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Low-carbon ammonia production is essential 
for resilient and sustainable agriculture
 

Stefano Mingolla     & Lorenzo Rosa     

Ammonia-based synthetic nitrogen fertilizers (N fertilizers) are critical for 
global food security. However, their production, primarily dependent on 
fossil fuels, is energy- and carbon-intensive and vulnerable to supply chain 
disruptions, affecting 1.8 billion people reliant on either imported fertilizers 
or natural gas. Here we examine the global N-fertilizer supply chain and 
analyse context-specific trade-offs of low-carbon ammonia production 
pathways. Carbon capture and storage can reduce overall emissions by 
up to 70%, but still relies on natural gas. Electrolytic and biochemical 
processes minimize emissions but are 2–3 times more expensive and require 
100–300 times more land and water than the business-as-usual production. 
Decentralized production has the potential to reduce transportation 
costs, emissions, reliance on imports and price volatility, increasing 
agricultural productivity in the global south, but requires policy support. 
Interdisciplinary approaches are essential to understand these trade-offs 
and find resilient ways to feed a growing population while minimizing 
climate impacts.

Fertilizers are vital for supplying essential nutrients like nitrogen, phos-
phorus and potassium to support crop growth and feed the growing 
global population1. Among these nutrients, nitrogen (N) is the most 
widely consumed, with two primary sources, namely animal manure 
(33%) and ammonia-based synthetic nitrogen fertilizers (N-fertilizers; 
67%)2. Nitrogen, essential for producing fundamental molecules like 
proteins and nucleic acids, is predominantly found as inert dinitro-
gen (N2) in the atmosphere and is unusable by most organisms3. In 
nature, the conversion to reactive nitrogen can occur through bio-
logical nitrogen fixation, yet this rate is insufficient to sustain human 
needs4. Through the Haber–Bosch process, developed in the early 
twentieth century, dinitrogen is industrially converted to ammonia 
(NH3), a reactive form of nitrogen used in N-fertilizer production. This 
advancement substantially enhances global crop yields by supplement-
ing natural biological nitrogen fixation, thus playing a crucial role in 
agriculture and human nutrition3,5. Therefore, N fertilizers are crucial 
for food security, as they help to grow food that feeds nearly half of 
the world’s population6.

Global demand for N fertilizers is rising, driven by population 
growth and the need to boost agricultural productivity7. From 2000 to 
2021, as the world population grew by 25%8, N-fertilizer use increased 

by 30%9. Despite the potential of circular economy strategies, such as 
nitrogen recovery from anaerobic digestion of agricultural residues10, 
the demand for N fertilizers is forecast to rise annually, ranging between 
2.8% and 3.7%11. This increasing demand poses considerable challenges, 
as fertilizer overuse leads to global pollution by ammonia, nitrate and 
nitrous oxide, harming the climate, ecosystems and human health12. In 
2020, global ammonia production reached 183 million metric tonnes 
(Mt NH3; ref. 13), with 70% of this amount used in agriculture11 (Fig. 1). 
Additionally, interest in ammonia is expanding beyond agriculture due 
to its potential as a carbon-free hydrogen carrier and renewable fuel14. 
This could boost demand in sectors like shipping and power generation, 
projecting up to 600 Mt NH3 yr−1 by 2050 across various applications11,13.

The production and use of N fertilizers contribute substantially 
to global greenhouse gas (GHG) emissions (Fig. 1). In 2020, ammonia 
production alone accounted for 450–500 Mt of carbon dioxide equiva-
lent (CO2e; 1.3% of the global total)2,11 and around 2% of the world’s total 
final energy consumption (8.6 exajoules per year)11. When including 
use-phase emissions (~660 Mt CO2e), such as nitrous oxide from the 
application of N fertilizers, and fertilizer transportation (~30 Mt CO2e), 
the total reaches 1,100–1,300 Mt CO2e yr−1 (ref. 2). A comprehensive 
cradle-to-grave lifecycle analysis, which includes the production, 
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emission analyses have explored decarbonization pathways for ammo-
nia production6,16,22,23, there is a lack of holistic research exploring the 
feasibility of such transition and its implication for agricultural pro-
duction and food security. This study bridges this gap by providing a 
comprehensive analysis of the global N-fertilizer industry. We create a 
dataset of current demand and supply dynamics, identifying produc-
ers and highlighting importers, exporters and major trading routes, 
thereby quantifying the vulnerabilities of the industry and discussing 
the implications for the global food supply chain. We then discuss 
how low-carbon ammonia production pathways can revolutionize 
the N-fertilizer industry. We discuss both large-scale centralized and 
small-scale decentralized production strategies and examine various 
low-carbon ammonia production pathways, such as continued use of 
fossil fuels coupled with carbon capture and storage (CCS), water elec-
trolysis powered by low-carbon electricity, and biochemical processes 
utilizing biomass, in enhancing agricultural resilience and mitigat-
ing emissions. Additionally, we assess trade-offs among costs, GHG 
emissions, supply chain complexity, fossil fuel dependency and the 
water–energy–land nexus, presenting these factors in a comprehensive 
metric. As the world addresses the dual challenges of feeding a growing 
population and mitigating climate change, this study provides a valu-
able resource for researchers, policymakers and industry stakeholders 
dedicated to resolving these complex issues.

Ammonia production is energy- and 
carbon-intensive
Producing ammonia is highly energy-intensive, with ammonia plants 
requiring 7.7–10.1 kWh per kilogram of ammonia produced24, equiv-
alent to the daily electricity consumption of the average European 
household. The substantial energy requirement is primarily due to 
the hydrogen production process, which accounts for 90–95% of the 
total energy consumed by an ammonia plant24. Hydrogen is then com-
bined with nitrogen at high pressure and temperature in the Haber–
Bosch synthesis process to make ammonia. Globally, about 99% of 
hydrogen used in ammonia synthesis is derived from fossil fuels, with 
70% obtained through steam methane reforming of natural gas, 26% 
through coal gasification, 3% from electricity and 1% from oil in 2021 

transportation and application of N fertilizers, along with the utiliza-
tion of the resulting biomass in livestock feed, human food and biofuel 
production, expands this figure to 7,400 Mt CO2e yr−1—41% of the food 
system emissions15. Achieving net-zero GHG emissions by mid-century 
will require changes in agriculture16, including mitigating emissions 
in the production of fertilizers through the adoption of low-carbon 
alternatives, and in the usage phase by adopting N-fertilizer manage-
ment technologies and alternative cultivation methods16,17. While the 
use-phase is a major source of agricultural pollution, this analysis 
focuses on the production of N fertilizers due to its dual implications 
for emissions and food security.

