10.1093/pnasnexus/pgad117
https://doi.org/10.1093/pnasnexus/pgad117
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c14489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

(23) Rosa, L.; He, L. Global multi-model projections of green water
scarcity risks in rainfed agriculture under 1.5° C and 3° C warming.
Agric. Water Manage. 2025, 314, No. 109519.

(24) Rosa, L.; Rulli, M. C.; Davis, K. F.; Chiarelli, D. D.; Passera, C.;
D’Odorico, P. Closing the yield gap while ensuring water
sustainability. Environ. Res. Lett. 2018, 13 (10), No. 104002.

(25) Rosa, L.; Chiarelli, D. D,; Sangiorgio, M.; Beltran-Pefa, A. A,;
Rulli, M. C,; D’Odorico, P.; Fung, I. Potential for sustainable
irrigation expansion in a 3 C warmer climate. Proc. Natl. Acad. Sci.
U.S.A. 2020, 117 (47), 29526—29534.

(26) Citrini, A.; Sangiorgio, M.; Rosa, L. Global multi-model trends
of unsustainable irrigation under climate change scenarios. Environ.
Res. Lett. 2025, 20, No. 104011.

(27) van Vliet, M. T. H.; Wiberg, D.; Leduc, S.; Riahi, K. Power-
generation system vulnerability and adaptation to changes in climate
and water resources. Nat. Clim. Change 2016, 6, 375—380.

(28) van Vliet, M. T. H; Yearsley, J. R; Ludwig, F.; Végele, S.;
Lettenmaier, D. P.; Kabat, P. Vulnerability of US and European
electricity supply to climate change. Nat. Clim. Change 2012, 2 (9),
676—681.

(29) Miara, A.; Macknick, J. E.; Vérosmarty, C. J.; Tidwell, V. C.;
Newmark, R.; Fekete, B. Climate and water resource change impacts
and adaptation potential for US power supply. Nat. Clim. Change
2017, 7 (11), 793—798.

(30) Rosa, L.; Reimer, J. A; Went, M. S.; D’Odorico, P.
Hydrological limits to carbon capture and storage. Nat. Sustainability
2020, 3 (8), 658—666.

(31) Rosa, L.; Sanchez, D. L. Realmonte, G.; Baldocchi, D.;
D’Odorico, P. The water footprint of carbon capture and storage
technologies. Renewable Sustainable Energy Rev. 2021, 138,
No. 110511.

(32) Rosa, L; Rulli, M. C.; Davis, K. F.; D’Odorico, P. The water-
energy nexus of hydraulic fracturing: a global hydrologic analysis for
shale oil and gas extraction. Earth’s Future 2018, 6 (S), 745—756.

(33) Rosa, L.; Davis, K. F; Rulli M. C.; D’Odorico, P.
Environmental consequences of oil production from oil sands. Earth’s
Future 2017, S (2), 158—170.

(34) Tonelli, D.; Rosa, L.; Gabrielli, P.; Caldeira, K.; Parente, A.;
Contino, F. Global land and water limits to electrolytic hydrogen
production using wind and solar resources. Nat. Commun. 2023, 14
(1), No. 5532.

(35) Alexander, P.; Arneth, A.; Henry, R; Maire, J.; Rabin, S;
Rounsevell, M. D. High energy and fertilizer prices are more
damaging than food export curtailment from Ukraine and Russia for
food prices, health and the environment. Nat. Food 2023, 4 (1), 84—
9s.

(36) Ahvo, A.; Heino, M.; Sandstrom, V.; Chrisendo, D.; Jalava, M.;
Kummu, M. Agricultural input shocks affect crop yields more in the
high-yielding areas of the world. Nat. Food 2023, 4 (12), 1037—1046.

(37) Brunelle, T.; Dumas, P.; Souty, F.; Dorin, B; Nadaud, F.
Evaluating the impact of rising fertilizer prices on crop yields. Agric.
Econ. 2015, 46 (5), 653—666.

(38) Vos, R; Glauber, J.; Hebebrand, C.; Rice, B. Global shocks to
fertilizer markets: Impacts on prices, demand and farm profitability.
Food Policy 2025, 133, No. 102790.

