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Optimal design of decentralized ammonia
production via electric Haber–Bosch systems

Lorenzo Rosa * and Davide Tonelli

Ammonia production, central to global food and energy systems, is highly centralized and fossil-depen-

dent, consuming ∼5% of global natural gas and creating supply chain risks due to long-distance transport.

Decentralized, electrified Haber–Bosch systems offer a resilient alternative that can diversify supply and

reduce emissions. This study develops an optimization model to assess the techno-economic feasibility

of decentralized ammonia production across six representative locations (Brazil, India, China, the United

States, Italy, and Ethiopia). We evaluate three configurations: autonomous (renewables only), grid-con-

nected, and hybrid systems, under 2025 and 2045 cost scenarios. In 2025, decentralized systems remain

uncompetitive, with levelized costs of ammonia often exceeding global market prices by more than 500

USD per tonnes in regions with low renewables potential. By 2045, declining renewables and electrolyzer

costs narrow the premium: cost-effectiveness is achieved in the United States and Ethiopia, while China,

Brazil, and India approach competitiveness with premiums of 175–435 USD per tonnes. Cost drivers vary

by design: capital costs and financing conditions dominate autonomous systems, and electricity prices

shape grid-connected plants. We show that coupling of intermittent renewables production, buffer

capacities, operational flexibility of electrified Haber–Bosch reactors, and flexibility in ammonia demand

are key to determining the cost of ammonia supply. High-pressure reactors and the thermal inertia of

Haber–Bosch reactors can limit rapid ramping under variable renewable power, highlighting a core green

chemistry challenge: current catalytic and reactor designs are poorly matched to fluctuating, low-carbon

energy inputs, thus requiring high buffer capacities or a flexible demand. Sensitivity analyses indicate that

higher conversion efficiency, lower specific energy use, and reduced dependence on hydrogen and

battery storage or oversized renewable capacity are decisive for cost-competitiveness. These system-level

results translate into quantitative design targets for green chemistry, indicating that catalysts, electrolyzers,

and synthesis pathways that maintain high efficiency under dynamic and part-load operation are essential

for sustainable nitrogen fixation. Overall, reductions in system-level cost and energy demand, and

enhancements in operational flexibility and part-load operation are necessary to enable next-generation

ammonia reactors that embody the principles of energy efficiency, waste minimization, and decentralized,

safer chemical manufacturing to reach competitiveness for industrial-scale deployment.

Green foundation
1. We develop and solve in relevant global geographies an optimization model to quantify the techno-economic trade-offs of electrified, decentralized
ammonia production, comparing autonomous, grid-connected, and hybrid system designs. Results determine the optimal design of small-scale ammonia
production via electric Haber–Bosch systems.
2. We identify the key challenges of electricity-driven Haber–Bosch systems: high energy demand, limited efficiency on a small scale, and strong impact of
intermittent renewables production. We show that these constraints currently limit cost-effectiveness.
3. Because renewables-powered ammonia systems rely on technologies that perform reliably under variable electricity supply, chemists can meaningfully
advance green ammonia production by developing synthesis pathways and electrolyzer designs that tolerate dynamic operation and maintain high efficiency
at partial loads. Cost-effective systems require innovations that reduce the need for renewable oversizing as well as battery and hydrogen storage.

1. Introduction

Ammonia is emerging as a critical molecule at the interface of
food and energy systems.1 Historically, ammonia-based fertili-
zers have been indispensable to global agriculture, supporting
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nearly half of the world’s population by enabling high-yield
farming.2 In 2020, global ammonia production reached
183 million metric tonnes (Mt NH3), with about 70% used for
fertilizers and the remainder consumed in industrial sectors
such as textiles, explosives, pharmaceuticals, and plastics.3

Global ammonia demand is projected to keep growing, fueled
by population expansion, changing diets, and rising
incomes.4,5 Beyond its agricultural role, ammonia is increas-
ingly recognized as a strategic energy vector, serving as both a
carbon-free hydrogen carrier and a renewable fuel.6–9 Meeting
this dual demand for food and energy will require transforma-
tive changes in production pathways, supply chains, and
resource allocation to ensure both climate compatibility and
global energy security.10

Ammonia is synthesized almost exclusively through the
Haber–Bosch process, an energy- and carbon-intensive techno-
logy over a century old.11 Producing one kilogram of ammonia
requires 7.7–10.1 kWh, with 90% of this demand tied to hydro-
gen generation.12 Today, hydrogen for ammonia is overwhel-
mingly fossil-based: 70% from natural gas, 26% from coal, and
1% from oil, with just 0.1% from renewable electrolysis.13 This
dependence makes ammonia responsible for ∼450–500 Mt
CO2e annually (≈1.3% of global emissions) and 3–5% of global
natural gas use.14,15 Carbon intensity varies widely by feed-
stock: natural gas-based plants emit 1.6–1.8 t CO2 per t NH3,
while coal-based routes emit 3.2–4.5 t CO2 per t NH3, excluding
upstream methane leakage.16 Beyond production, fertilizer
application adds ∼660 Mt CO2e each year, largely as nitrous
oxide (N2O), nearly 300 times more potent than CO2, while
transport adds another ∼30 Mt CO2e.

14,15 Altogether, fertilizers
contribute 1100–1300 Mt CO2e annually, underscoring that
although decarbonizing production is urgent for energy and
food security, tackling use-phase N2O emissions remains the
greater long-term challenge.17,18

Globally, ammonia production is concentrated in 406 large-
scale facilities, reinforcing a centralized model that maximizes
economies of scale but increases reliance on fossil feedstocks,
long-distance transport, and globalized markets.3 Nearly half
of fertilizers are traded internationally, meaning that 1.8
billion people depend directly on imports or imported natural
gas for fertilizer supply.2 This dependence exposes vulnerable
regions, particularly in the Global South, to risks from energy
price volatility, supply disruptions, and geopolitical shocks.3

Transportation and distribution add both costs and emissions,
while locking farmers into dependence on centralized supply
chains.3,19

Decarbonizing fertilizer production is therefore urgent, but
no single pathway is without trade-offs.20 Carbon capture and
storage (CCS) can reduce process emissions by 70%, yet it
entrenches fossil dependence and requires costly
infrastructure.2,21 Biomass-based ammonia synthesis offers
low-carbon potential but is constrained by resource availability
and competing land uses.22–25 Electrifying ammonia pro-
duction through renewable hydrogen and electrically driven
Haber–Bosch systems presents a promising pathway toward
near-zero emissions.21,26,27 On a large scale, this approach can

replace existing fossil-based facilities, but it requires multi-
gigawatt renewable energy infrastructure, significant land and
water resources, and substantial upfront capital, often in the
order of billions of dollars.28,29 These constraints raise feasi-
bility and siting challenges, particularly in regions with
limited renewables potential or competing demands for land
and water.21,30 The emissions benefits also depend strongly on
the power source; if the electricity grid is not fully decarbo-
nized, life-cycle emissions can rival or even exceed those of
fossil-based ammonia.31,32 For this reason, centralized
ammonia projects must be evaluated through location-specific
assessments that balance production capacity with local
resource availability.21,33

In parallel, decentralized, small-scale electrolytic ammonia
plants are emerging as a complementary model.26,27 These
modular systems can operate closer to end-users, reducing
reliance on long-distance transport and buffering agricultural
regions against supply chain disruptions.3,34 By lowering
capital intensity and scaling down production to the regional
or even farm level, decentralized plants could broaden access
to low-carbon fertilizers and enhance both energy and food
security.3,34

A growing body of research has explored the feasibility of
decentralized ammonia production from both techno-econ-
omic and environmental perspectives. Early comparative
studies benchmarked renewables-driven production processes
against conventional centralized supply chains, highlighting
cost and emissions trade-offs.35,36 Subsequent work assessed
decentralized solar-based plants in India, demonstrating that
local renewable resources could enable viable small-scale
systems under specific energy supply scenarios.37

Decentralized electrocatalytic ammonia production powered
by solar energy has also been shown to hold significant
environmental advantages, although cost competitiveness
remains a challenge.34,38 Comparative assessments of small-
scale electrochemical and plasma-based synthesis pathways
further confirmed the technical promise of distributed pro-
duction, while underscoring efficiency and cost barriers.39

Parallel studies have evaluated renewable ammonia production
under varying wind and solar resource potentials40 and pro-
posed its use as an energy storage medium for islanded
systems.41

This study investigates the optimal design of decentralized
ammonia fertilizer production via electric Haber–Bosch
systems, focusing on techno-economic trade-offs across system
configurations, cost trajectories, and renewable resource avail-
ability. From a green chemistry standpoint, ammonia syn-
thesis represents one of the most energy- and carbon-intensive
chemical transformations in modern society, making it a criti-
cal target for redesign under the principles of energy
efficiency, safer chemical production, and reduced environ-
mental impact. By quantifying the conditions under which
decentralized systems can complement centralized production,
this work contributes to identifying viable decarbonization
pathways that reduce emissions, enhance fertilizer accessibil-
ity, and improve resilience in agricultural systems while
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enabling cleaner, modular chemical manufacturing powered
by renewable electricity. Specifically, we conduct a techno-
economic pre-feasibility assessment of small-scale Haber–
Bosch technologies for on-site fertilizer production, estimating
the levelized cost of ammonia (LCOA) under different techno-
logy and energy supply configurations. Production costs are
shaped by capital and operating expenditures, catalytic and
reactor performance, process design, and the integration of
renewable or grid-based electricity supply.

The analysis is carried out for six representative global
locations (Brazil, India, China, the United States, Italy, and
Ethiopia) chosen to reflect diverse agricultural and energy con-
texts. Brazil is the world’s largest soybean producer and heavily
dependent on imported fertilizers;3 India is among the largest
fertilizer consumers, with rapidly growing demand;3 China
dominates global ammonia production, yet much of its
capacity relies on coal;3 the United States combines high ferti-
lizer demand with direct ammonia use and established infra-
structure;16 Italy represents European conditions with aging
ammonia facilities and strong decarbonization policies;28 and
Ethiopia highlights fertilizer access and food security chal-
lenges in Sub-Saharan Africa.3 Together, these cases capture
the interplay between agricultural demand, investment risk,
and renewable energy profiles across different regions, illus-
trating how local energy and resource constraints shape the
feasibility of green chemical manufacturing.