N fertilizers are a globally traded commodity with intricate and 
interconnected supply chains and trade routes. In 2021, 46% of the 
nitrogen used worldwide, amounting to 49 Mt of N (ref. 9), was traded, 
for a total value of US$39 billion (ref. 18; note that all values in US$ refer 
to the year of the reference unless otherwise specified). Therefore, 
the global trade of N fertilizers plays a crucial role in the world food 
supply chain6,19. Understanding the main exporters, importers and 
trading routes is essential for assessing the potential risks and vulner-
abilities associated with fertilizer trade, and for assessing food security 
implications globally17,20. The trade of fertilizers faces challenges due 
to their reliance on fossil fuels and complex market dynamics. Supply 
shocks, rising costs of fossil feedstocks and geopolitical instability 
can all undermine food security19,20. High ammonia prices propagate 
along the fertilizer supply chain, leading to record-high costs of N 
fertilizers19, pushing farmers to reduced usage, decreasing crop yields 
and increasing food prices19. This feedback loop particularly affects 
low-income countries, where fertilizer affordability is critical to food 
security19. Smallholder farmers in these regions, crucial to local food 
production, are severely impacted, leading to reduced food availability 
in areas already vulnerable to food insecurity21.

Transitioning to sustainable and resilient agricultural systems 
requires a deep understanding of the N-fertilizer industry, particularly 
the production of ammonia. This involves exploring the trade-offs 
among alternative production pathways, the intricate supply chain 
dynamics, and the dual imperatives of ensuring food security and 
achieving decarbonization. Although several techno-economic 
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Fig. 1 | Global annual mass flow of N fertilizers. Sankey diagram showing the 
global mass flow of N fertilizers, tracing the pathway from energy feedstocks 
to nitrogen usage in agricultural and industrial settings with values expressed 
in Mt N yr−1. Other industrial applications include mainly textiles, refrigeration, 
explosives and pharmaceuticals13. After production, 97% of ammonia for 
agricultural use (~125 Mt yr−1) undergoes further processing to create N fertilizers, 
which are safer and easier to transport and apply in agriculture44. Urea (CO(NH2)2) 

is the largest final usage form of N fertilizers, accounting for 50.6% (54 Mt N) of 
the total synthetic nitrogen content applied in agriculture. Urea is widely used 
owing to its high nitrogen content (46% by weight) and its ease of transportation, 
storage and handling79. Data for 2021 N-fertilizer consumption are sourced 
from ref. 44, and total ammonia usage from ref. 13. NPK: nitrogen, phosphorus, 
potassium.
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(Fig. 1)21. The Haber–Bosch process alone utilizes 3–5% of the world’s 
total natural gas production25. Renewable-based water electrolysis still 
accounts for a mere 0.1% of the total, despite a 20-fold growth between 
2020 and 202326. Coal-based ammonia production is concentrated in 
China due to the country’s abundant coal resources and limited natural 
gas reserves11. In 2019, coal accounted for 85% of domestic ammonia 
production in China11.

Producing ammonia is not only energy-intensive but also 
carbon-intensive. The global average direct GHG emissions from 
ammonia production are 2.6–2.9 t CO2 (t NH3)−1, while even the most 
efficient steam methane reforming-based plants emit around 1.6–1.8 
t CO2 (t NH3)−1 (ref. 11). The process is even more carbon-intensive 
when ammonia is produced using coal, emitting approximately  
3.2–4.5 t CO2 (t NH3)−1 (refs. 13,21,24). Further upstream and midstream 
emissions occur in the production, processing and transport of the 
fossil-based feedstock, such as natural gas leaks27. On average glob-
ally, these indirect emissions amount to about 0.5 t CO2e (t NH3)−1 
produced using natural gas, and 0.3 t CO2e (t NH3)−1 for coal, but can 
vary widely based on operational practices and emission reduction  
strategies27.

Geographic distribution of N-fertilizer supply and 
demand
N-fertilizer usage varies across the globe (Fig. 2a and Supplementary 
Fig. 1), driven by factors such as crop type, soil properties, climate 
conditions and agricultural practices28. Regions with intensive agricul-
tural systems, like China, apply higher rates of N fertilizers to maximize 
yields29. However, beyond varying usage patterns, a critical issue is the 
accessibility and affordability of fertilizers, especially in regions with 
limited production capacity11,30.

While some countries produce enough ammonia to meet domes-
tic demand, many others are heavily reliant on imports. Globally, there 
are 407 ammonia production plants, but only 61 countries host these 
facilities, leaving the rest dependent on imports and vulnerable to 
supply chain disruptions, price volatility and geopolitical risks (Fig. 2). 
Ammonia plants are mainly located in the global north, highlight-
ing a noticeable shortage of production capacity in the global south 
(Fig. 2b). This imbalance exacerbates the challenges of securing afford-
able fertilizers in these regions. China is the world’s largest ammonia 
producer, accounting for 28% (58 Mt NH3 yr−1) of global production 
capacity, followed by the United States (9%) and India (8%), collectively 
representing 45% of global capacity (Supplementary Fig. 2). These 
top ammonia producers also correspond to the largest consumers 
of N fertilizers. In 2021, China represented 20% (21 Mt N yr−1) of global 
N-fertilizer demand, followed by India (18%) and the United States 
(11%; Extended Data Fig. 1).

Brazil, the fourth largest N-fertilizer consumer (6% of the total), 
stands out due to its insufficient domestic production capacity, mak-
ing it a major importer (Extended Data Fig. 1 and Supplementary 
Text 1). In 2021, Brazil imported 6.7 Mt of N fertilizers (14% of global 
imports), predominantly from Russia (Fig. 2c). Russia, the fourth larg-
est ammonia producer (Supplementary Fig. 2), was the world’s lead-
ing exporter of N fertilizers in 2021, supplying 7.2 Mt N (16% of global  
exports).

Countries can be categorized as net importers or exporters based on 
their N-fertilizer trade balance (Fig. 2c and Extended Data Fig. 2). North, 
Central and South America, Western Europe, Australia, sub-Saharan 
Africa and India are predominantly net importers, while Russia, the Mid-
dle East, North Africa and some European countries (notably Belgium, 
The Netherlands and Belarus) are net exporters. This reliance on imports 
increases the vulnerability of many regions to supply chain shocks, price 
volatility and geopolitical risks, particularly in countries without local  
production capacity.

Global trade and food security implications
To quantify the exposure of a country’s N-fertilizer supply chain 
to external vulnerabilities, we calculated the ‘N-fertilizer supply 
chain vulnerability index’ as 1 minus the ratio of a country-specific 
N-fertilizer production capacity to its agricultural usage (Fig. 3).  
A higher value indicates greater vulnerability, as it reflects a higher 
dependency on external sources to meet agricultural demand. If a 
country produces more N fertilizers than it uses, the index is set to 0,  
implying no vulnerability (see Methods section ‘N-fertilizer supply 
chain vulnerability index’). This index offers a measure of how well 
a country can meet its own agricultural fertilizer needs without rely-
ing on external sources. The vulnerability index provides a more 
comprehensive understanding of country-specific food security 
than the trade balance alone. For example, the United States is a net 
importer of N fertilizers (Fig. 2c) but has a low vulnerability index 
(scoring 0 on a scale from 0 to 1) due to its production capacity 
exceeding internal demand (Fig. 3a). This allows the United States 
to focus on satisfying domestic needs when necessary. This capacity 
largely depends on domestically sourced natural gas, meaning the 
index remains low (0.05) even when considering natural gas imports 
(Fig. 3b). Conversely, Germany, despite being a net exporter of N fer-
tilizers and initially having a vulnerability index of 0 due to sufficient 
production capacity (Fig. 3a), shifts to a vulnerability index of 1 when 
dependency on imported natural gas is taken into account (Fig. 3b). 
This is because a substantial portion of its N-fertilizer production is 
reliant on natural gas imports, making its food supply chain more 
susceptible to external shocks. An example is the energy crisis after 
the Russian invasion of Ukraine. In 2022, European ammonia produc-
tion capacity was reduced by 32% compared with the previous year, 
with half of the industrial curtailments in the region affecting the 
ammonia sector21,27.