(39) Hebebrand, C.; Debucquet, L. D. Joseph Glauber and David
Laborde Debucquet. Section One: A Conflict with Global Consequences,
Chapter 7, CGIAR, 202338-42 . High fertilizer prices contribute to
rising global food security concerns. In The Russia-Ukraine Conflict
and Global Food Security, eds.

(40) Bonilla-Cedrez, C.; Chamberlin, J.; Hijmans, R. J. Fertilizer and
grain prices constrain food production in sub-Saharan Africa. Nat.
Food 2021, 2 (10), 766—772.

(41) Chemical & Engineering News. Low-flowing Rhine shuts BASF
plant 2025 https://cen.acs.org/business/economy/Low-flowing-
Rhine-shuts-BASF/96/i48. Accessed: November 14, 2025.

(42) Scanlon, B. R; Duncan, I; Reedy, R. C. Drought and the
water—energy nexus in Texas. Environ. Res. Lett. 2013, 8 (4),
No. 045033.

(43) Bloomberg. China’s Curbs on Fertilizer Exports to Worsen
Global Price Shock 2021 https://www.bloomberg.com/news/
articles/2021-10-19/china-s-curbs-on-fertilizer-exports-to-worsen-
global-price-shock?embedded-checkout=true. Accessed: November
14, 2025.

(44) Hellweg, S.; Mila i Canals, L. Emerging approaches, challenges
and opportunities in life cycle assessment. Science 2014, 344 (6188),
1109—-1113.

(45) Wernet, G.; Bauer, C.; Steubing, B.; Reinhard, J.; Moreno-Ruiz,
E.; Weidema, B. The ecoinvent database version 3 (part I): overview
and methodology. Int. J. Life Cycle Assess. 2016, 21, 1218—1230.

(46) Ecoinvent. ecoinvent 3.10 2023 https://ecoinvent.org/
ecoinvent-v3-10/.

(47) Mutel, C. Brightway: an open source framework for life cycle
assessment. J. Open Source Software 2017, 2 (12), No. 236.

(48) Sacchi, R;; Terlouw, T.; Siala, K.; Dirnaichner, A.; Bauer, C.;
Cox, B.,; Mutel, C.; Daioglou, V.; Luderer, G. PRospective
EnvironMental Impact asSEment (premise): A streamlined approach
to producing databases for prospective life cycle assessment using
integrated assessment models. Renewable Sustainable Energy Rev.
2022, 160, No. 112311.

(49) Mutel, C. ReCiPe 2016 LCIA method for Brightway 2020
https://github.com/brightway-lca/bw_recipe_2016. Accessed: No-
vember 14, 2028S.

(50) Nguyen, T.; Moriarty, J.; Gentilini, G.; Dempsey, K.; Rogers, J.;
Kempys, M.; Charlesworth, K; Gorr, P. Department of Climate
Change, Energy, the Environment and Water Australian Hydrogen
Council Water for Hydrogen Technical Paper 2023 https://
h2council.com.au/wp-content/uploads/2023/02/221114-Arup-
Technical-paper-Water-for-Hydrogen-report-FINAL.pdf.

(51) Worldwide Overview of Ammonia Plants 2024 https://tools.
ureaknowhow.com/worldwide overview of ammonia_ plants. ac-
cessed 1 May.

(52) Map of Major Fertilizer Plants in EuropeFertilizers Europe
2018 https://www.fertilizerseurope.com/fertilizers-in-europe/map-of-
major-fertilizer-plants-in-europe/. Accessed: November 14, 2025.

(53) Simmonds, L. H, Market Model (2.0) (Saoradh Enterprise
Partners LLC, 2023).

(54) Pastor, A. V,; Ludwig, F.; Biemans, H.; Hoff, H.; Kabat, P.
Accounting for environmental flow requirements in global water
assessments. Hydrol. Earth Syst. Sci. 2014, 18, 5041—5059.

(55) Rosa, L.; Sangiorgio, M. Global water gaps under future
warming levels. Nat. Commun. 2025, 16 (1), No. 1192.

(56) Rosa, L Chiarelli D. D; Rulli M. C.; Dell’Angelo, J;
D’Odorico, P. Global agricultural economic water scarcity. Sci. Adv.
2020, 6 (18), No. eaaz6031.

(57) Kahn, M.; Sangiorgio, M.; Rosa, L. Potential of wastewater
reuse to alleviate water scarcity under future warming scenarios.
Environ. Res. Lett. 2025, 20 (3), No. 034012.