The novelty of this study lies in systematically quantifying
techno-economic trade-offs across six diverse global regions
while explicitly comparing autonomous, grid-connected, and
hybrid configurations. We develop a detailed optimization
model with hourly resolution, which enables a realistic repre-
sentation of the dynamics between renewable energy supply
and ammonia demand. Our approach explicitly captures tem-
poral variability in electricity generation and system operation,
which is central to assessing whether current catalysts, reac-
tors, and electrolyzers can function efficiently under fluctuat-
ing, low-carbon power. A further contribution is the identifi-
cation of optimal storage capacities, including battery and
hydrogen storage, and the analysis of how their sizing shifts
across diverse local renewable resource conditions and grid
contexts, thereby quantifying the material and energy penalties
imposed by today’s inflexible chemical technologies. Finally,
the study advances the literature by systematically quantifying
the influence of key techno-economic parameters on the leve-
lized cost of ammonia through a local sensitivity analysis,
translating system-level outcomes into performance targets for
green chemistry innovations, providing insights into which
variables most critically determine system performance and
cost-competitiveness.

Quantifying the cost of decentralized ammonia production
relative to conventional fossil-based production helps identify
the conditions under which localized, low-carbon fertilizers
could achieve cost-competitiveness. By connecting chemical
reactor performance, energy inputs, and material requirements
to sustainability and cost, this work bridges systems engineer-
ing with green chemistry. By explicitly linking system design to

local renewable energy conditions and grid electricity prices,
this study provides insights into the scalability, costs, and
trade-offs of decentralized ammonia systems. The findings are
relevant to multiple stakeholders, including industrial firms
exploring alternative production pathways, venture capital
funds investing in clean technologies, policymakers designing
incentives for sustainable fertilizer supply chains, and chemists
and engineers developing the next generation of catalysts, elec-
trolyzers, and synthesis routes for sustainable nitrogen fixation.

2. Technologies for ammonia and
nitrogen fertilizer production

Fig. 1 provides a comprehensive overview of the feedstocks,
technologies, and conversion processes involved in the pro-
duction and application of nitrogen fertilizers. The conven-
tional production method for nitrogen fertilizer production is
the Haber–Bosch process, typically relying on large-scale facili-
ties to maximize economies of scale.42 This process begins
with hydrogen production, primarily via steam methane
reforming or coal gasification,43,44 followed by ammonia syn-
thesis in a high-temperature Haber–Bosch reactor. As this
process relies heavily on fossil fuels (natural gas for reforming
and coal for gasification), alternative production technologies,
either ammonia-based or ammonia-free, have been
investigated.45–50

Some innovative ammonia-based technologies (highlighted
in blue) preserve the two-step ammonia synthesis conversion
process but replace emission-intensive hydrogen production
with low-emission technologies (Fig. 1). Among these, water
electrolysis51,52 produces hydrogen by splitting water molecules
with oxygen as a by-product, while methane pyrolysis53,54

decomposes methane into hydrogen and solid carbon. These
technologies utilize electricity and heat as energy input
depending on the process design (Fig. 1). Ongoing research
and development efforts by universities and startups aim at
improving the second step of ammonia synthesis by keeping a
low unit cost while reducing the size, energy intensity, and
carbon footprint of the Haber–Bosch reactor (Fig. 1). These
approaches involve developing a low-temperature, small-scale
electric Haber–Bosch reactor,46 which is the objective of the
techno-economic analysis in this study, or reactors based on
non-thermal plasma synthesis,48 photocatalytic nitrogen
reduction,55 or direct electrocatalytic nitrogen reduction.56 In
contrast, one-step ammonia production methods enable
ammonia synthesis directly from air (oxygen and nitrogen) and
electricity, bypassing the need for hydrogen as an intermediate
product (Fig. 1).57 The main ammonia-free route for nitrogen
fertilizer production involves non-thermal plasma synthesis
based on nitrogen oxidation, forming nitrogen oxides (NOx),
which serve as precursors for the production of nitric acid and
subsequently nitrate-based fertilizers (Fig. 1).48,57,58 Although
viable as a route for commercial nitrate-based fertilizers, the
current industrial production process is predominantly
ammonia-based, thus relying on the same large-scale high-
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temperature Haber–Bosch plants, in this case followed by the
Ostwald process (Fig. 1).48,57 Following its synthesis, ammonia
molecules are converted into various nitrogenous fertilizers for
agricultural application, available in gaseous, solid, or liquid
forms, each necessitating distinct application methods.59

The application of ammonia in gaseous form offers the
advantage of high nitrogen concentration but requires special-
ized pressurized storage and advanced machinery for under-
ground injections to limit volatilization in air. Its application
is primarily in the United States due to the significant invest-
ment in equipment, high toxicity, and the requisite of pro-
fessional expertise for safe handling and application, repre-
senting only 3% of the current global nitrogen fertilizer
market.3,15 The production of solid fertilizers involves other
compounds beyond ammonia, yielding products widely
favored in agriculture due to their ease of transport, storage,
and application without specialized equipment. Solid fertili-
zers in the form of prills, or granules, can be packaged in light-
weight forms and distributed efficiently using mechanical fer-
tilizer spreaders (Fig. 1). Urea (CH4N2O) is the predominant
solid nitrogen fertilizer in the market, accounting for approxi-
mately 50% of the global synthetic nitrogen supplied to
crops.3,15 This molecule is synthesized from liquid ammonia
reacting at high pressure with carbon dioxide, by-product of
the same ammonia synthesis process:43,44

2NH3 þ CO2 ! CH4N2OþH2O ð1Þ

Ammonium sulfate (AS, (NH4)2SO4) is obtained by reacting
ammonia with sulfuric acid (H2SO4):

44

2NH3 þH2SO4 ! ðNH4Þ2SO4 ð2Þ
Ammonium nitrate (AN, NH4NO3) is mainly derived from

ammonia and the intermediate nitric acid (HNO3):
43,44

HNO3 þ NH3 ! NH4NO3 ð3Þ
Calcium ammonium nitrate (CAN) is obtained from a solu-

tion of AN and calcium carbonate (CaCO3) contained in dolo-
mite or limestone powder,43,44 while potassium nitrate (NK) is
derived from AN and potassium chloride. AS and AN both con-
tribute about 5% of the global market, CAN accounts for
approximately 3%, while NK represents less than 1% of the
global synthetic nitrogen supplied to crops.3,15

Ammonium phosphate (AP), most common in the form of
mono- (MAP) or di-ammonium phosphate (DAP), is obtained
by reacting ammonia with phosphoric acid (H3PO4):

44,60

NH3 þH3PO4 ! NH6PO4 ðMAPÞ
2NH3 þH3PO4 ! N2H9PO4 ðDAPÞ

ð4Þ

Other less common phosphate-based nitrogen fertilizers
include polyphosphate and nitrophosphate (NP).60 Ammonium
phosphate (AP) represents 7% of nitrogen supply, while NP
accounts for 3%.3,15 Compound fertilizers such as NPK formu-
lations are produced by combining nitrogen-based (N) com-
pounds (e.g., AN, urea) with phosphorus-based (P) and potass-

Fig. 1 Feedstocks, technologies, and application methods for synthetic nitrogen fertilizers. Nitrogen fertilizer production can follow fossil-depen-
dent or fossil-free pathways, using ammonia-based or ammonia-free intermediate products. Red squares indicate traditional technologies/methods,
while blue squares indicate novel technologies/methods. Main feedstocks include nitrogen from the air, coal and natural gas, and water. After pro-
duction, ammonia is directly applied, or it is converted into other fertilizers before application on croplands. Fertilizer applications employ different
machinery depending on the fertilizer’s physical form (liquid, gaseous, or solid). AS: ammonium sulfate; AN: ammonium nitrate; AP: ammonium
phosphate; CAN: calcium ammonium nitrate; NK: potassium nitrate.
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ium-based (K) compounds in different concentrations, repre-
senting roughly 17% of nitrogen delivery.3,15 Urea-ammonium
nitrate (UAN), which is a liquid fertilizer, is produced by com-
bining urea with AN solution and covers 6% of the nitrogen
supply.3,15 Liquid fertilizers consist of aqueous solutions of
ammonia (aqueous ammonia or ammonium hydroxide).
Despite the lower nitrogen concentration due to dilution in
water, liquid fertilizers facilitate application through spraying
or existing irrigation infrastructure (fertigation), with simul-
taneous application of water and fertilizers.61,62

3. Methods

This section describes the methodological approach used in
the techno-economic assessment of the decentralized electric
Haber–Bosch technology for nitrogen fertilizer production.
Section 3.1 provides details on the systems considered in this
study as three possible configurations to install the technology.
Section 3.2 defines the theoretical framework for the optimiz-
ation problem to identify the system size and the local cost of
production for each system configuration. Section 3.3 presents
the case studies of this work, by providing details on the fertili-
zer demand distribution in the selected countries, and the
specific areas used for the extraction of local conditions
affecting the operation of the technology.

To ensure consistency, we fix a baseline production rate of
1 t NH3 per hour (8760 t per year), irrespective of location. A

detailed Mixed-Integer Linear Programming (MILP) framework
is implemented in Pyomo and solved with the Gurobi
Optimizer (v12.0.3),63 optimizing both system sizing and oper-
ational strategies to minimize totalized costs, including capital
and operational equipment expenditures. The model evaluates
three system configurations: (i) a fully autonomous system
powered by on-site solar and wind, (ii) a grid-connected system
relying exclusively on imported electricity, and (iii) a hybrid
combining local renewables with grid supply. Ammonia pro-
duction through the electrified Haber–Bosch route is rep-
resented as a two-step process, water electrolysis followed by
ammonia synthesis, with system boundaries encompassing
hydrogen and battery storage. The optimization is performed
for six representative global regions, selected to capture vari-
ation in agricultural demand, investment risks, and geo-
graphic conditions (Fig. 2).

3.1 Technology system description

This work focuses on small-scale electric Haber–Bosch techno-
logy for the onsite supply and use of ammonia-based synthetic
nitrogen fertilizers in the proximity of agricultural farms. As
an innovative application, with a limited number of operating
pilot plants, this technology lacks a tested and proven standard
configuration for commercial production.13 Here, we explore
three different configurations for installation of the techno-
logy, depending on the primary electricity supply (panel A in
Fig. 2): (a) autonomous, (b) grid-connected, and (c) hybrid. For
all the three configurations, we identify the optimal minimum

Fig. 2 Case study of analysis. Panel A represents the three system configurations considered for the techno-economic analysis: (a) autonomous
system, (b) grid-connected system, and (c) hybrid system. Panel B summarizes the six locations selected to obtain the local conditions for the instal-
lation of renewable technologies: (a) Guarapuava in Brazil, (b) Lucknow in India, (c) Shangqiu in China, (d) Omaha in the United States, (e) Bologna in
Italy, and (f ) Addis Ababa in Ethiopia. Locations have been selected based on the ammonia demand distribution, and the respective data are reported
in Table 1.
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cost system design based on the average supply of 1 t NH3 per
hour.