Figure 3c shows the number of people fed per year by N fertilizers. 
This is calculated by multiplying N-fertilizer use by country-specific 
nitrogen use efficiency and farm-to-fork nitrogen yield, then dividing 
by the annual protein intake adjusted for the nitrogen content in food, 
based on the methodology described by ref. 6 (Methods). Globally, of 
the 3.9 billion people who rely on N fertilizers for food production,  
1.2 billion are dependent on imported fertilizers (Fig. 3c). This number 
increases to 1.8 billion when considering those who use fertilizers 
produced locally from imported natural gas (Fig. 3c). This highlights 
the global dependence on imported N fertilizers, emphasizing the 
vulnerability of 1.8 billion people to fluctuations in external supplies 
(Fig. 3c). Most of sub-Saharan Africa and Central and South America 
have a high vulnerability score.

Fig. 2 | Global ammonia supply and demand of N fertilizers. a, Geographic 
distribution of N-fertilizer demand (t N km−2 yr−1; see Supplementary Fig. 1 for 
N-fertilizer distribution). b, Global ammonia production plants represented 
by red dots, with dot size proportional to plant capacity (kt NH3 yr−1; see 
Supplementary Fig. 3 for distribution of ammonia plant capacity). c, Map 
depicting countries or districts classified based on their N-fertilizer trade balance 
(import − export) in 2021. Countries are categorized as strong net exporters  
(net exports exceeding 300 kt N yr−1), net exporters (net exports between  
0 and 300 kt N yr−1), net importers (net imports between 0 and 300 kt N yr−1)  
and strong net importers (net imports surpassing 300 kt N yr−1). The top 30 trade 

flows by monetary value (in US$) for 2021 are represented by blue arrows. Data 
for N-fertilizer demand is sourced from ref. 48. Data on N-fertilizer trade volumes 
per country in 2021 are from the FAO9. Trade flows by monetary value for 2021 are 
sourced from World Bank data18, which provide annual trade partner information 
based on monetary value. Owing to substantial reductions in global trade and 
N-fertilizer usage (see the trend from 2015 to 2022 in Supplementary Fig. 4), only 
2021 data were used for consistency with other datasets. Maps were generated 
using the open-source Python library Cartopy (https://scitools.org.uk/cartopy/
docs/latest/) with geographic boundary data from Natural Earth (https://www.
naturalearthdata.com/).
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Fig. 3 | N-fertilizer supply chain vulnerability index. a, Country-specific 
vulnerability index calculated based on country-specific N-fertilizer production 
capacity and agricultural usage, without considering natural gas imports.  
b, Vulnerability index with the inclusion of natural gas imports, subtracting 
the proportion of fertilizer production that depends on imported natural gas, 
illustrating an increased vulnerability and highlighting the substantial impact 
of natural gas on the N-fertilizer supply chain. c, Million people fed per year by N 

fertilizers. We also estimate the number of people fed by imported N fertilizers, 
with and without considering the impact of imported natural gas, to illustrate 
the importance of both fertilizer imports and the underlying energy supply in 
maintaining food security. Maps were generated using the open-source Python 
library Cartopy (https://scitools.org.uk/cartopy/docs/latest/) with geographic 
boundary data from Natural Earth (https://www.naturalearthdata.com/).
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Trade-offs between low-carbon ammonia 
pathways
There is a growing push towards alternative ammonia production path-
ways that can mitigate environmental impacts and enhance the resil-
ience of the ammonia industry. Achieving low-carbon ammonia hinges 
on decarbonizing hydrogen production, which accounts for more 
than 90% of the energy demand and emissions in ammonia plants11. 
Three technologically mature options are available for large-scale 
centralized ammonia production: (1) fossil-based production with CCS; 
(2) biochemical processes; and (3) electrolytic processes powered by 
low-carbon electricity14,16.

Each low-carbon ammonia production pathway presents dis-
tinct trade-offs. To better illustrate these differences, we developed a 
multidimensional trade-off analysis (Fig. 4 and Extended Data Fig. 3), 
comparing each alternative pathway to the business-as-usual (BAU) 
unabated natural gas production. Our analysis evaluates key factors, 
such as production costs, GHG emissions, supply chain complexity, 
fossil fuel dependency, and water and land use (see Methods section 
‘Quantifying trade-offs in ammonia production pathways’ and Sup-
plementary Text 2).

Upgrading ammonia plants with CCS is cost-effective (201–512 US$ 
(t NH3)−1, ~50% higher than BAU), especially with low natural gas prices23, 
and generally uses less water (4.2–13.4 m3 (t NH3)−1), land (4.6–27.6 m2  
(t NH3)−1) and energy (0.3 MWhe (t NH3)−1) compared with other 
low-carbon pathways (Fig. 4). However, it does not fully eliminate 
GHG emissions due to residual emissions and upstream emissions 
from natural gas extraction (0.6–0.7 t CO2e (t NH3)−1, ~70% less than 
BAU). Additionally, this pathway also remains dependent on fossil 
fuels, subjecting the food supply chain to potential supply shocks and 
price volatility (Fig. 4)6. The requirement for suitable CO2 storage sites 

poses a geographical limitation, as not all areas have appropriate suit-
able geological formations for permanent CO2 storage31. Establishing 
a carbon transportation and storage network can be complex, costly 
and may increase lifecycle emissions, depending on the specific trans-
portation methods and regional conditions32.

Biochemical processes for ammonia production can elimi-
nate dependency on fossil fuels and have the potential for negative 
emissions when coupled with CCS33. Sustainably sourced biomass 
absorbs biogenic CO2 during growth, and capturing and permanently  
storing the CO2 released during processing can lead to a net decrease 
in atmospheric CO2 levels34. However, the infrastructure for biomass 
handling—encompassing collection, transportation and storage—is 
costly35. Preprocessing biomass to improve its energy density and 
handling characteristics further adds to expenses and complexity36. 
Securing a consistent supply of sustainably sourced biomass at a low 
price is crucial, as biomass contributes up to 80% of the total costs23. 
While this pathway can be cost-competitive (215–1,086 US$ (t NH3)−1), 
it depends heavily on the ability to ensure a reliable and affordable 
biomass supply. Large-scale ammonia production demands substan-
tial quantities (1.3–2.7 t biomass (t NH3)−1)23,33. Utilizing food crops for 
bioenergy can compete with food production for humans, exacerbat-
ing food insecurity, hence the focus on non-food biomass sources like 
agricultural and forestry residues37. However, the extensive land area 
(637–2,894 m2 (t NH3)−1) and water (248–4,727 m3 (t NH3)−1) required for 
growing sufficient biomass for large-scale production—1 and 3 orders 
of magnitude greater than that for electrolysis—poses challenges in 
regions facing water and land scarcity38 (Fig. 4).