(58) Gosling, S. N.; Miiller Schmied, H.; Burek, P.; Grillakis, M.;
Guillaumot, L.; Hanasaki, N.; Kou-Giesbrecht, S.; Koutroulis, A.;
Otta, K; Satoh, Y.; Stacke, T.; Zhu, Q.; Schewe, J. ISIMIP3a
Simulation Data from the Global Water Sector. 2024
DOI: 10.48364/1SIMIP.398165.2.

(59) Riahi, K.; Van Vuuren, D. P.; Kriegler, E.; Edmonds, J.; O’neill,
B. C.; Fujimori, S.; Bauer, N.; Calvin, K.; Dellink, R.; Fricko, O.; Lutz,
W.; et al. The Shared Socioeconomic Pathways and their energy, land
use, and greenhouse gas emissions implications: An overview. Global
Environ. Change 2017, 42, 153—168.

(60) Hoekstra, A. Y.; Mekonnen, M. M. The water footprint of
humanity. Proc. Natl. Acad. Sci. U.S.A. 2012, 109 (9), 3232—3237.

(61) Huang, Z.; Hejazi, M,; Li, X;; Tang, Q.; Vernon, C.; Leng, G.;
Liu, Y,; Déll, P.; Eisner, S.; Gerten, D.; Hanasaki, N.; Wada, Y.
Reconstruction of global gridded monthly sectoral water withdrawals
for 19712010 and analysis of their spatiotemporal patterns. Hydrol.
Earth Syst. Sci. 2018, 22, 2117—-2133.

(62) Philibert, C. Producing Ammonia and Fertilizers: New
Opportunities from RenewablesIEA 2017 https://cdi.mecon.gob.ar/
bases/docelec/az3521.pdf. Accessed: November 14, 2025.

https://doi.org/10.1021/acs.est.5c14489
Environ. Sci. Technol. 2025, 59, 25817—-25829