3.1.1 Autonomous system. The autonomous system con-
figuration is based on electricity production from an optimal
combination of PV panels and wind turbines. This configuration
is particularly advantageous in rural areas with limited access to
grid connections to operate in islanded (off-grid) mode.64,65 The
size of this system is dependent on the intermittent nature of
power production from renewable technologies. To identify the
minimum-cost system to supply a predictable amount of
ammonia, we allow the optimization model to adopt different
ways to compensate for the power production intermittency: (i)
oversizing of power production capacity, (ii) power curtailment,
(iii) electricity storage in batteries, and (iv) energy storage in the
form of hydrogen produced as an intermediate carrier. The
model does not include any a priori assumptions on their role
within the system, which is defined as the result of the optimiz-
ation problem. Beyond power production and storage, electricity
is converted into hydrogen with an electrolyzer which is the
input of the Haber–Bosch reactor, fed with part of the electricity
produced from the installed renewable technologies. The electric
Haber–Bosch reactor, which is an innovative technology, is here
modeled based on the reference literature.46 Nitrogen, which is
combined with hydrogen for ammonia synthesis, is supplied by
an air separation unit (ASU), equally fed with electricity from the
installed renewables. System sizing and operation are affected by
limitations in the operation of each system’s components. The
requirement of operational stability in uninterrupted ammonia
supply over a specific period is another technically relevant
factor that determines the system size. No power sale injected
into the grid is considered for the system under analysis,
although it could create a positive cash flow to mitigate the
system’s costs, depending on country-specific remuneration pol-
icies. Additionally, no demand-side flexibility is considered,
although its integration could represent a further dimension for
cost reduction.

3.1.2 Grid-connected system. The grid-connected system
configuration is based on electricity supply from the local
power grid. Differently from the autonomous case, the optim-
ization of this system leads to a design that does not require
any storage means under the assumption that the system can
always be fed with electricity from the local grid.

3.1.3 Hybrid system. The hybrid system combines both the
options of electricity supply from the grid and electricity pro-
duced from dedicated PV panels and wind turbines. The combi-
nation of the different sources of power supply adds an
additional dimension to compensate for the intermittent pro-
duction of renewable technologies. Similarly to the autonomous
case, we exclude the possibility of injecting electricity into the
grid assuming that in real world applications, excess power
would first be curtailed or used to satisfy the local demand of
electricity in neighboring buildings before sale into the grid.

3.2 Optimization model and economic metric

3.2.1 Optimization model. The optimal design of the
system for ammonia production from decentralized techno-

logies is dependent on the potential and intermittent operation
of local renewable technologies. A Mixed Integer Linear
Program (MILP) is formulated to model the hourly operation of
the system’s components and define the optimal system size.66

The optimization problem minimizes the total system costs
which consist of the total equipment cost assumed to be
covered by an initial investment and the yearly operating costs,
including feedstock and maintenance costs. Continuous
decision variables are used to model the capacity of each com-
ponent to be installed, and the hourly energy and mass
balance. Binary decision variables are used to model the
switch between charging and discharging in the operation of
equipment storage components. Matrices and vectors of coeffi-
cients are derived from the input data of the optimization
problem which consists of the ammonia demand, feedstock
price, unit capital and operating expenses, and energy and
mass conversion coefficients. Accordingly, the constraints of
the problem include energy and mass balances, definitions of
cost, and operating conditions of the system’s components.

An extended description of the model’s equations with
respect to each system’s components, and the main input
data, is provided in the SI (section S2 – System optimization
model). The model is coded in Python using the Pyomo library
and solved with Gurobi Optimizer (version 12.0.3).63

3.2.2 Economic metric. Different economic metrics can be
considered for the analysis of the cost of fertilizer production,
affecting the selection of the metrics used in the comparison
of the results. Here we focus on the levelized cost of ammonia
(LCOA) (defined in eqn (6)), which allows us to compare the
output product of the technology with main products currently
traded in the fertilizer’s commodity market. An equivalent
metric, not used in this work but easy to derive from the
LCOA, is the levelized cost of nitrogen delivered to crops
(LCON) (eqn (7)). The LCON presents advantages when consid-
ering nitrogen fertilizer products from chemical processes that
do not involve the intermediate formation of ammonia (i.e.,
ammonia-free production processes, see Fig. 1). However,
since most nitrogen fertilizer products on the market today are
produced through processes involving ammonia as an inter-
mediate product (Fig. 2), this study considers only the LCOA.

The LCOA is derived from the total equipment cost (Ctot

(USD)), the total yearly operating cost (Otot (USD per year)), the
yearly ammonia produced (ma (t per year)), and the cost of
capital (r (−)), over the system’s lifetime (T (year)):

LCOA ¼ Ctot þ
XT
j¼1

ðOtot=ð1þ rÞjÞ
 !

=
XT
j¼1

ðma=ð1þ rÞjÞ ð5Þ

From stoichiometric considerations on the chemical com-
position of ammonia, which involves the molecular weight of
one atom of nitrogen (MWN = 14 g mol−1) and three atoms of
hydrogen (MWH = 1 g mol−1), the LCON is derived as:

LCON ¼ LCOA ðMWN þ 3MWHÞ=MWN ð6Þ
Based on the assumptions behind the optimization model

used (section S2 – System optimization model), the LCOA
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formula can be simplified as in eqn (7). This form emphasizes
the different impact of the cost of capital (r) on the total CapEx
(Ctot) compared with the total OpEx (Otot) cost components:

LCOA ¼ Ctot=
XT
y¼1

ðma=ð1þ rÞyÞ þ Otot=ma ð7Þ

The country-specific cost of capital is estimated based on
the capital asset pricing model (CAPM):

r ¼ R f þ Rp ¼ R f þ βR c ð8Þ
where Rf (−): mature equity market risk premium computed as
the implied equity risk premium of the S&P500; Rp (−):
country- and sector-specific risk premium; Rc (−): country-
specific equity risk premium assuming Moody’s sovereign
rating measuring the country’s default risk; and β (−): market-
specific relative equity volatility (beta) from historical data of
all companies in the green and renewable energy industry
within the market region.

Data for country-specific cost of capital calculations are pro-
vided in the SI (section S1 – Cost of capital).

3.3 Case studies

We select a total of six countries, each representative of
different agricultural activities, financial investment risks, and
geographical locations (panel B in Fig. 2). In each country, we
pick a reference location close to the region with the highest
nitrogen fertilizer demand. It should be noted that the choice
of specific reference points coinciding with cities follows com-
munication purposes. Selected points are representative of
local conditions for renewables installation near high demand-
concentration regions, but they are not intended to indicate
specific sites for installing the technologies discussed.
Country-specific data discussed in the following are summar-
ized in Table 1.

Brazil was chosen for its substantial total nitrogen fertilizer
demand of 5.5 Mt NH3 per year, associated with a mix of large-
scale commercial farms and smallholder farms.67 Brazil pre-
sents a mid-range cost of capital, approximately 6% (derived
from a country-default risk of 2.5% (Table S1 in the SI)). Based
on the demand concentration in the south of the country
(panel B.a in Fig. 2), we considered Guarapuava as the refer-
ence point for the extraction of the local hourly capacity factor
of solar panels (24.2% yearly average) and wind turbines

(21.6% yearly average). The average electricity price is assumed
to be 128 USD per MWh.

India and China (panels B.b and c in Fig. 2) were chosen
due to their growing economies and nitrogen demand market
size. The cost of capital of the two countries is approximately
6% and 5%, respectively (derived from a country-default risk of
2.2% and 0.7% (Table S1 in the SI)). Total nitrogen fertilizer
demand in India and China amounts to approx. 20 and 30 Mt
NH3 per year, respectively. Based on the demand distribution,
Lucknow was selected as a reference for local renewable con-
ditions in North India (average capacity factor of 22% for solar
and 23% for wind), and Shangqiu was selected in Central East
China (average capacity factor of 19% for solar and 35% for
wind). The average electricity price is assumed to be 126 USD
per MWh for India and 94 USD per MWh for China.

The United States (panel B.d in Fig. 2) was selected as a
leading country for research and development investments, as
well as for the implementation of in-field pilot plants for
decentralized nitrogen fertilizer production. The United States
has the lowest cost of capital among the countries considered,
approximately 4% (based on a country-default risk of 0%
(Table S1 in the SI)). Total nitrogen fertilizer demand amounts
to 12 Mt NH3 per year, while average agricultural farms are
large-scale and concentrated in the Midwest (the Corn Belt).
Accordingly, we chose Omaha as a reference location for local
conditions for the installation of renewable technologies,
corresponding to an average capacity factor of 23% for solar
and 51% for wind. This location has a wind capacity factor
that is more than twice those of the other countries con-
sidered, except for China. The average electricity price is
assumed to be 148 USD per MWh.

Italy (panel B.e in Fig. 2) was chosen as one of the most
southern countries in Europe, with agricultural production
concentrated in the North Plain area. The assumed cost of
capital is 6% (from a country-default risk of 2.2% (Table S1 in
the SI)), similar to Brazil and India, and almost half the cost of
capital of Ethiopia which is the country with the highest risk
considered. Total nitrogen fertilizer demand amounts to 0.6
Mt NH3 per year and Bologna was considered as the reference
area for representative renewable conditions. The average solar
and wind capacity factors are approx. 20% and 26%, respect-
ively. Due to high dependency on natural gas supply and
power import, the country experiences one of the highest elec-
tricity prices in the European area, with an average of 442 USD
per MWh.