Water electrolysis can eliminate dependency on natural gas 
imports, reducing N-fertilizer supply chain vulnerabilities, and substan-
tially decrease GHG emissions when powered by low-carbon electricity 
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Fig. 4 | Trade-off analysis of low-carbon ammonia production pathways. 
Comparison of various ammonia production methods across seven critical 
dimensions, namely supply chain complexity, cost (US$ (t NH3)−1), electricity 
usage (MWh (t NH3)−1), water consumption (m3 (t NH3)−1), fossil fuel dependency, 
GHG emissions (t CO2e (t NH3)−1) and land use (m2 (t NH3)−1). All impacts are 
relative comparisons among the production pathways assessed. a, BAU—
unabated natural gas production. b, Natural gas with CCS. c, Renewable-based 
electrolytic production—ammonia production using water electrolysis powered 
by renewable energy. We have used solar energy as a reference in the figure; 
see Extended Data Fig. 3 for results for wind energy. d, Biochemical process 
with CCS—biomass-based ammonia production. e, Small-scale decentralized 
renewable-based electrolytic production—smaller-scale production using 

solar energy, situated closer to demand points to minimize transportation. 
Pathways 1–4, shown in a–d, respectively, represent ‘centralized’ strategies 
relying on centralized production and extensive distribution networks. Pathway 
5, shown in e, represents a ‘decentralized’ strategy, emphasizing supply-side 
proximity to demand points and smaller-scale operations. The figure illustrates 
the reference case for each pathway; the detailed quantitative range of values 
and sensitivity analyses are included in Supplementary Text 2 and are shown in 
Extended Data Fig. 3. For visualization, we normalized all quantitative metrics by 
scaling each value relative to the maximum observed across all pathways, setting 
the maximum value to 1. This approach allows for direct comparison across 
pathways. Impacts were categorized as low (≤0.33, green), moderate 
 (>0.33 to ≤0.66, yellow) or high (>0.66, orange).
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sources (65–81% less than BAU; Fig. 4)22. However, this pathway is highly 
energy-intensive (8.6–13.1 MWhe (t NH3)−1) and requires gigawatt-scale 
installations for effective operation22. The feasibility of such setups 
largely depends on local low-carbon energy availability, which also 
influences production costs22,39. Typically, the costs of electrolytic 
ammonia are 2–3 times higher than those of fossil-based production 
(337–1,218 US$ (t NH3)−1), particularly with off-grid renewable-based 
systems21,22. Additionally, the land required for solar and wind energy 
installations can be 20–100 times larger than that needed for CCS 
(72–3,223 m2 (t NH3)−1), especially in regions with suboptimal solar and 
wind resources6,22,30 (Fig. 4). These high demands for land and energy 
pose considerable challenges, especially in regions with resource 
constraints, and risks of exacerbation of land scarcity30,39.

Small-scale decentralized electrolytic plants are emerging as an 
alternative solution to large-scale production, aiming to reduce trans-
portation costs and shorten the supply–demand distance. By being 
located closer to the demand side, these plants can reduce supply chain 
complexity compared with centralized, large-scale pathways. While 
the technology used in decentralized plants is like that of large-scale 
electrolytic plants, decentralized systems often face higher per-unit 
costs (532–1,894 US$ (t NH3)−1) due to limited economies of scale and the 
requirement for more expensive control systems40 (Fig. 4 and Methods 
section ‘Quantifying trade-offs in ammonia production pathways’). 
A potential solution is to develop modular, small-scale electrolytic 
ammonia plants that are scalable and adaptable to local conditions 
and low-carbon energy availability. Modularization facilitates flexible 
capacity expansion and achieves economies of scale in component 
manufacturing, narrowing the cost gap with large-scale plants. Further 
research is required to fully understand the cost reductions associated 
with this approach. Additionally, small plants offer greater operational 
flexibility, integrating more effectively with intermittent renewable 
energy sources and reducing overcapacities and costs41.

Discussion
Currently, N fertilizers, predominantly produced from natural gas in 
large-scale plants, are carbon-intensive. Approximately 50% of these 
fertilizers are globally traded, creating a complex and costly logistics 
network (Fig. 2c). With more than 40% of exports dominated by just 
four countries, including major producers like Russia, China, Qatar 
and Saudi Arabia, 1.2 billion people depend on imported fertilizers—a 
figure that rises to 1.8 billion when considering fertilizers derived from 
imported natural gas (Fig. 3c). This heavy reliance on trade exposes 
populations, particularly in the global south, to supply chain shocks 
and food insecurity. Addressing both decarbonization and food 
security hinges on targeting ammonia production, a vital precursor  
to N fertilizers.

Evaluating alternative production pathways is essential, as each 
method has distinct advantages and challenges. CCS can reduce emis-
sions but remains reliant on natural gas. Electrolytic and biochemi-
cal processes can minimize direct emissions but often come with 
higher costs and resource demands, potentially exacerbating land 
and water scarcity. Additionally, all centralized production pathways 
depend on complex supply chains to distribute fertilizers to farmers, 
particularly for regions far from production facilities or with limited 
local capacity. These supply chains incur additional costs, including 
freight, insurance, tariffs, storage, logistics and profit margins, which 
can substantially increase fertilizer prices41. For instance, in Uganda, 
the retail price of urea can be double the production cost due to these 
cumulative expenses (Supplementary Text 3). The high capital invest-
ment required for large-scale plants, often in the billions of dollars21, 
poses considerable financial risks for low-income countries with lim-
ited access to capital and high borrowing rates21,40. These challenges, 
combined with fertilizer price volatility, contribute to the low adoption 
of fertilizers in certain regions, further exacerbating food insecurity 
and inequality42.

In response, decentralized small-scale ammonia production plants 
are emerging as a complementary strategy (Fig. 4e)43. By shifting pro-
duction closer to demand centres and utilizing local renewable energy 
sources, decentralized production can reduce transportation costs, 
emissions and price volatility. Producing ammonia on-demand near 
farms can enhance fertilizer availability and offer price stability by 
reducing exposure to fossil fuel price fluctuations43. Although decen-
tralized plants often face higher per-unit production costs due to a 
lack of economies of scale and the need for more expensive control 
systems40 (Supplementary Text 2), they require lower upfront capital 
investments, lowering financial barriers and investment risks.

Decentralized production is particularly promising in regions 
heavily reliant on imports, distant from production facilities or where 
high-risk profiles make large-scale projects difficult21. Areas with high 
transportation and distribution costs, such as parts of sub-Saharan 
Africa42 where the cost of production can be half the price paid by farm-
ers, or regions like Minnesota in the United States, where long-distance 
transportation inflates fertilizer costs41, are prime candidates for 
decentralized production. According to early projections, decentral-
ized production could become competitive in such regions by 203043.