https://doi.org/10.1016/j.agwat.2025.109519
https://doi.org/10.1016/j.agwat.2025.109519
https://doi.org/10.1088/1748-9326/aadeef
https://doi.org/10.1088/1748-9326/aadeef
https://doi.org/10.1073/pnas.2017796117
https://doi.org/10.1073/pnas.2017796117
https://doi.org/10.1088/1748-9326/adfcee
https://doi.org/10.1088/1748-9326/adfcee
https://doi.org/10.1038/nclimate2903
https://doi.org/10.1038/nclimate2903
https://doi.org/10.1038/nclimate2903
https://doi.org/10.1038/nclimate1546
https://doi.org/10.1038/nclimate1546
https://doi.org/10.1038/nclimate3417
https://doi.org/10.1038/nclimate3417
https://doi.org/10.1038/s41893-020-0532-7
https://doi.org/10.1016/j.rser.2020.110511
https://doi.org/10.1016/j.rser.2020.110511
https://doi.org/10.1002/2018EF000809
https://doi.org/10.1002/2018EF000809
https://doi.org/10.1002/2018EF000809
https://doi.org/10.1002/2016EF000484
https://doi.org/10.1038/s41467-023-41107-x
https://doi.org/10.1038/s41467-023-41107-x
https://doi.org/10.1038/s43016-022-00659-9
https://doi.org/10.1038/s43016-022-00659-9
https://doi.org/10.1038/s43016-022-00659-9
https://doi.org/10.1038/s43016-023-00873-z
https://doi.org/10.1038/s43016-023-00873-z
https://doi.org/10.1111/agec.12161
https://doi.org/10.1016/j.foodpol.2024.102790
https://doi.org/10.1016/j.foodpol.2024.102790
https://doi.org/10.1038/s43016-021-00370-1
https://doi.org/10.1038/s43016-021-00370-1
https://cen.acs.org/business/economy/Low-flowing-Rhine-shuts-BASF/96/i48.
https://cen.acs.org/business/economy/Low-flowing-Rhine-shuts-BASF/96/i48.
https://doi.org/10.1088/1748-9326/8/4/045033
https://doi.org/10.1088/1748-9326/8/4/045033
https://www.bloomberg.com/news/articles/2021-10-19/china-s-curbs-on-fertilizer-exports-to-worsen-global-price-shock?embedded-checkout=true.
https://www.bloomberg.com/news/articles/2021-10-19/china-s-curbs-on-fertilizer-exports-to-worsen-global-price-shock?embedded-checkout=true.
https://www.bloomberg.com/news/articles/2021-10-19/china-s-curbs-on-fertilizer-exports-to-worsen-global-price-shock?embedded-checkout=true.
https://doi.org/10.1126/science.1248361
https://doi.org/10.1126/science.1248361
https://doi.org/10.1007/s11367-016-1087-8
https://doi.org/10.1007/s11367-016-1087-8
https://ecoinvent.org/ecoinvent-v3-10/
https://ecoinvent.org/ecoinvent-v3-10/
https://doi.org/10.21105/joss.00236
https://doi.org/10.21105/joss.00236
https://doi.org/10.1016/j.rser.2022.112311
https://doi.org/10.1016/j.rser.2022.112311
https://doi.org/10.1016/j.rser.2022.112311
https://doi.org/10.1016/j.rser.2022.112311
https://github.com/brightway-lca/bw_recipe_2016
https://h2council.com.au/wp-content/uploads/2023/02/221114-Arup-Technical-paper-Water-for-Hydrogen-report-FINAL.pdf
https://h2council.com.au/wp-content/uploads/2023/02/221114-Arup-Technical-paper-Water-for-Hydrogen-report-FINAL.pdf
https://h2council.com.au/wp-content/uploads/2023/02/221114-Arup-Technical-paper-Water-for-Hydrogen-report-FINAL.pdf
https://tools.ureaknowhow.com/worldwide_overview_of_ammonia_plants
https://tools.ureaknowhow.com/worldwide_overview_of_ammonia_plants
https://www.fertilizerseurope.com/fertilizers-in-europe/map-of-major-fertilizer-plants-in-europe/.
https://www.fertilizerseurope.com/fertilizers-in-europe/map-of-major-fertilizer-plants-in-europe/.
https://doi.org/10.5194/hess-18-5041-2014
https://doi.org/10.5194/hess-18-5041-2014
https://doi.org/10.1038/s41467-025-56517-2
https://doi.org/10.1038/s41467-025-56517-2
https://doi.org/10.1126/sciadv.aaz6031
https://doi.org/10.1088/1748-9326/adb31d
https://doi.org/10.1088/1748-9326/adb31d
https://doi.org/10.48364/ISIMIP.398165.2
https://doi.org/10.48364/ISIMIP.398165.2
https://doi.org/10.48364/ISIMIP.398165.2?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.gloenvcha.2016.05.009
https://doi.org/10.1016/j.gloenvcha.2016.05.009
https://doi.org/10.1073/pnas.1109936109
https://doi.org/10.1073/pnas.1109936109
https://doi.org/10.5194/hess-22-2117-2018
https://doi.org/10.5194/hess-22-2117-2018
https://cdi.mecon.gob.ar/bases/docelec/az3521.pdf.
https://cdi.mecon.gob.ar/bases/docelec/az3521.pdf.
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c14489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

(63) U.S. Geological Survey Mineral Commodity Summaries 2023 Data
Release, National Minerals Information Center2023 DOI: 10.5066/
POWCYUI6.

(64) Schueler, Y.; Mingolla, S.; Boness, N. L.; Rosa, L. How are
decarbonization policies in the US and Canada shaping low-carbon
ammonia production strategies? Environ. Res. Lett. 2024, 19 (11),
No. 114064.

(65) Lassaletta, L.; Billen, G.; Grizzetti, B.; Anglade, J.; Garnier, J. SO
year trends in nitrogen use efficiency of world cropping systems: the
relationship between yield and nitrogen input to cropland. Environ.
Res. Lett. 2014, 9, No. 105011.

(66) Ritchie, H.; Reay, D. S.; Higgins, P. Beyond calories: a holistic
assessment of the global food system. Front. Sustainable Food Syst.
2018, 2, No. 57.

(67) Smil, V. Nitrogen and food production: proteins for human
diets. AMBIO: ]. Human Environ. 2002, 31 (2), 126—131.

(68) Mariotti, F.; Tomé, D.; Mirand, P. P. Converting nitrogen into
protein—beyond 6.25 and Jones’ factors 2008, 48 (2), 177—184.