Table 1 Case studies of analysis: renewables potential at locations considered in this study, country-specific ammonia demand, electricity price,
and cost of capital from 100% equity

Case study
country

Selected
location

Solar PV cap. factor
(yearly avg)68

Wind turbine cap.
factor (yearly avg)69

Country’s ammonia demand
(Mt NH3 per year)

70
Electricity price
(USD per MWh)71

Cost of
capital72

Brazil Guarapuava 24.2% 21.6% 5.5 128.0 6.36%
India Lucknow 21.5% 23.1% 19.8 126.0 6.11%
China Shangqiu 19.2% 35.0% 28.8 94.0 4.90%
United States Omaha 23.2% 50.6% 11.8 148.0 4.33%
Italy Bologna 19.4% 25.9% 0.6 442.0 6.09%
Ethiopia Addis Ababa 26.4% 17.5% 0.5 19.0 11.64%
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Finally, Ethiopia (panel B.f in Fig. 2) was chosen as an
African country with a developing economy, high renewables
potential and small-sized farms for agricultural production.
The risk behind investing in this country is reflected in the
high cost of capital of mostly 12% (from a country-default risk
of 9% from Table S1 in the SI), which is mostly three times the
lowest investment risk among the countries considered
(United States). Total nitrogen fertilizer demand amounts to
0.5 Mt NH3 per year. Although most homogeneously distribu-
ted in the inner part of the country, some demand concen-
tration spikes are located close to Addis Ababa, which was
selected as the reference location for renewables production.
The average capacity factors are 26% and 18% for solar panels
and wind turbines, respectively. Although grid electricity
supply may be limited by underdeveloped network coverage,
the average price of electricity is only 19 USD per MWh, an
order of magnitude lower than those in the other countries
considered and consistent with local purchasing power.

4. Results

This section presents the results of the optimization problem
by focusing on the optimal system components’ design
(section 4.1), the resulting cost assessment (section 4.2), and
the sensitivity analysis of the main parameters (section 4.3).

4.1 Installed capacity and costs of location-optimized
systems

Fig. 3 presents the optimal system sizing and the yearly cost of
installation of the main components for power production and
storage in the three system configurations considered. Fig. 3a
shows the capacities of the two power generation technologies,
PV panels and wind turbines, the connection capacity for electri-
city imports from the grid (“grid import”), and the power associ-
ated with curtailed electricity (“curtailment”). Fig. 3b shows the
capacities of the two storage technologies, battery and hydrogen
storage. The respective cost of installation of each system’s com-
ponents and the cost of imports are shown in Fig. 3c and d.

Curtailment is only present in the autonomous system con-
figuration, representing a maximum of 10% of the power pro-
duced from the installed PV panels and wind turbines (Fig. 3).
In the autonomous system configuration, solar capacity and
wind capacity are installed at mostly equal rates in the case
presented (low-cost scenario for 2025). The largest PV capacity,
52 MW, is installed in Ethiopia, while the largest wind
capacity, 46 MW, is installed in India (Fig. 3a), corresponding
to an annualized CapEx of 9 million USD per year and
5 million USD per year, respectively (Fig. 3c). Different heights
in the bar chart in Fig. 3a are due to the different capacity
factors of the power supply sources, requiring larger capacities
in locations with the lowest capacity factors: 87 MW in
Ethiopia (autonomous system) with an average solar–wind
capacity factor of 22% and 46 MW in the United States with an
average solar–wind capacity factor of 37% (Fig. 3a). The grid
connected system does not present any variation since a con-

tinuous power supply of 14 MW capacity is considered for all
locations (Fig. 3a). The hybrid system allows the selection of
the cheapest source of power supply. The low-cost price of elec-
tricity in Ethiopia implies the hybrid system’s configuration to
be equal to the grid-connected system, while the high-cost
price of electricity in Italy implies the hybrid system’s configur-
ation to be mostly equal to the autonomous system.

Fig. 3b presents the installed capacities of storage techno-
logies. No storage is installed in the case of the grid-connected
system configuration. The largest storage capacity is installed
in India, composed of 11 MWh of battery storage and 1553
MWh of hydrogen storage, which correspond to a yearly invest-
ment of 544 k USD per year and 2.2 M USD per year, respect-
ively (Fig. 3d). The main storage technology is based on hydro-
gen, with a maximum installed battery capacity in Ethiopia of
17 MWh (1.5 M USD per year) (Fig. 3b and d). No storage is
required in Ethiopia in the case of the hybrid configuration,
due to the optimal system being equivalent to the grid-con-
nected system with no intermittent power supply. In Italy,
while the battery is installed in the case of an autonomous
system, in the hybrid system configuration, battery storage is
replaced by a small amount of power import, with a capacity
limited to 15 kW (Fig. 3b compared with Fig. 3a).

4.2 Breakdown production cost of ammonia

Fig. 4 shows the breakdown of the levelized cost of ammonia
(LCOA) for the three system configurations in each country
considered. The results are presented based on the six
locations considered which are representative for different
renewables potential, two scenarios (low, high) accounting for
parameters’ cost variation within the same year, and two years
(2025, 2045) accounting for the technological development
over 20 years.

Under no conditions, cost-competitiveness is realized for
2025 cost assumptions. In the autonomous and hybrid system
configurations (Fig. 4a and b), the largest cost components are
related to the cost of capital (dark purple stack), the CapEx of
PV panels and wind turbines (light green and yellow stacks),
and the CapEx of the electrolyzer (red stack). When compared
with the United States average early 2025 market price of 525
USD per ton of ammonia,74 the cost-competitiveness of decen-
tralized ammonia production is only reached in the 2045 cost
scenario, specifically in the United States. China, Brazil and
India are not far from cost-competitiveness, yet in these
countries the decentralized technologies present a premium
with the market reference between 175 and 435 USD per t in
2045 in the average cost scenario (Fig. 4a and b). The installa-
tion in Italy is limited by the low-capacity factor for wind,
while the installation in Ethiopia is both penalized by a low
wind capacity factor and high cost of capital compared to the
other locations. In contrast, in the grid-connected system con-
figuration (Fig. 4c), Ethiopia presents the lowest LCOA in 2045.
The reasons behind this result reflect both the low electricity
price in Ethiopia and the fact that the impact of the cost of
capital in the LCOA calculation scales with the total CapEx. In
a grid-connected configuration, where the largest fraction of
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the costs is the electricity purchase, even a high cost of capital
has a limited impact on the LCOA. As expected, the largest
LCOA in the grid-connected configuration is presented by the
case of Italy, due to electricity prices more than three times
higher than those of the other countries. Finally, the hybrid
configuration presents the advantage of exploiting both high
renewable capacity factors and low electricity prices, leading to
cost-competitiveness for both the United States and Ethiopia,
and a premium with the market reference between 150 and
350 USD per t NH3 in 2045 in the average cost scenario for
China, Brazil and India. In the case of Italy, the high electricity

price leads to hybrid and autonomous systems having the
same LCOA, while in the case of Ethiopia, the lowest electricity
price leads to hybrid and grid-connected systems having the
same LCOA.

The cost of capital affects the LCOA most substantially in
the case of high CapEx configuration systems, which include
the autonomous and hybrid configurations. In the case of
power supply from the grid, the CapEx is limited to the instal-
lation of the electrolyzer and the Haber–Bosch reactor, thus
limiting the impact on the LCOA. Based on the expressions
defining Ctot and Otot (see section S2.1 (Model formulation) in

Fig. 3 Capacities and costs of installed power production and storage technologies in different system configurations. (a) The installed capacities of
power supply sources, namely PV panels, wind turbines, and grid import. (b) The capacity for battery and hydrogen storage technologies.
Technology CapEx is presented as annualized (ann. CapEx) over the 30 years of plant lifetime (see section S5 (Design scenarios comparison) in the
SI) for comparison with the yearly cost of electricity imports. (c) The cost of the system’s components for power production and (d) the cost of
storage components. The installed renewable power capacity is based on local capacity factors (see Table 1), while the curtailment capacity and grid
import are based on a load of 8760 h per year. Results are presented for the low-cost scenario in 2025. Log-scale is used for the y-axis in (b) to high-
light the battery’s capacity. Other scenarios are reported in section S5 in the SI.
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the SI) combined in the total cost of the system, the total
system’s cost varies linearly with the yearly amount of
ammonia produced. Results can be generalized to any
ammonia demand, under the assumption that the system
design remains the same as the optimal design obtained by
considering site-specific renewable conditions and cost scen-
arios. The main differences in LCOA are observed among
different locations, where different solar PV and wind turbine
hourly operations determine different storage components’
size, curtailment, and import from the grid.

4.3 Sensitivity analysis of production costs

After deriving reference cost estimates for 2025 and 2045, we
study the impact of specific variables on the LCOA. Fig. 5
presents a local sensitivity analysis obtained by varying
input parameters of the optimization model and by

controlling some decision variables in a 2035 cost-scenario
(intermediate scenario between 2025 and 2045). To study
the impact of system components’ size and local parameters
on the LCOA, the original MILP problem is converted into a
linear problem (LP) as detailed in section S3 (Local sensitivity
analysis) of the SI. We run the LP problem while controlling
the decision variables whose values, representative of system
components’ size and operation, depend on the hourly resolu-
tion of the model, such as the battery and the hydrogen
storage size, and the amount of electricity. It should be
noted that the range of variation of the parameters in the sen-
sitivity analysis is derived from the case studies over the
different locations analyzed above. This sensitivity analysis
helps to estimate a reference LCOA without running a location-
specific complete system optimization problem with hourly
resolution.

Fig. 4 Breakdown of the levelized cost of ammonia (LCOA) by system’s components and cost of capital. The LCOA is specific to the system con-
sidered: (a) autonomous, (b) hybrid, and (c) grid-connected. The error bar is representative of the LCOA range of variation depending on different
cost-scenarios.
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In both the autonomous (Fig. 5a) and grid-connected
(Fig. 5b) system configurations, the cost of capital (red line) is
one of the parameters affecting the LCOA the most. In the
autonomous system, which is the most CapEx-intensive
system, the cost of capital affects the LCOA between −20% and
+40% when varying the cost of capital from the reference 6.5%
to the minimum 4.3% (United States) and the maximum
11.6% (Ethiopia). For the same values of cost of capital, the
variation of LCOA in the grid-connected system is lower than
±10%. The average capacity factors of PV panels and wind tur-
bines substantially affect the LCOA in the autonomous system
cost, leading to approximately 10% reduction of LCOA in the
case of a high PV capacity factor (PV capacity of 25% vs. 23%)
and approximately 20% reduction of LCOA in the case of a
high wind turbine capacity factor (wind capacity factor of
50.5% vs. 34%) (Fig. 5a). In the autonomous system, curtail-
ment can lead to a 10% reduction in LCOA when it’s con-
strained to 0 MWh and about a 5% increase in LCOA when the
curtailment is increased from the reference 2.3 MW (20 GWh)
to 3.5 MW (31 GWh). The price of the electricity imported
from the grid is one of the factors affecting most substantially

the LCOA in the grid-connected system (Fig. 5b). A 25%
increase in electricity price, from the reference 160 USD per
MWh to 200 USD per MWh, leads to an LCOA increase of 20%,
while a 38% reduction, from the reference 160 USD per MWh
to 100 USD per MWh, leads to a 32% reduction in LCOA. The
total amount of electricity imported in the grid-connected
system in the model varies linearly with the ammonia
demand, depending only on the electrolyzer and electric
Haber–Bosch reactor conversion efficiencies. It should be
noted that ammonia demand is not considered among the
selected parameters of the local sensitivity analysis due to the
independence of the modelled LCOA from the amount of
ammonia produced (see section 5).