However, challenges remain regarding how fertilizers will be dis-
tributed to farmers. A key issue in decentralized ammonia production 
is handling and applying gaseous ammonia, which requires specialized 
storage and infrastructure due to its gaseous state at ambient condi-
tions. Currently, only 3% of nitrogen fertilizers are directly applied as 
ammonia44, while the majority are applied in derivative forms such as 
urea or ammonium nitrate (Fig. 1). Practical difficulties with on-site 
ammonia storage may arise, but solutions include converting ammonia 
into liquid form through pressurization or refrigeration, or processing 
it into solid fertilizers, which are easier to handle, store and apply44. 
While these options address handling challenges, they introduce addi-
tional complexities and costs at the farm level.

For example, urea production requires carbon dioxide and 
high-temperature, high-pressure reactors, while ammonium nitrate 
production involves the catalytic oxidation of ammonia to synthe-
size nitric acid2. If decentralized plants produce ammonia on-site but 
transport it to factories for further processing into urea or ammonium 
nitrate, the additional transportation step—absent in the current cen-
tralized model—would increase, rather than reduce, supply chain 
complexity. To address this, startups are developing small-scale plants 
that produce ammonia and offer equipment for its direct use. Others 
are focusing on systems that produce aqua ammonia, a solution of 
ammonia dissolved in water, which is less volatile, easier to handle, and 
safer to store and apply than anhydrous ammonia. While these solu-
tions show promise, it remains unclear which technology will prevail 
as the most efficient and practical.

In addition, new complexities may arise from upstream supply 
chains for key components such as photovoltaic panels, air separation 
units and electrolysers. These components, particularly in emerging 
technologies like proton exchange membrane electrolysers, rely on 
specialized materials, including rare-earth elements45. This depend-
ence can expose countries to new vulnerabilities, particularly in secur-
ing supply chains for these critical materials. Market barriers, such 
as establishing new supply chains for electrolysers and meeting the 
increasing demand for rare-earth elements, must also be addressed. 
Furthermore, large-scale deployment of low-carbon energy technolo-
gies introduces challenges related to resource extraction and disposal. 
Thus, while decentralized production can reduce supply chain com-
plexity by aligning production with demand (Fig. 4), it introduces new 
logistical challenges that warrant further investigation.

While decarbonizing ammonia production is promising for reduc-
ing emissions and enhancing agricultural resilience, its impact on 
nitrogen usage and environmental nitrogen loss remains uncertain12. 
Decentralized production could reshape not only the manufacturing 
but also the formulation, delivery and usage of fertilizers, affecting 
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GHG emissions along the supply chain12. For instance, closer align-
ment of supply and demand could reduce transportation emissions. 
However, the overall effect on nitrogen inputs for crop production is 
unclear. Distributed systems may optimize fertilizer application timing 
and reduce inefficiencies, but could also increase nitrogen inputs in 
regions with poor infrastructure, potentially promoting more intensive 
agriculture12. This shift could benefit areas aiming to enhance food 
security and reduce emissions from land conversion, but the broader 
implications require careful consideration.

We primarily focused on comparing production costs, but future 
research should extend beyond this to consider the entire supply 
chain (see Methods section ‘Caveats’). This should include calculating 
transportation distances between exporters and importers, evaluating 
transportation routes and means of transport, assessing the forms in 
which fertilizers are imported and transported (for example, ammonia 
or derivatives), and assessing internal distribution networks using 
high-resolution geospatial data.

Policy interventions will be critical for the affordable deployment 
and scaling of low-carbon fertilizers27. Of the 352 low-carbon mitiga-
tion projects announced since 2020, only 6 are operational, and 36 
are at the final investment decision or construction stage46 (~10 Mt 
NH3 yr−1 production capacity), partly due to a lack of cohesive policies 
and regulations. Most low-carbon production pathways currently 
carry a ‘green premium’, posing challenges for low-income countries. 
Achieving cost competitiveness will probably require both economies 
of scale and targeted policy support47. Policies can bridge this gap by 
providing funding, incentives for low-carbon alternatives, support 
for pilot projects and fostering public–private partnerships to spur 
innovation22,23. For example, the US Inflation Reduction Act offers 
production tax credits for low-carbon hydrogen under sections 45V 
(for renewable-powered electrolytic hydrogen) and 45Q (for CCS)23. 
Initiatives such as the Hydrogen Hubs in the United States and the 
Hydrogen Bank in Europe are also promoting the growth of low-carbon 
ammonia projects worldwide22.

However, barriers to policy implementation, particularly in 
low-income regions, could hinder progress. These include limited 
financial resources, institutional capacity constraints and competing 
priorities such as short-term food security. For instance, subsidies for 
imported fossil-based fertilizers are often necessary to address imme-
diate food needs, but redirecting these incentives towards low-carbon 
local production—while beneficial for long-term food security—may risk 
short-term disruptions. Additionally, limited access to international 
climate finance or delays in its disbursement further hinder adoption. 
Overcoming these challenges will require tailored policies that balance 
short-term needs with long-term goals, aligning low-carbon fertilizer 
strategies with broader socio-economic development priorities.

Our study suggests a potential shift in the N-fertilizer industry 
from large-scale to small-scale ammonia production. However, further 
research is necessary to optimize global supply chains and assess the 
feasibility of this transition. Key considerations include minimizing 
costs, environmental impacts and resource footprints while ensur-
ing supply security. The restructuring will depend on resource avail-
ability, fertilizer demand, economic interests, policies and existing 
technologies. Future research should evaluate low-carbon ammonia 
technologies, their benefits, and unintended social and environmental 
consequences, particularly regarding nitrous oxide emissions, water, 
energy and land use. A holistic approach to sustainable agriculture 
is needed, integrating technological, economic, environmental and 
social factors to support a decarbonized, affordable and secure global 
food system.

Methods
Global mass flow of N fertilizers
We collected data on the worldwide consumption of N fertilizers by 
product from the International Fertilizer Association44, which reported 

that 106.3 Mt N were used in agriculture in 2021. This amount is equiva-
lent to 129.2 Mt NH3, given that ammonia is composed of 82% N by 
mass. We cross-checked these figures with the data from the Food and 
Agriculture Organization (FAO)9, which reported a slightly higher usage 
of 108.7 Mt N globally in 2021, indicating a 2% difference. Considering 
the latest global production data, which showed a total of 183 Mt NH3 
produced in 202013, approximately 70% of ammonia was therefore 
dedicated to agriculture. This percentage is lower than the 80–85% 
range reported by the International Renewable Energy Agency13, but 
it aligns with the 70% reported by the IEA11. Finally, to calculate the 
required feedstock for ammonia production, we multiplied the annual 
production13 expressed in Mt N by the global percentages of each 
feedstock used21. This provides an estimate of the amount of synthetic 
nitrogen produced from different sources. Nitrogen losses during han-
dling, treatment and transport are not included, as the data represent 
nutrients delivered to end-users44.

N-fertilizer demand in t N km−2 yr−1 is sourced from a spatially 
explicit (5 arcmin resolution, ~10 km at the Equator) database48 that 
provides detailed geospatial information on nitrogen usage by crop 
and fertilizer type for the year 2020. This dataset is considered the most 
comprehensive and up-to-date for N-fertilizer use30 and represents 
a total ammonia demand of 120 Mt, approximately 90% of the total 
ammonia demand recorded by the FAO9 for the same year. The median 
nitrogen demand is 0.3 t N km−2, while the average is 1.7 t N km−2, indicat-
ing the presence of outliers with high demand (Supplementary Fig. 1).