(69) Food and Agriculture Organization of the United Nations.
2024 https://ourworldindata.org/grapher/daily-per-capita-protein-
supply. Accessed: November 14, 202S.

(70) World Bank. Trade by ProductWorld Integrated Trade
Solution 2022 https://wits.worldbank.org/WITS/WITS/
QuickQuery/ComtradeByProduct/ComtradeByProduct.aspx?Page=
COMTRADEByProduct. Accessed: November 14, 2025.

(71) The Observatory of Economic Complexity (OEC). 2025
https://oec.world/en/profile/hs/nitrogenous-fertilizers. Accessed:
November 14, 2025.

(72) Food and Agriculture Organization of the United Nations.
Fertilizers by Nutrient 2021 https://www.fao.org/faostat/en/#data/
RFN /visualize. Accessed: November 14, 2025.

(73) Vallino, E.; Ridolfi, L.; Laio, F. Measuring economic water
scarcity in agriculture: a cross-country empirical investigation. Environ.
Sci. Policy 2020, 114, 73—85.

(74) Rosa, L.; Chiarelli, D. D.; Tu, C.; Rulli, M. C.; D’Odorico, P.
Global unsustainable virtual water flows in agricultural trade. Environ.
Res. Lett. 2019, 14 (11), No. 114001.

(75) Dalin, C.; Wada, Y.; Kastner, T.; Puma, M. J. Groundwater
depletion embedded in international food trade. Nature 2017, 543
(7647), 700—704.

(76) D’Odorico, P.; Carr, J.; Dalin, C.; Dell’Angelo, J.; Konar, M.;
Laio, F.; Ridolfi, L.; Rosa, L.; Suweis, S.; Tamea, S.; Tuninetti, M.
Global virtual water trade and the hydrological cycle: patterns, drivers,
and socio-environmental impacts. Environ. Res. Lett. 2019, 14 (5),
No. 053001.

(77) Mekonnen, M. M.; Kebede, M. M.; Demeke, B. W.; Carr, J. A,;
Chapagain, A.; Dalin, C.; Debaere, P.; D’Odorico, P.; Marston, L.;
Ray, C.; Rosa, L.; Zhuo, L. Trends and environmental impacts of
virtual water trade. Nat. Rev. Earth Environ. 2024, S, 890—905.

(78) Vallino, E.; Ridolfi, L.; Laio, F. Trade of economically and
physically scarce virtual water in the global food network. Sci. Rep.
2021, 11 (1), No. 22806.

(79) Baronchelli, A.; Vallino, E.; Dalmazzone, S.; Ridolfi, L.; Laio, F.
Large agri-food corporations in the global staple and cash crops
markets: a quantitative analysis of rice and coffee through the virtual
water perspective. Environ. Res. Lett. 2024, 19 (7), No. 074070.

(80) De Petrillo, E.; Tuninetti, M.; Ridolfi, L.; Laio, F. International
corporations trading Brazilian soy are keystone actors for water
stewardship. Commun. Earth Environ. 2023, 4 (1), No. 87.

(81) Marconi, P.; Rosa, L. Global potential nitrogen recovery from
anaerobic digestion of agricultural residues. Environ. Res. Lett. 2024,
19 (5), No. 054050.

(82) Rosa, L; Gabrielli P. Achieving net-zero emissions in
agriculture: a review. Environ. Res. Lett. 2023, 18 (6), No. 063002.

(83) Gabrielli, P.; Goericke, H.; Rosa, L. Optimal combination of
net-zero pathways for minimum energy, land, and water consumption
in chemical production. Ind. Eng. Chem. Res. 2024, 63 (31), 13929—
13942.

25829

(84) Snapp, S.; Sapkota, T. B.; Chamberlin, J.; Cox, C. M.; Gameda,
S.; Jat, M. L.; Marenya, P.; Mottaleb, K. A;; Negra, C.; Senthilkumar,
K,; Sida, T. S.; et al. Spatially differentiated nitrogen supply is key in a
global food—fertilizer price crisis. Nat. Sustainability 2023, 6 (10),
1268-1278.

(85) Tonelli, D.; Rosa, L.; Gabrielli, P.; Parente, A.; Contino, F.
Cost-competitive decentralized ammonia fertilizer production can
increase food security. Nat. Food 2024, 5 (6), 469—479.