5. Discussion

This work demonstrates the potential and challenges of decen-
tralized, electrified ammonia production as a complement to
the prevailing centralized model. The novelty lies in systemati-
cally quantifying techno-economic trade-offs across six diverse

Fig. 5 Sensitivity analysis of LCOA. The analysis is specific to the two extreme system configurations considered: (a) autonomous and (b) grid-con-
nected. The figure shows the influence of selected variables and parameters within their domain of variation. Values in brackets correspond to the
control parameter’s values, modified within the sensitivity analysis. Variables with the greatest impact on the LCOA (solid colored lines) determine
steeper slopes, approaching the vertical dashed line, while variables with minimal impact (light colored lines) determine flatter slopes, approaching
the horizontal dashed line. The model used for sensitivity analysis is a linear optimization model with a time resolution of one year. Design variables
dependent on hourly resolution are replaced by fixed parameters whose values are set based on the location-specific case studies analyzed within
this work. Legend: “c.f.” = capacity factor. Table S4 in the SI summarizes the values of the parameters of the optimization model used to run the sen-
sitivity analysis.
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global regions while explicitly comparing autonomous, grid-
connected, and hybrid configurations. While centralized
ammonia production remains dominant, its dependence on
fossil fuels, concentration in ∼400 facilities, and exposure to
geopolitical and price shocks threaten both energy and food
security. Decentralization offers a resilience strategy: reducing
transport dependence, diversifying supply, and placing pro-
duction closer to demand.75

Our findings underscore that decentralized ammonia pro-
duction is not a one-size-fits-all solution, but rather a context-
dependent technology whose viability varies across regions
and system designs (Fig. 4). Under 2025 cost assumptions, no
configuration reaches competitiveness with global market
prices, with autonomous systems in particular facing prohibi-
tively high costs due to the dominance of capital-intensive
components such as solar PV, wind turbines, and electrolyzers.
For example, in Ethiopia, high financing costs and low wind
capacity factors push autonomous costs far above market
levels, while in Italy, high electricity prices make both auto-
nomous and hybrid systems equally uncompetitive (Fig. 4). By
contrast, grid-connected systems shift the burden from CapEx
to electricity purchases: in Ethiopia, where power prices are
low, the grid-connected configuration achieves the lowest
LCOA globally by 2045, even though financing remains expen-
sive. By mid-century, technological improvements and cheaper
renewables narrow the cost premium substantially, with the
United States achieving market parity across all system types,
while Brazil, India, and China remain within a 175–435 USD
per t NH3 premium. Hybrid systems show promise by flexibly
leveraging both renewables and low-cost electricity: they
achieve competitiveness in the USA and Ethiopia by 2045,
while narrowing the gap to 150–350 USD per t NH3 above
market levels in China, Brazil, and India.

Sensitivity analysis confirms that financing costs dominate
outcomes in CapEx-heavy systems, altering the LCOA by −20%
to +40%, while renewable resource quality can lower costs by
up to 20%. In grid-connected designs, by contrast, electricity
prices are the decisive factor, with a 25% increase raising costs
by 20%, and a 38% reduction lowering them by nearly one-
third. These results highlight that decentralized ammonia pro-
duction can only cover a fraction of future fertilizer demand
and will do so most effectively when tailored to regional
energy conditions, whether as collective-use facilities for coop-
eratives and plantations, modular units for farms, or hybrid
systems balancing renewables with grid supply. Where organic
fertilizers such as manure are abundant,73 green ammonia will
struggle to compete, reinforcing the need for a diversified port-
folio of nutrient sources.

A key message from this study is the central importance of
operational flexibility in ammonia synthesis. The flexibility of
the Haber–Bosch reactor – strongly tied to its operating
pressure, temperature, and ability to ramp production up or
down – directly determines how much electricity and hydrogen
storage the system needs.77 Greater reactor flexibility reduces
storage requirements, which in turn lowers the LCOA by
cutting the CapEx of storage components. Two technical para-

meters are particularly influential: (1) the allowable hourly
variation in ammonia output, currently limited to ±30% (see
eqn (S39) in the SI), which constrains how dynamically the
system can respond to fluctuations in renewable power, and
(2) the temporal window over which production must match
demand, presently set at 30 days (see eqn (S44) in the SI). If a
reactor can tolerate wider hourly production swings or balance
production over shorter periods, it enables tighter integration
with intermittent renewables and significantly improves
system-level performance.

Emerging low-temperature, modular technologies, such as
electrocatalytic ammonia synthesis49 and plasma-assisted49

pathways, offer promising routes to overcome these constraints
because they inherently operate under conditions more com-
patible with fast ramping, partial loads, and distributed
deployment. However, these approaches remain at TRL
2–3,48,49 and more research is still needed to improve
efficiency, selectivity, and stability before they can meaning-
fully shift the system optimum.

A key insight is that the premium of decentralized
ammonia production should not be understood solely as an
economic disadvantage, but as the cost of decentralization and
fertilizer self-sufficiency rather than a carbon price. Importing
nations that are heavily reliant on the existing centralized
system may view this premium as a strategic investment in
supply chain resilience, energy and food security, akin to pol-
icies supporting domestic fuel reserves or renewable deploy-
ment. By offsetting the decentralization premium through
national security frameworks, governments can justify loca-
lized production even when electricity is not fully decarbo-
nized, not only on decarbonization grounds but also as a
hedge against trade disruptions, supply shocks, and geopoliti-
cal dependencies.

Decentralization also carries operational and safety con-
straints. Gaseous anhydrous ammonia, still directly applied in
the USA, poses significant handling risks, requiring strict
training and safety protocols.76 Alternative fertilizers such as
urea or ammonium sulfate are safer but entail additional pro-
cessing steps, energy use, and cost. Addressing these trade-offs
is critical if decentralized production is to be viable at the
farm gate.76

While electrification and decentralization enable pathways
toward lower-emission ammonia, they do not guarantee
climate benefits. The carbon intensity of electrolytic ammonia
production depends critically on the emissions profile of the
electricity supply. In regions with carbon-intensive grids, elec-
trolyzer-based hydrogen and electric Haber–Bosch systems can
produce more CO2 per tonne of ammonia than conventional
steam-methane reforming,31,32 despite using cleaner process
chemistry. For this reason, we avoid treating electrified
ammonia production as inherently “green” and instead frame
it as a potentially low-carbon, modular, and flexible pro-
duction pathway whose environmental performance is contin-
gent on the electricity system it is coupled to. This distinction
is essential for green chemistry: sustainability arises not only
from cleaner reaction pathways, but also from their integration
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with low-carbon energy and materials flows. Our results there-
fore emphasize decentralization, electrification, and oper-
ational flexibility as enabling platforms for sustainable
ammonia, while recognizing that achieving genuinely low-
carbon nitrogen fixation ultimately requires parallel decarboni-
zation of the power sector.

Policy support will be decisive. Our results show that finan-
cing costs and electricity price trajectories dominate competi-
tiveness. Concessional loans or guarantees could lower the
cost of capital for CapEx-heavy autonomous and hybrid
systems, while electricity market reforms could stabilize prices
for grid-connected designs. Targeted regional incentives
should prioritize areas where decentralized production can
undercut imported fertilizers, particularly in Sub-Saharan
Africa and parts of Latin America. Beyond economics, policies
must also explicitly recognize that the premium represents the
cost of strategic autonomy, ensuring continuity of fertilizer
supply even when international markets fail.

Finally, this study is bounded by several assumptions. We
did not impose constraints on land availability for renewable
deployment or limits on grid interconnection capacity, nor did
we account for the full lifecycle inventory of decentralized
systems.77,78 Future work should extend the analysis to include
environmental trade-offs such as land and water use,79 N2O
emissions mitigation from improved fertilizer management,
and potential displacement by organic sources. Incorporating
fertilizer transport costs, national security benefits, and resili-
ence gains into life-cycle assessments will further clarify the
context in which decentralized ammonia production provides
the strongest value.

Taken together, decentralized ammonia production is best
understood as a complementary pathway: not a wholesale re-
placement of centralized production, but a strategic tool to
diversify supply chains, enhance resilience, and decarbonize
fertilizer production where conditions are favorable, even
when this requires paying a premium as the price of security
and self-sufficiency.

6. Conclusions

Improvements in ammonia synthesis should target parameters
that strongly influence system-level performance, particularly
reactor energy demand, operational flexibility, and electrolyzer
efficiency. The sensitivity analysis shows that applications with
higher conversion efficiency, lower specific energy consump-
tion, and reduced reliance on large storage volumes or over-
sized renewable capacity led to production costs that are com-
petitive with centralized ammonia plants. This means that
gains in catalyst activity, current density, operating pressure/
temperature, or start-up/shut-down flexibility can shift the
optimal configuration toward pathways that rely less on
capital-intensive power and storage systems. Chemists can
therefore contribute by developing ammonia synthesis routes
(electrochemical, catalytic, or hybrid) that operate efficiently
under variable power input, tolerate dynamic conditions, or

reduce compression and separation energy requirements. The
study suggests a valuable design target: if a new pathway can
reduce energy consumption below the threshold that triggers
large hydrogen or battery storage installation, the system tran-
sitions to a substantially cheaper optimal design. Thus, che-
mists can use the identified sensitivity levers (energy intensity,
flexibility, and efficiency) as concrete performance bench-
marks to guide innovation in next-generation ammonia
synthesis.

Author contributions

LR conceived the study. DT and LR designed and wrote the
study. DT developed the optimization framework,
implemented the coding, and prepared the input data. DT and
LR analyzed the results and conducted the research.

Conflicts of interest

The authors declare no conflict of interest.