Mapping ammonia plants worldwide
For the location of ammonia plants, we collected data, including the 
locations and production capacities in kt NH3 yr−1, from UreaKno-
wHow49, a specialized industry source. We supplemented this with 
information from Fertilizer Europe50 and a proprietary dataset of North 
American plants51. To ensure location accuracy, we cross-checked and 
verified each plant’s coordinates via visual inspection using satellite 
images from Google Maps, collecting latitude and longitude data. Some 
plants have multiple production units; we aggregated the data by plant 
name and location, resulting in a dataset of 407 ammonia plants glob-
ally with a total nominal installed capacity of 209 Mt NH3 yr−1 (Fig. 2b). 
Considering that an ammonia production plant has a capacity factor of 
86–90%52,53, we calculated a production of 180–188 Mt NH3 yr−1, aligning 
with global production estimates.

The average capacity of ammonia plants is 519 kt NH3 yr−1, with 90% 
of the plants ranging from 91 kt NH3 to 1,200 kt NH3 (Supplementary 
Fig. 3). Some larger complexes have capacities reaching up to 4,335 kt 
NH3. Ammonia production facilities have lifespans of up to 50 years, 
with an average lifetime of 25 years globally11. This varies regionally, 
with European plants averaging 40 years and Chinese ones 12 years11. 
Given their longevity, the existing plants are committed to producing 
up to 15.5 Gt CO2 over their remaining lifetimes, if not decarbonized27.

Our dataset aligns with the IEA11, which reported that China pro-
duced 53.5 Mt NH3 in 2019. As 21 Mt N yr−1 (~26 Mt NH3) are used for domes-
tic fertilizer production, and 7 Mt N yr−1 (~8.5 Mt NH3) are dedicated to 
exports, around 40% of the ammonia produced in China is used for 
non-agricultural purposed, like plastics, textiles, refrigeration, explo-
sives and pharmaceuticals13,54. This aligns with China’s vast industrial 
capacities, where ammonia serves as a critical input for several sectors55.

N-fertilizer supply chain vulnerability index
Various indices have been developed to evaluate food supply chain 
vulnerabilities, integrating climatic events, socio-economic factors 
and import–export trade dynamics20,56,57. These studies highlight the 
importance of considering the entire food system, connecting food 
production to consumption and nutrition, to better understand how 
to enhance food system resilience20,56,57.

Incorporating trade into assessments of supply chain vulnerabili-
ties has been a common approach, not only in food research but also 
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in other agricultural contexts58. For example, research has examined 
the depletion of rivers, lakes, aquifers and environmental flows due to 
unsustainable water consumption driven by global food production. 
These studies reveal that approximately 15% of unsustainable water use 
for irrigation is embedded in international food trade, underscoring 
the interconnected nature of global agricultural systems and their 
associated vulnerabilities58.

However, there is a noticeable gap in studying the specific vulner-
abilities associated with N-fertilizer supply chains. Recent disruptions—
such as elevated energy and fertilizer prices—have shown that these 
factors can have severe, long-lasting effects on food security, often 
more detrimental than disruptions in food exports19,59 (see historical 
trend in N-fertilizer production and trade in Supplementary Fig. 4, 
correlation between the price of natural gas and ammonia in Europe 
and the United States in Supplementary Fig. 5, and change in the world 
market of ammonia between 2021 and 2022 in Supplementary Fig. 6). 
This underscores the urgent need to assess and understand the vulner-
abilities within N-fertilizer supply chains, particularly when consider-
ing alternative production pathways and geopolitical dependencies.

In response to this gap, we developed the N-fertilizer sup-
ply chain vulnerability index (Vi). This is calculated by computing 
country-specific N-fertilizer production capacity (Pi) to its agricultural 
usage (Ui), both measured in terms of Mt N yr−1 (based on 2021 data, the 
most recent available from the FAO9). For countries where production 
capacity exceeds usage, the vulnerability index is set to 0, as they can 
fully meet internal demand.

Vi = 1 − Pi
Ui

(1)

We then adjusted it by considering the reliance on imported natu-
ral gas (VN,i), subtracting the proportion of fertilizer production that 
depends on imported natural gas (ri)

60 (equation (2)). This proportion 
is calculated based on the ratio of imported natural gas to the total 
natural gas, following the methodology described by ref. 6. We focused 
on dependence on imported natural gas when defining the N-fertilizer 
supply chain vulnerability index because coal-based ammonia produc-
tion is primarily concentrated in China, which has a vast domestic coal 
supply61. Consequently, coal imports do not substantially impact most 
countries’ vulnerability to feedstock supply shocks.

VN,i = 1 − Pi (1 − ri)
Ui

(2)

The index can also be expressed in terms of people fed by N fertiliz-
ers (Fi)

6, based on country-specific N-use efficiency ηi (ref. 62), annual 
protein intake Ii (ref. 9), N content of proteins ρ (18%)63 and farm-to-fork 
N yield γ (42.5%)64,65 (equation (3) and Fig. 4c). It is important to note 
that Fi is based on production potential and includes both the local 
population and those in other countries who benefit from exported 
surplus.

Fi =
Uiηiγ
Iiρ

(3)

The estimated number of people fed by imported N fertilizers (FN,i) 
is calculated using equation (4). The term Ui − Pi represents the deficit 
in local production, indicating the amount that needs to be imported 
to meet the agricultural demand.

FN,i =
Ui − Pi
Iiρ

ηiγ (4)

We then calculated the number of people fed by imported N fer-
tilizers when accounting for embedded natural gas imports (F′N,i).

F′N,i =
Ui − Pi (1 − ri)

Iiρ
ηiγ (5)

Quantifying trade-offs in ammonia production pathways
Figure 4 compares the supply chain complexity, fossil fuel dependency, 
costs, electricity use, water use and GHG emissions, for the following 
five ammonia production pathways: (1) BAU unabated natural gas pro-
duction (Fig. 4a); (2) natural gas production coupled with CCS (Fig. 4b); 
(3) water electrolysis hydrogen production powered by renewable 
energy (either solar or wind in this analysis; Fig. 4c); (4) biochemical 
processes using biomass (Fig. 4d); and (5) small-scale decentralized 
electrolysis powered by solar energy (Fig. 4e; schematic representation 
in Supplementary Fig. 7 and detailed description in Supplementary 
Text 4).

Supply chain complexity and fossil fuel dependency were treated 
as binary variables. We define supply chain complexity in terms of the 
distribution of N fertilizers from production sites to end-users. Cen-
tralized production is associated with high supply chain complexity, 
whereas decentralized production—where plants could theoretically 
be co-located with demand sites, as proposed by several companies and 
startups41,66—exhibits lower complexity. Pathways involving large-scale 
centralized production (pathways 1–4) were assigned a value of 1 (com-
plex supply chain) due to the requirement of extensive fertilizer distri-
bution networks. In contrast, the decentralized small-scale production 
pathway (pathway 5) was assigned a value of 0 (no supply chain com-
plexity), as fertilizers are produced locally, eliminating the need for 
long-distance transportation.