(86) D’Angelo, S. C.; Mart in, A. J; Cobo, S.; Ordéiez, D. F;
Guillén-Gosalbez, G.; Pérez-Ramirez, J. Environmental and economic
potential of decentralised electrocatalytic ammonia synthesis powered
by solar energy. Energy Environ. Sci. 2023, 16 (8), 3314—3330.

(87) Mingolla, S.; Rosa, L. Techno-economic feasibility of
centralized and decentralized ammonia production in the United
States. Renewable Sustainable Energy Rev.2026. 226116486. .

S BIOFINDER DISCO

BRIDGE
BIOLOGY AND
CHEMISTRY FOR
FASTER
ANSWERS

Analyze target relationships,
compound effects, and disease
pathways

»

Explore the platform

\J

\\

‘o (3 )

CAS

on of the
American Chemical I Society

https://doi.org/10.1021/acs.est.5c14489
Environ. Sci. Technol. 2025, 59, 25817—-25829


https://doi.org/10.5066/P9WCYUI6?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5066/P9WCYUI6?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1748-9326/ad858c
https://doi.org/10.1088/1748-9326/ad858c
https://doi.org/10.1088/1748-9326/ad858c
https://doi.org/10.1088/1748-9326/9/10/105011
https://doi.org/10.1088/1748-9326/9/10/105011
https://doi.org/10.1088/1748-9326/9/10/105011
https://doi.org/10.3389/fsufs.2018.00057
https://doi.org/10.3389/fsufs.2018.00057
https://doi.org/10.1579/0044-7447-31.2.126
https://doi.org/10.1579/0044-7447-31.2.126
https://ourworldindata.org/grapher/daily-per-capita-protein-supply.
https://ourworldindata.org/grapher/daily-per-capita-protein-supply.
https://wits.worldbank.org/WITS/WITS/QuickQuery/ComtradeByProduct/ComtradeByProduct.aspx?Page=COMTRADEByProduct
https://wits.worldbank.org/WITS/WITS/QuickQuery/ComtradeByProduct/ComtradeByProduct.aspx?Page=COMTRADEByProduct
https://wits.worldbank.org/WITS/WITS/QuickQuery/ComtradeByProduct/ComtradeByProduct.aspx?Page=COMTRADEByProduct
https://oec.world/en/profile/hs/nitrogenous-fertilizers.
https://www.fao.org/faostat/en/#data/RFN/visualize.
https://www.fao.org/faostat/en/#data/RFN/visualize.
https://doi.org/10.1016/j.envsci.2020.07.017
https://doi.org/10.1016/j.envsci.2020.07.017
https://doi.org/10.1088/1748-9326/ab4bfc
https://doi.org/10.1038/nature21403
https://doi.org/10.1038/nature21403
https://doi.org/10.1088/1748-9326/ab05f4
https://doi.org/10.1088/1748-9326/ab05f4
https://doi.org/10.1038/s43017-024-00605-2
https://doi.org/10.1038/s43017-024-00605-2
https://doi.org/10.1038/s41598-021-01514-w
https://doi.org/10.1038/s41598-021-01514-w
https://doi.org/10.1088/1748-9326/ad5a24
https://doi.org/10.1088/1748-9326/ad5a24
https://doi.org/10.1088/1748-9326/ad5a24
https://doi.org/10.1038/s43247-023-00742-4
https://doi.org/10.1038/s43247-023-00742-4
https://doi.org/10.1038/s43247-023-00742-4
https://doi.org/10.1088/1748-9326/ad428e
https://doi.org/10.1088/1748-9326/ad428e
https://doi.org/10.1088/1748-9326/acd5e8
https://doi.org/10.1088/1748-9326/acd5e8
https://doi.org/10.1021/acs.iecr.4c01649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.4c01649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.4c01649?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41893-023-01166-w
https://doi.org/10.1038/s41893-023-01166-w
https://doi.org/10.1038/s43016-024-00979-y
https://doi.org/10.1038/s43016-024-00979-y
https://doi.org/10.1039/D2EE02683J
https://doi.org/10.1039/D2EE02683J
https://doi.org/10.1039/D2EE02683J
https://doi.org/10.1016/j.rser.2025.116486
https://doi.org/10.1016/j.rser.2025.116486
https://doi.org/10.1016/j.rser.2025.116486
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c14489?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