Data availability

All data required to replicate the results of this study, includ-
ing input parameters, modeling assumptions, and output
data, are provided in the main text and the supplementary
information (SI).

Supplementary information with additional results and
methods is available. See DOI: https://doi.org/10.1039/
d5gc06782k.

Acknowledgements

LR was funded by the Alfred P. Sloan Foundation through
award G-2024-22698 and LR received philanthropic support
from Anthony J. Cavalieri and Ellen E. Look.

References

1 S. M. Garvey, E. A. Davidson, C. Wagner-Riddle, A. Collins,
M. Houser, T. Li, G. K. MacDonald, M. Tenuta, D. Kanter,
P. Kyle and N. Wu, Emerging opportunities and research
questions for green ammonia adoption in agriculture and
beyond, Nat. Rev. Clean Technol., 2025, 1(1), 10–11, DOI:
10.1038/s44359-024-00012-2.

2 L. Rosa and P. Gabrielli, Energy and food security impli-
cations of transitioning synthetic nitrogen fertilizers to net-
zero emissions, Environ. Res. Lett., 2022, 18(1), 014008,
DOI: 10.1088/1748-9326/aca815.

3 S. Mingolla and L. Rosa, Low-carbon ammonia production
is essential for resilient and sustainable agriculture, Nat.
Food, 2025, 1–2, DOI: 10.1038/s43016-025-01125-y.

Green Chemistry Paper

This journal is © The Royal Society of Chemistry 2026 Green Chem., 2026, 28, 4103–4118 | 4115

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

r 
20

26
. D

ow
nl

oa
de

d 
on

 1
1.

06
.2

6 
11

:2
4:

41
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://doi.org/10.1039/d5gc06782k
https://doi.org/10.1039/d5gc06782k
https://doi.org/10.1039/d5gc06782k
https://doi.org/10.1038/s44359-024-00012-2
https://doi.org/10.1088/1748-9326/aca815
https://doi.org/10.1038/s43016-025-01125-y
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5gc06782k


4 L. Lassaletta, G. Billen, J. Garnier, L. Bouwman,
E. Velazquez, N. D. Mueller and J. S. Gerber, Nitrogen use
in the global food system: past trends and future trajec-
tories of agronomic performance, pollution, trade, and
dietary demand, Environ. Res. Lett., 2016, 11(9), 095007,
DOI: 10.1088/1748-9326/11/9/095007.

5 A. Beltran-Peña, L. Rosa and P. D’Odorico, Global food self-
sufficiency in the 21st century under sustainable intensifi-
cation of agriculture, Environ. Res. Lett., 2020, 15(9),
095004, DOI: 10.1088/1748-9326/ab9388.

6 M. van der Spek, C. Banet, C. Bauer, P. Gabrielli,
W. Goldthorpe, M. Mazzotti, S. T. Munkejord, N. A. Røkke,
N. Shah, N. Sunny and D. Sutter, Perspective on the hydro-
gen economy as a pathway to reach net-zero CO 2 emis-
sions in Europe, Energy Environ. Sci., 2022, 15(3), 1034–
1077, DOI: 10.1039/D1EE02118D.

7 N. Johnson, M. Liebreich, D. M. Kammen, P. Ekins,
R. McKenna and I. Staffell, Realistic roles for hydrogen in
the future energy transition, Nat. Rev. Clean Technol., 2025,
1–21, DOI: 10.1038/s44359-025-00050-4.

8 Z. Wen, B. Huang, Y. Wang, K. Wang, X. Tu, P. Xie and
X. Fu, Ammonia as a renewable energy carrier from syn-
thesis to utilization, Nat. Rev. Clean Technol., 2025, 1(11),
755–770, DOI: 10.1038/s44359-025-00102-9.

9 D. Ye and S. C. Tsang, Prospects and challenges of green
ammonia synthesis, Nat. Synth., 2023, 2(7), 612–623, DOI:
10.1038/s44160-023-00321-7.

10 M. J. Palys, H. Wang, Q. Zhang and P. Daoutidis,
Renewable ammonia for sustainable energy and agricul-
ture: vision and systems engineering opportunities, Curr.
Opin. Chem. Eng., 2021, 31, 100667, DOI: 10.1016/j.
coche.2020.100667.

11 V. Smil, Nitrogen and food production: proteins for human
diets, AMBIO, 2002, 31(2), 126–131, DOI: 10.1579/0044-
7447-31.2.126.

12 Ammonia: zero-carbon fertiliser, fuel and energy store,
February 2020 DES5711 ISBN: 978-1-78252-448-9, The Royal
Society, 2020. https://royalsociety.org/-/media/policy/pro-
jects/green-ammonia/green-ammonia-policy-briefing.pdf.

13 IEA, Ammonia Technology Roadmap, IEA, Paris, 2021.
Available from: https://www.iea.org/reports/ammonia-
technology-roadmap, Licence: CC BY 4.0.

14 S. Menegat, A. Ledo and R. Tirado, Greenhouse gas emis-
sions from global production and use of nitrogen synthetic
fertilisers in agriculture, Sci. Rep., 2022, 12(1), 14490, DOI:
10.1038/s41598-022-18773-w.

15 Y. Gao and A. Cabrera Serrenho, 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, DOI: 10.1038/s43016-023-00698-w.

16 Y. Schueler, S. Mingolla, N. L. Boness and L. Rosa, How are
decarbonization policies in the US and Canada shaping
low-carbon ammonia production strategies?, Environ. Res.
Lett., 2024, 19(11), 114064, DOI: 10.1088/1748-9326/ad858c.

17 M. B. Bertagni, R. H. Socolow, J. M. Martirez, E. A. Carter,
C. Greig, Y. Ju, T. Lieuwen, M. E. Mueller, S. Sundaresan,

R. Wang and M. A. Zondlo, Minimizing the impacts of the
ammonia economy on the nitrogen cycle and climate, Proc.
Natl. Acad. Sci. U. S. A., 2023, 120(46), e2311728120, DOI:
10.1073/pnas.2311728120.

18 X. Zhang, R. Sabo, L. Rosa, H. Niazi, P. Kyle, J. S. Byun,
Y. Wang, X. Yan, B. Gu and E. A. Davidson, Nitrogen man-
agement during decarbonization, Nat. Rev. Earth Environ.,
2024, 5(10), 717–731, DOI: 10.1038/s43017-024-00586-2.

19 R. Quitzow, M. Balmaceda and A. Goldthau, The nexus of
geopolitics, decarbonization, and food security gives rise to
distinct challenges across fertilizer supply chains, One
Earth, 2025, 8(1), DOI: 10.1016/j.oneear.2024.12.009.

20 J. Meng, W. Zhao, J. Li, S. Ma, X. Wu, S. Guo and X. Zhang,
Technologies and gaps in deep decarbonization of hard-to-
abate industrial sectors, Nat. Rev. Clean Technol., 2025, 1–8,
DOI: 10.1038/s44359-025-00082-w.

21 P. Gabrielli, L. Rosa, M. Gazzani, R. Meys, A. Bardow,
M. Mazzotti and G. Sansavini, Net-zero emissions chemical
industry in a world of limited resources, One Earth, 2023,
6(6), 682–704, DOI: 10.1016/j.oneear.2023.05.006.

22 P. Arora, A. F. Hoadley, S. M. Mahajani and A. Ganesh,
Small-scale ammonia production from biomass: a techno-
enviro-economic perspective, Ind. Eng. Chem. Res., 2016,
55(22), 6422–6434, DOI: 10.1021/acs.iecr.5b04937.

23 M. Buffi, M. Prussi and N. Scarlat, Energy and environ-
mental assessment of hydrogen from biomass sources:
Challenges and perspectives, Biomass Bioenergy, 2022, 165,
106556, DOI: 10.1016/j.biombioe.2022.106556.

24 R. Istrate, A. Nabera, J. Pérez-Ramírez and G. Guillen-
Gosalbez, One-tenth of the EU’s sustainable biomethane
coupled with carbon capture and storage can enable net-
zero ammonia production, One Earth, 2024, 7(12), 2235–
2249, DOI: 10.1016/j.oneear.2024.11.005.

25 L. Rosa and M. Mazzotti, Potential for hydrogen production
from sustainable biomass with carbon capture and storage,
Renewable Sustainable Energy Rev., 2022, 157, 112123, DOI:
10.1016/j.rser.2022.112123.

26 B. M. Comer, P. Fuentes, C. O. Dimkpa, Y. H. Liu,
C. A. Fernandez, P. Arora, M. Realff, U. Singh, M. C. Hatzell
and A. J. Medford, Prospects and challenges for solar ferti-
lizers, Joule, 2019, 3(7), 1578–1605, DOI: 10.1016/j.
joule.2019.05.001.

27 N. Srivastava, M. Saquib, P. Rajput, A. C. Bhosale, R. Singh
and P. Arora, Prospects of solar-powered nitrogenous fertili-
zers, Renewable Sustainable Energy Rev., 2023, 187, 113691,
DOI: 10.1016/j.rser.2023.113691.

28 S. Mingolla, P. Gabrielli, A. Manzotti, M. J. Robson,
K. Rouwenhorst, F. Ciucci, G. Sansavini, M. M. Klemun and
Z. Lu, Effects of emissions caps on the costs and feasibility
of low-carbon hydrogen in the European ammonia indus-
try, Nat. Commun., 2024, 15(1), 3753, DOI: 10.1038/s41467-
024-48145-z.

29 T. Terlouw, L. Rosa, C. Bauer and R. McKenna, Future
hydrogen economies imply environmental trade-offs and a
supply-demand mismatch, Nat. Commun., 2024, 15(1),
7043, DOI: 10.1038/s41467-024-51251-7.

Paper Green Chemistry

4116 | Green Chem., 2026, 28, 4103–4118 This journal is © The Royal Society of Chemistry 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

r 
20

26
. D

ow
nl

oa
de

d 
on

 1
1.