Fossil fuel dependency was assigned a value of 1 for pathways 
reliant on natural gas feedstocks—namely, the BAU (1) and CCS (2) 
pathways—and 0 for pathways utilizing renewable energy sources 
or biomass (3–5). This binary classification highlights the pathways’ 
reliance on non-renewable resources and associated exposure to fossil 
fuel market fluctuations.

For each pathway, we calculated the levelized cost of ammonia 
(LCOA) in US$ (t NH3)−1 considering capital expenditures (CapEx), 
operating expenditures (OpEx) and fuel costs over the plant’s lifetime 
(equation (6)). Pathway-specific calculations are detailed in Supple-
mentary Text 2.

LCOAj =
∑L
l=1∑k∈Kj

(CapExl,k +OpExl,k + FuelCostl,k)

∑L
l=1∑

T
t=1 DNH3,t

(6)

where L is the plant’s lifetime in years (30 years); Kj is the set of all tech-
nologies and fuels associated with pathway j; CapExl,k is the annualized 
capital expenditure for technology k in year l; OpExl,k is the operating 
expenditure for technology k in year l; FuelCostl,k is the annual fuel cost 
for technology k in year l; DNH3,t is the amount of ammonia produced 
in hour t; and T is the total number of operating hours per year (~90% 
or 8,000 h yr−1). Specific equations and parameter values for each 
pathway, including details on the calculation of CapEx and OpEx, are 
provided in Supplementary Text 2.

For pathways 1–4, we assumed a production capacity (DNH3,t) of 
1,000 t NH3 d−1, representative of traditional large-scale ammonia 
plants11,67,68. For the decentralized pathway (5), we assumed a smaller 
capacity of 4 t NH3 d−1, aligning with sizes currently being explored by 
emerging technologies and startups in the sector69. Owing to limited 
publicly available data on small-scale ammonia plants, we estimated 
costs for pathway 5 by scaling the costs of key components—such as 
renewable energy installations, electrolysers, Haber–Bosch synthesis 
units and air separation units—from large-scale plants using size–cost 
correlations from existing literature (Supplementary Text 2). This 
conservative approach assumes similar per-unit costs and may overes-
timate costs if modular design and manufacturing efficiencies reduce 
expenses in small-scale applications70. Future research should explore 
cost reductions achievable through modularization and economies of 
scale. For electrolytic pathways (3 and 5), we accounted for variations 
in solar and wind capacity factors globally to determine the required 
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installed capacities of renewable energy systems (Supplementary 
Text 2). We included hydrogen and battery storage systems to balance 
intermittent renewable generation and ensure continuous ammonia 
production. While detailed hourly optimization models would provide 
more precise cost estimates, our simplified approach yields results 
consistent with existing studies and is suitable for comparative analysis 
(see section ‘Caveats’).

Analysing electricity consumption is critical, as high energy 
demand can strain local grids and necessitate infrastructure 
upgrades71. We sourced electricity consumption figures from 
the IEA11, and for small-scale decentralized electrolysis we com-
pared our assumptions with technical specifications provided by  
manufacturers69.

We calculated water and land use by multiplying the net energy 
required to produce one tonne of ammonia by the water and land 
use per unit of electricity generated from each energy source (see 
Supplementary Text 2 for details). For natural gas pathways (1 and 2),  
we considered the water and land use associated with natural gas 
extraction and processing. For electrolysis pathways (3 and 5), we 
included the water and land use for solar and wind energy generation. 
For the biomass pathway (4), we calculated water and land require-
ments based on the amount of biomass needed to produce one tonne 
of ammonia. Land use calculations accounted for the full lifecycle of 
energy production, with the physical footprint of the ammonia plant 
itself representing a negligible fraction (<0.001%) of the total land use. 
Water consumption included both process water (for example, for 
steam methane reforming and electrolysis) and lifecycle blue water 
used in fuel production.

Our emissions analysis focused on cradle-to-gate lifecycle emis-
sions from ammonia production. This includes not only direct emis-
sions but also upstream and midstream emissions, such as those from 
the production, processing and transportation of fossil-based feed-
stock (for example, natural gas leaks in fossil-based production). Addi-
tionally, for the electrolytic pathway, we account for emissions from 
equipment manufacturing, construction, operations, maintenance and 
plant decommissioning for renewable installations. Further details are 
provided in Supplementary Text 2.

For visualization purposes in Fig. 4, we normalized all quantitative 
metrics (LCOA, electricity use, water use, land use and GHG emissions) 
by scaling each value from 0 to the maximum value observed across 
pathways, with the maximum set to 1, facilitating direct comparison 
across pathways. We categorized impacts as low (≤0.33), moderate 
(>0.33 to ≤0.66) or high (>0.66). All underlying data, including both 
normalized and absolute results and all input parameters, are described 
in Supplementary Text 2.

It is important to acknowledge that this analysis is simplified; 
however, it offers a coherent comparison of decarbonization pathways 
by applying a consistent methodology across all cases. Furthermore, 
all cost parameters were standardized to 2024 US$ to ensure compa-
rability of input data. For a more detailed assessment, a plant-specific 
evaluation would be necessary, considering local resource availability 
and context-specific cost factors.

Caveats
Ammonia pricing mechanisms are complex due to the absence of a 
unified global market; prices are determined by regional spot mar-
kets using indices such as free on board (FOB)—the price at the point 
of shipment—and cost and freight (CFR)—which includes freight 
charges to the destination port. For example, in September 2024, 
the FOB price in the Middle East for unabated natural gas-based 
ammonia was around 400 US$ (t NH3)−1, while the CFR price in Europe 
was approximately 580 US$ (t NH3)−1 (ref. 72). Ammonia produced 
with CCS and electrolytic ammonia were more expensive, with the 
latter exceeding 900 US$ (t NH3)−1 delivered to Europe from the  
US Gulf Coast72.

Ammonia production costs are largely dependent on the energy 
inputs required for hydrogen production—such as natural gas, coal or 
renewable energy sources (Supplementary Text 2). This dependence 
leads to substantial geographical and temporal variations in ammonia 
production costs, resulting in large fluctuations and market volatility. 
For instance, over the past decade, global ammonia prices have ranged 
from as low as 170 US$ (t NH3)−1 in Latin America in 2020 to as high as 
1,350 US$ (t NH3)−1 in Europe in late 202273.

Our cost estimates align with those from other studies. Accord-
ing to the IEA, natural gas-based ammonia production typically costs 
between 250 and 450 US$ (t NH3)−1, increasing to 300–550 US$ (t NH3)−1 
when incorporating CCS74,75. Electrolytic production costs vary widely, 
from 250 to 1,500 US$ (t NH3)−1, depending on electricity prices and 
location22,75. Similar values have been reported in other studies76,77. 
For decentralized production, fewer studies are available; however, 
our estimates are consistent with projections for the 2030 scenario43. 
Further research is needed, particularly for low-carbon alternatives, 
which have limited real-world data due to minimal current production 
levels and the influence of incentives and production tax credits that 
can drastically affect investment decisions23.