06
.2

6 
11

:2
4:

41
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://doi.org/10.1088/1748-9326/11/9/095007
https://doi.org/10.1088/1748-9326/ab9388
https://doi.org/10.1039/D1EE02118D
https://doi.org/10.1038/s44359-025-00050-4
https://doi.org/10.1038/s44359-025-00102-9
https://doi.org/10.1038/s44160-023-00321-7
https://doi.org/10.1016/j.coche.2020.100667
https://doi.org/10.1016/j.coche.2020.100667
https://doi.org/10.1579/0044-7447-31.2.126
https://doi.org/10.1579/0044-7447-31.2.126
https://royalsociety.org/-/media/policy/projects/green-ammonia/green-ammonia-policy-briefing.pdf
https://royalsociety.org/-/media/policy/projects/green-ammonia/green-ammonia-policy-briefing.pdf
https://royalsociety.org/-/media/policy/projects/green-ammonia/green-ammonia-policy-briefing.pdf
https://www.iea.org/reports/ammonia-technology-roadmap
https://www.iea.org/reports/ammonia-technology-roadmap
https://www.iea.org/reports/ammonia-technology-roadmap
https://doi.org/10.1038/s41598-022-18773-w
https://doi.org/10.1038/s43016-023-00698-w
https://doi.org/10.1088/1748-9326/ad858c
https://doi.org/10.1073/pnas.2311728120
https://doi.org/10.1038/s43017-024-00586-2
https://doi.org/10.1016/j.oneear.2024.12.009
https://doi.org/10.1038/s44359-025-00082-w
https://doi.org/10.1016/j.oneear.2023.05.006
https://doi.org/10.1021/acs.iecr.5b04937
https://doi.org/10.1016/j.biombioe.2022.106556
https://doi.org/10.1016/j.oneear.2024.11.005
https://doi.org/10.1016/j.rser.2022.112123
https://doi.org/10.1016/j.joule.2019.05.001
https://doi.org/10.1016/j.joule.2019.05.001
https://doi.org/10.1016/j.rser.2023.113691
https://doi.org/10.1038/s41467-024-48145-z
https://doi.org/10.1038/s41467-024-48145-z
https://doi.org/10.1038/s41467-024-51251-7
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5gc06782k


30 D. Tonelli, L. Rosa, P. Gabrielli, K. Caldeira, A. Parente and
F. Contino, Global land and water limits to electrolytic
hydrogen production using wind and solar resources, Nat.
Commun., 2023, 14(1), 5532, DOI: 10.1038/s41467-023-
41107-x.

31 S. C. D’Angelo, S. Cobo, V. Tulus, A. Nabera, A. J. Martín,
J. Pérez-Ramírez and G. Guillén-Gosálbez, Planetary bound-
aries analysis of low-carbon ammonia production routes,
ACS Sustainable Chem. Eng., 2021, 9(29), 9740–9749, DOI:
10.1021/acssuschemeng.1c01915.

32 P. Mayer, A. Ramirez, G. Pezzella, B. Winter, S. M. Sarathy,
J. Gascon and A. Bardow, Blue and green ammonia pro-
duction: A techno-economic and life cycle assessment per-
spective, iScience, 2023, 26(8), DOI: 10.1016/j.
isci.2023.107389.

33 P. Gabrielli, H. Goericke and L. Rosa, 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, DOI: 10.1021/acs.iecr.4c01649?
urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as.

34 D. Tonelli, L. Rosa, P. Gabrielli, A. Parente and F. Contino,
Cost-competitive decentralized ammonia fertilizer pro-
duction can increase food security, Nat. Food, 2024, 5(6),
469–479, DOI: 10.1038/s43016-024-00979-y.

35 C. F. Guerra, L. Reyes-Bozo, E. Vyhmeister, M. J. Caparrós,
J. L. Salazar and C. Clemente-Jul, Technical-economic ana-
lysis for a green ammonia production plant in Chile and its
subsequent transport to Japan, Renewable Energy, 2020,
157, 404–414, DOI: 10.1016/j.renene.2020.05.041.

36 H. Zhang, L. Wang, F. Maréchal and U. Desideri, Techno-
economic comparison of 100% renewable urea production
processes, Appl. Energy, 2021, 284, 116401, DOI: 10.1016/j.
apenergy.2020.116401.

37 S. Sahu, N. Srivastava, P. Arora, I. Natu, A. C. Bhosale,
R. Singh, D. Tiwari and V. Saini, Techno-enviro-economic
evaluation of decentralized solar ammonia production
plant in India under various energy supply scenarios,
Energy Convers. Manage., 2024, 318, 118908, DOI: 10.1016/j.
enconman.2024.118908.

38 S. C. D’Angelo, A. J. Martín, S. Cobo, D. F. Ordóñez,
G. Guillén-Gosálbez and J. Pérez-Ramírez, Environmental
and economic potential of decentralised electrocatalytic
ammonia synthesis powered by solar energy, Energy
Environ. Sci., 2023, 16(8), 3314–3330, DOI: 10.1039/
D2EE02683J.

39 H. Özcan, A. E. Kılıç and S. Çelik, Comparative techno-
economic assessment of small-scale e-Haber-Bosch,
plasma-electrocatalytic, and direct electrochemical nitro-
gen reduction pathways for clean and decentralized
ammonia production, J. Cleaner Prod., 2025, 524, 146473,
DOI: 10.1016/j.jclepro.2025.146473.

40 N. Campion, H. Nami, P. R. Swisher, P. V. Hendriksen and
M. Münster, Techno-economic assessment of green
ammonia production with different wind and solar poten-
tials, Renewable Sustainable Energy Rev., 2023, 173, 113057,
DOI: 10.1016/j.rser.2022.113057.

41 M. J. Palys and P. Daoutidis, Renewable ammonia for
islanded energy storage, Curr. Opin. Green Sustain. Chem.,
2024, 48, 100946, DOI: 10.1016/j.cogsc.2024.100946.

42 A. Patonia and R. Poudineh, Ammonia as a storage solution
for future decarbonized energy systems, OIES Paper, EL, 2020.
Available from: https://hdl.handle.net/10419/246565.

43 R. Basosi, D. Spinelli, A. Fierro and S. Jez, Mineral nitrogen
fertilizers: environmental impact of production and use,
Fertil. Compon. Uses Agric. Environ. Impacts, 2014, 1, 3–43.
Available from: https://usiena-air.unisi.it/handle/11365/
849642.

44 P. G. Levi and J. M. Cullen, Mapping global flows of chemi-
cals: from fossil fuel feedstocks to chemical products,
Environ. Sci. Technol., 2018, 52(4), 1725–1734, DOI: 10.1021/
acs.est.7b04573.

45 D. Zhou, R. Zhou, R. Zhou, B. Liu, T. Zhang, Y. Xian,
P. J. Cullen, X. Lu and K. K. Ostrikov, Sustainable ammonia
production by non-thermal plasmas: Status, mechanisms,
and opportunities, Chem. Eng. J., 2021, 421, 129544, DOI:
10.1016/j.cej.2021.129544.

46 C. Smith, A. K. Hill and L. Torrente-Murciano, Current and
future role of Haber–Bosch ammonia in a carbon-free
energy landscape, Energy Environ. Sci., 2020, 13(2), 331–
344, DOI: 10.1039/C9EE02873K.

47 M. Wang, M. A. Khan, I. Mohsin, J. Wicks, A. H. Ip,
K. Z. Sumon, C. T. Dinh, E. H. Sargent, I. D. Gates and
M. G. Kibria, Can sustainable ammonia synthesis pathways
compete with fossil-fuel based Haber–Bosch processes?,
Energy Environ. Sci., 2021, 14(5), 2535–2548, DOI: 10.1039/
D0EE03808C.

48 L. R. Winter and J. G. Chen, N2 fixation by plasma-acti-
vated processes, Joule, 2021, 5(2), 300–315, DOI: 10.1016/j.
joule.2020.11.009.

49 A. J. Martín, T. Shinagawa and J. Pérez-Ramírez,
Electrocatalytic reduction of nitrogen: from Haber-Bosch to
ammonia artificial leaf, Chem, 2019, 5(2), 263–283, DOI:
10.1016/j.chempr.2018.10.010.

50 V. Kyriakou, I. Garagounis, A. Vourros, E. Vasileiou and
M. Stoukides, An electrochemical Haber-Bosch process,
Joule, 2020, 4(1), 142–158, DOI: 10.1016/j.joule.2019.10.006.

51 M. Chatenet, B. G. Pollet, D. R. Dekel, F. Dionigi,
J. Deseure, P. Millet, R. D. Braatz, M. Z. Bazant,
M. Eikerling, I. Staffell and P. Balcombe, Water electrolysis:
from textbook knowledge to the latest scientific strategies
and industrial developments, Chem. Soc. Rev., 2022, 51(11),
4583–4762, DOI: 10.1039/D0CS01079K.

52 N. Dubouis, D. Aymé-Perrot, D. Degoulange, A. Grimaud
and H. Girault, Alkaline electrolyzers: Powering industries
and overcoming fundamental challenges, Joule, 2024, 8(4),
883–898, DOI: 10.1016/j.joule.2024.02.012.

53 D. Hantoko, W. U. Khan, A. I. Osman, M. Nasr,
A. K. Rashwan, Y. Gambo, A. Al Shoaibi, S. Chandrasekar
and M. M. Hossain, Carbon–neutral hydrogen production
by catalytic methane decomposition: a review, Environ.
Chem. Lett., 2024, 22(4), 1623–1663, DOI: 10.1007/s10311-
024-01732-4.

Green Chemistry Paper

This journal is © The Royal Society of Chemistry 2026 Green Chem., 2026, 28, 4103–4118 | 4117

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

r 
20

26
. D

ow
nl

oa
de

d 
on

 1
1.

06
.2

6 
11

:2
4:

41
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://doi.org/10.1038/s41467-023-41107-x
https://doi.org/10.1038/s41467-023-41107-x
https://doi.org/10.1021/acssuschemeng.1c01915
https://doi.org/10.1016/j.isci.2023.107389
https://doi.org/10.1016/j.isci.2023.107389
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/s43016-024-00979-y
https://doi.org/10.1016/j.renene.2020.05.041
https://doi.org/10.1016/j.apenergy.2020.116401
https://doi.org/10.1016/j.apenergy.2020.116401
https://doi.org/10.1016/j.enconman.2024.118908
https://doi.org/10.1016/j.enconman.2024.118908
https://doi.org/10.1039/D2EE02683J
https://doi.org/10.1039/D2EE02683J
https://doi.org/10.1016/j.jclepro.2025.146473
https://doi.org/10.1016/j.rser.2022.113057
https://doi.org/10.1016/j.cogsc.2024.100946
https://hdl.handle.net/10419/246565
https://hdl.handle.net/10419/246565
https://usiena-air.unisi.it/handle/11365/849642
https://usiena-air.unisi.it/handle/11365/849642
https://usiena-air.unisi.it/handle/11365/849642
https://doi.org/10.1021/acs.est.7b04573
https://doi.org/10.1021/acs.est.7b04573
https://doi.org/10.1016/j.cej.2021.129544
https://doi.org/10.1039/C9EE02873K
https://doi.org/10.1039/D0EE03808C
https://doi.org/10.1039/D0EE03808C
https://doi.org/10.1016/j.joule.2020.11.009
https://doi.org/10.1016/j.joule.2020.11.009
https://doi.org/10.1016/j.chempr.2018.10.010
https://doi.org/10.1016/j.joule.2019.10.006
https://doi.org/10.1039/D0CS01079K
https://doi.org/10.1016/j.joule.2024.02.012
https://doi.org/10.1007/s10311-024-01732-4
https://doi.org/10.1007/s10311-024-01732-4
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5gc06782k


54 J. Prabowo, L. Lai, B. Chivers, D. Burke, A. H. Dinh, L. Ye,
Y. Wang, Y. Wang, L. Wei and Y. Chen, Solid carbon co-pro-
ducts from hydrogen production by methane pyrolysis:
Current understandings and recent progress, Carbon, 2024,
216, 118507, DOI: 10.1016/j.carbon.2023.118507.

55 P. W. Huang and M. C. Hatzell, Prospects and good experi-
mental practices for photocatalytic ammonia synthesis,
Nat. Commun., 2022, 13(1), 7908, DOI: 10.1038/s41467-022-
35489-7.

56 B. H. Suryanto, H. L. Du, D. Wang, J. Chen, A. N. Simonov
and D. R. MacFarlane, Challenges and prospects in the cat-
alysis of electroreduction of nitrogen to ammonia, Nat.
Catal., 2019, 2(4), 290–296, DOI: 10.1038/s41929-019-0252-
4.

57 J. Lim, C. A. Fernández, S. W. Lee and M. C. Hatzell,
Ammonia and nitric acid demands for fertilizer use in
2050, ACS Energy Lett., 2021, 6(10), 3676–3685, DOI:
10.1021/acsenergylett.1c01614?urlappend=%3Fref%
3DPDF&jav=VoR&rel=cite-as.

58 K. Yang, S. Han, Y. Wang, B. Zhang and Y. Yu, Sustainable
production and in-place utilization of a liquid nitrogenous
fertilizer, Joule, 2023, 7(9), 1948–1955, DOI: 10.1016/j.
joule.2023.07.020.

59 S. Y. Pan, K. H. He, K. T. Lin, C. Fan and C. T. Chang,
Addressing nitrogenous gases from croplands toward low-
emission agriculture, npj Clim. Atmos. Sci., 2022, 5(1), 43,
DOI: 10.1038/s41612-022-00265-3.

60 M. Ouikhalfan, O. Lakbita, A. Delhali, A. H. Assen and
Y. Belmabkhout, Toward net-zero emission fertilizers
industry: greenhouse gas emission analyses and decarboni-
zation solutions, Energy Fuels, 2022, 36(8), 4198–4223, DOI:
10.1021/acs.energyfuels.2c00238.

61 N. Srivastava, P. Arora, R. Singh and A. C. Bhosale,
Exploring synergy between solar pumping and nitrogenous
fertilizer requirement in India, Sustain. Energy Technol.
Assess., 2025, 73, 104126, DOI: 10.1016/j.seta.2024.104126.

62 C. Ren, L. He and L. Rosa, Integrated irrigation and nitro-
gen optimization is a resource-efficient adaptation strategy
for US maize and soybean production, Nat. Food, 2025,
6(4), 389–400, DOI: 10.1038/s43016-024-01107-6.

63 Gurobi Optimization, Gurobi Optimizer Reference Manual,
LLC, 2025. Available from: https://www.gurobi.com.

64 T. Terlouw, C. Bauer, R. McKenna and M. Mazzotti, Large-
scale hydrogen production via water electrolysis: a techno-
economic and environmental assessment, Energy Environ.
Sci., 2022, 15(9), 3583–3602, DOI: 10.1039/D2EE01023B.

65 R. M. Nayak-Luke and R. Bañares-Alcántara, Techno-econ-
omic viability of islanded green ammonia as a carbon-free
energy vector and as a substitute for conventional pro-
duction, Energy Environ. Sci., 2020, 13(9), 2957–2966, DOI:
10.1039/D0EE01707H.

66 P. Gabrielli, M. Gazzani, E. Martelli and M. Mazzotti,
Optimal design of multi-energy systems with seasonal

storage, Appl. Energy, 2018, 219, 408–424, DOI: 10.1016/j.
apenergy.2017.07.142.

67 C. Ren, L. He, Y. Ma, S. Reis, H. Van Grinsven, S. K. Lam
and L. Rosa, Trade-offs in agricultural outcomes across
farm sizes, Earth Crit. Zone, 2024, 1(1), 100007, DOI:
10.1016/j.ecz.2024.100007.

68 S. Pfenninger and I. Staffell, Long-term patterns of
European PV output using 30 years of validated hourly rea-
nalysis and satellite data, Energy, 2016, 114, 1251–1265,
DOI: 10.1016/j.energy.2016.08.060.

69 I. Staffell and S. Pfenninger, Using bias-corrected reanalysis
to simulate current and future wind power output, Energy,
2016, 114, 1224–1239, DOI: 10.1016/j.energy.2016.08.068.

70 W. Adalibieke, X. Cui, H. Cai, L. You and F. Zhou, Global
crop-specific nitrogen fertilization dataset in 1961–2020, Sci.
Data, 2023, 10(1), 617, DOI: 10.1038/s41597-023-02526-z.

71 Global Petrol Prices (GPP), Energy Prices Q1 2023 - Q1 2025,
2025. Database last access 28/07/2025. Available from:
https://www.globalpetrolprices.com/.

72 A. Damodaran, Global Cost of equity and capital in US dollars
- data updated on 05/01/2025, 2025. Database last access 28/
07/2025. Available from: https://www.damodaran.com.

73 P. Marconi and L. Rosa, Global potential nitrogen recovery
from anaerobic digestion of agricultural residues, Environ.
Res. Lett., 2024, 19(5), 054050, DOI: 10.1088/1748-9326/
ad428e.

74 PriceWatch Analytics, 2025. Available from: https://www.
price-watch.ai/. Accessed: July 2025.

75 S. Mingolla and L. Rosa, Techno-economic feasibility of
centralized and decentralized ammonia production in the
United States, Renewable Sustainable Energy Rev., 2026, 226,
116486, DOI: 10.1016/j.rser.2025.116486.

76 F. Barrera, C. Paul, L. Janke, E. Seubert, E. Colak, D. Tonelli
and L. Rosa, Breaking new ground: decentralised renewable
nitrogen fertilisers. Exploring opportunities and barriers,
Agora Industry, 2025. Available from: https://www.agora-
industry.org/publications/breaking-new-ground-decentra-
lised-renewable-nitrogen-fertilisers.

77 R. Sacchi, T. Terlouw, K. Siala, A. Dirnaichner, C. Bauer,
B. Cox, C. Mutel, V. Daioglou and G. Luderer, 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, 112311, DOI:
10.1016/j.rser.2022.112311.

78 J. Boyce, R. Sacchi, E. Goetheer and B. Steubing, A prospec-
tive life cycle assessment of global ammonia decarbonisa-
tion scenarios, Heliyon, 2024, 10(6), DOI: 10.1016/j.
heliyon.2024.e27547.

79 L. Rosa, A. Citrini, T. Terlouw and S. Mingolla, Water
Scarcity Risks in Ammonia Fertilizer Production Pose a
Threat to Global Food Security, Environ. Sci. Technol., 2025,
59(48), 25817–25829, DOI: 10.1021/acs.est.5c14489.

Paper Green Chemistry

4118 | Green Chem., 2026, 28, 4103–4118 This journal is © The Royal Society of Chemistry 2026

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Fe

br
ua

r 
20

26
. D

ow
nl

oa
de

d 
on

 1
1.

06
.2

6 
11

:2
4:

41
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

https://doi.org/10.1016/j.carbon.2023.118507
https://doi.org/10.1038/s41467-022-35489-7
https://doi.org/10.1038/s41467-022-35489-7
https://doi.org/10.1038/s41929-019-0252-4
https://doi.org/10.1038/s41929-019-0252-4
https://doi.org/10.1021/acsenergylett.1c01614?urlappend=%3Fref�%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.1c01614?urlappend=%3Fref�%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.joule.2023.07.020
https://doi.org/10.1016/j.joule.2023.07.020
https://doi.org/10.1038/s41612-022-00265-3
https://doi.org/10.1021/acs.energyfuels.2c00238
https://doi.org/10.1016/j.seta.2024.104126
https://doi.org/10.1038/s43016-024-01107-6
https://www.gurobi.com
https://www.gurobi.com
https://doi.org/10.1039/D2EE01023B
https://doi.org/10.1039/D0EE01707H
https://doi.org/10.1016/j.apenergy.2017.07.142
https://doi.org/10.1016/j.apenergy.2017.07.142
https://doi.org/10.1016/j.ecz.2024.100007
https://doi.org/10.1016/j.energy.2016.08.060
https://doi.org/10.1016/j.energy.2016.08.068
https://doi.org/10.1038/s41597-023-02526-z
https://www.globalpetrolprices.com/
https://www.globalpetrolprices.com/
https://www.damodaran.com
https://www.damodaran.com
https://doi.org/10.1088/1748-9326/ad428e
https://doi.org/10.1088/1748-9326/ad428e
https://www.price-watch.ai/
https://www.price-watch.ai/
https://www.price-watch.ai/
https://doi.org/10.1016/j.rser.2025.116486
https://www.agora-industry.org/publications/breaking-new-ground-decentralised-renewable-nitrogen-fertilisers
https://www.agora-industry.org/publications/breaking-new-ground-decentralised-renewable-nitrogen-fertilisers
https://www.agora-industry.org/publications/breaking-new-ground-decentralised-renewable-nitrogen-fertilisers
https://www.agora-industry.org/publications/breaking-new-ground-decentralised-renewable-nitrogen-fertilisers
https://doi.org/10.1016/j.rser.2022.112311
https://doi.org/10.1016/j.heliyon.2024.e27547
https://doi.org/10.1016/j.heliyon.2024.e27547
https://doi.org/10.1021/acs.est.5c14489
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5gc06782k

	Button 1: 