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

Data availability
The dataset supporting the findings of this study and supplementary 
data files providing input data for Supplementary Figs. 1–7, ensuring 
the replicability of all analyses and visualizations presented in the 
study, are publicly available via Zenodo at https://doi.org/10.5281/
zenodo.14633501 (ref. 78). Additional data supporting the findings 
of this study are available within the article and its Supplementary 
Information. All input data are open access. Source data are provided 
with this paper.
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Extended Data Fig. 1 | Global production, consumption, and trade of 
N-fertilizers. (a) Treemap graph showing the top 20 countries by ammonia-
based nitrogen fertilizers (N-fertilizers) agricultural use and their percentage 
contribution to the global total. (b) Treemap graph displaying the top  
20 countries by N-fertilizers production and their percentage contribution to 
the global total. (c), (d) Treemap graphs displaying the top 20 countries based 
on their share of global N-fertilizers import and export, respectively. Values 

expressed in million metric tonnes of nitrogen (Mt N) per year. The discrepancy 
between N-fertilizer demand and production arises because FAO does not 
account for stockpiles, leading to higher reported production than agricultural 
usage. Additionally, production figures include non-agricultural uses, such as 
urban gardens, golf courses, and similar applications. All subplots are based on 
FAO9 data updated through 2021, representing the latest complete dataset.

http://www.nature.com/natfood


Nature Food

Analysis https://doi.org/10.1038/s43016-025-01125-y

Extended Data Fig. 2 | Global trade of N-fertilizers. (a) Countries are defined 
as moderate exporters if the ratio of ammonia-based nitrogen fertilizers 
(N-fertilizers) exports to production is less than 50%, and major exporters if the 
ratio exceeds 50%. Similarly, countries are classified as moderate importers if 
the ratio of imports to agricultural usage is under 50%, and major importers if 
the ratio is over 50%. (b) Chord diagram illustrating the top 50 trading flows of 
N-fertilizers by value in US$ in 202118. The largest are China-India (US$ 1.5 billion); 

Russia-Brazil; Oman-India; Russia-USA. (c) Exporting countries ranked by total 
export value (in US$ billions) for 2021, highlighting the top 25 exporters. Trade 
flows by monetary value for 2021 are sourced from World Bank data18. Maps were 
generated using the open-source Python library Cartopy (https://scitools.org.
uk/cartopy/docs/latest/) with geographic boundary data from Natural Earth 
(https://www.naturalearthdata.com/).
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Extended Data Fig. 3 | Trade-offs between different ammonia production 
pathways across key dimensions. This figure presents the comparative trade-off 
analysis of six ammonia production pathways: (i) Natural gas (Business as Usual 
or BAU), (i) natural gas with carbon capture and storage (CCS), (iii) biochemical 
process with CCS, (iv) wind-powered electrolysis, (v) solar-powered electrolysis, 
and (vi) small-scale decentralized renewable-based electrolysis. The metrics 
considered are: (a) Levelized Cost of Ammonia in US$ per metric tonne of 

ammonia (US$ per t NH3), (b) electricity use in MWh per t NH3, (c) water use in m3 
per t NH3), (d) greenhouse gas (GHG) emissions in t CO2e per t NH3, and (e) land 
use in m2 per t NH3. For each metric, the bars represent the range of uncertainty 
(low to high values), while the black circles indicate the reference scenario value. 
The results demonstrate substantial variability between pathways, particularly in 
cost, electricity use, water use, and land use.
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection We did not use any specific software for data collection.

Data analysis We used Python 3.11.5 for data analysis and visualization, and OriginLab 2023b for visualization.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

Data supporting the findings of this study are available within the article and its Supplementary Information files. All input data are publicly available and open 
access. 
Ammonia-based nitrogen fertilizers used in agriculture in 2021 are sourced from the International Fertilizer Association (IFA) (https://www.ifastat.org/databases/
plant-nutrition). 
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Geographic distribution of nitrogen usage per crop and type of fertilizer globally at pixel level (5 arcminute resolution or 10 km at the Equator) for the year 2020 
from Adalibieke et al. (2023) (https://www.nature.com/articles/s41597-023-02526-z). 
 
N-fertilizer importers, exporters, demand, and production for the year 2021 on a country basis from the Food and Agriculture Organization (FAO) (https://
www.fao.org/faostat/en/#data/RFN/visualize). 
 
N-fertilizers trading flow in monetary value for 2021 from the World Bank (https://wits.worldbank.org/WITS/WITS/Restricted/Login.aspx). 
 
Ammonia plant location and capacity globally from UreaKnowHow (https://tools.ureaknowhow.com/worldwide_overview_of_ammonia_plants), Fertilizers Europe 
(https://www.fertilizerseurope.com/fertilizers-in-europe/map-of-major-fertilizer-plants-in-europe/), and Saoradh Enterprise Partners LLC.

Human research participants
Policy information about studies involving human research participants and Sex and Gender in Research. 

Reporting on sex and gender n/a

Population characteristics n/a

Recruitment n/a

Ethics oversight n/a

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description This study examines the global nitrogen fertilizer (N-fertilizer) supply chain, focusing on the role of low-carbon ammonia in enhancing 
agricultural resilience and sustainability. Using data from several sources including the Food and Agriculture Organization, the World 
Bank, and the International Energy Agency, we highlight demand and supply dynamics, major trading routes, and identify net 
importers and exporters of N-fertilizer. We also provide novel data on ammonia plant locations and production capacities to present 
the geographic distribution of fertilizer supply. To assess a country's food supply chain vulnerabilities, we calculate the "food supply 
chain vulnerability index" based on N-fertilizer production capacity and agricultural usage and quantify the number of people fed by 
N-fertilizer, whether imported or locally produced from imported natural gas. Finally, we explore the potential of low-carbon 
ammonia to reduce emissions and improve food security. We compare centralized large-scale and decentralized small-scale 
production strategies, analyzing their costs, carbon emissions, supply chain complexity, fossil fuel dependency, and impacts on the 
water-energy-land nexus. Our findings suggest that there is no universal solution; rather, different production pathways offer 
context-specific trade-offs.

Research sample This study focuses on the global nitrogen fertilizer supply chain and includes the most recent data on N-fertilizer production, 
demand, import, and export from different sources, as well as novel data on ammonia production plants globally.

Sampling strategy Sampling strategy is not relevant to our study.

Data collection All data are sourced from government websites, published peer-reviewed papers, and publicly available datasets.

Timing and spatial scale Spatial Scale: Global scale, with spatial resolution depending on the data source: nitrogen demand at pixel level at 5 arcminute 
resolution (approximately 10 km at the Equator); N-fertilizer demand, production capacity, import, and export at the country level; 
ammonia production at the plant level. 
 
Temporal Scale: Analysis conducted based on the most recent data available from FAO (2021).

Data exclusions No data was excluded.

Reproducibility All the data presented in the main manuscript and supplementary information, as well as the data used for plotting figures and 
tables, are available in the supplementary Excel file to ensure the reproducibility of all our results.
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Randomization Randomization is not relevant to our study.

Blinding Blinding is not relevant to our study.

Did the study involve field work? Yes No

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging
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