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Abstract
The US and Canada contribute to 11% (22 million tons (Mt) per year) of global ammonia
production, with an additional 42 Mt of production capacity currently planned or under
construction. The distinct decarbonization policies adopted by these two countries—namely
production tax credits in the US and carbon taxes in Canada—lead to significantly different
outcomes and implications for decarbonized ammonia production strategies. This study evaluates
facility-specific production strategies for low-carbon ammonia, considering the decarbonization
policies of both countries. We assess the most cost-effective strategy for low-carbon ammonia
production at each facility, both with and without the influence of these policies. Our results
indicate that Canada’s carbon tax incentivizes the adoption of carbon capture and storage (CCS),
while the US production tax credits promote the use of wind energy and biomass coupled with
CCS, to produce hydrogen for ammonia synthesis. These findings highlight a dichotomy between
the impacts of tax credits and carbon taxes: production tax credits facilitate the transition to
low-carbon production methods, whereas carbon taxes incentivize existing facilities to upgrade
with CCS technology. These insights underscore the effectiveness of tailored policy approaches and
provide a comprehensive blueprint for other regions globally seeking to transition towards
low-carbon ammonia production.

1. Introduction

The United States (US) and Canada have recently
introduced policies to promote the decarbonization
of their industries, with a strong emphasis on the pro-
duction of low-carbon hydrogen [1–3]. In the US,
the Inflation Reduction Act has been a key driver for
low-carbon hydrogen production [4]. The Inflation
Reduction Act includes the 45V and 45Q tax cred-
its, which incentivize the production of low-carbon
hydrogen and the implementation of carbon capture
and storage (CCS) technologies, respectively [1, 3].
The 45V tax credit is designed to promote low-carbon
hydrogen by providing up to US$3 per kilogram for
hydrogen (H2) produced with a well-to-gate carbon
intensity below 0.45 kg of carbon dioxide equivalent
(CO2e) per kgH2 [3]. The term ‘well-to-gate’ refers to
both direct emissions from the hydrogen production

process and indirect emissions from upstream and
midstream activities, such as the procurement and
transport of fuels [5]. Instead, the 45Q tax credit
offers US$85 per metric ton of CO2 (tCO2) perman-
ently sequestered with the capture and storage of CO2

from carbon-intensive industrial activities, such as
hydrogen production [6]. Similarly, in 2022, Canada
introduced a hydrogen production tax credit offering
up to 40% of investment costs for hydrogen produced
with a well-to-gate carbon intensity below 0.7 kg
CO2e/kg H2 [2]. Additionally, Canada also imposes a
carbon tax on greenhouse gas emissions [7]. In 2024,
the carbon tax is US$58 per emitted tCO2e, increas-
ing by US$11 every year until 2030 to US$123/tCO2e
emitted [7].

In 2022, the US and Canada produced 11% of
global ammonia (22 Mt NH3), across 41 facilities[8].
Currently, 92% of the hydrogen used for ammonia
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production comes from steam methane reforming
(SMR) of natural gas, while the remaining 8% is
derived from coal gasification [9]. Approximately
90% of energy and carbon emissions from ammo-
nia production are associated with hydrogen produc-
tion during the Haber–Bosch process [9, 10]. The
Haber–Bosch process combines hydrogen and nitro-
gen at high pressure and temperature to produce
ammonia[9]. The development of low-carbon hydro-
gen policies, along with the introduction of policies
offering financial incentives for low-carbon hydro-
gen production [1, 3], has resulted in a considerable
increase in planned production capacity. Specifically,
30 facilities with a combined production capacity of
42 Mt of ammonia per year are planned in the US
and Canada [11]. This positions the US and Canada
as potential pioneers and major producers of low-
carbon ammonia.

Previous work has analyzed different pathways
to decarbonize ammonia production, including ret-
rofitting current facilities with CCS, electrification
via hydrogen production from water electrolysis, and
biochemical processes that produce hydrogen from
biomass [12–14]. Other research has estimated the
production costs of ammonia from facilities powered
by solar and wind electricity worldwide [15] and
the potential for decarbonizing ammonia produc-
tion by analyzing the technical feasibility and com-
petitiveness of producing hydrogen from low-carbon
electricity worldwide [16]. Based on a representat-
ive ammonia plant in Texas, the levelized cost of
ammonia (LCOA)—which quantifies the average net
present cost of ammonia production over the plant’s
lifetime—was assessed considering 45V and 45Q tax
credits and CCS and electrification pathways for
ammonia production [17]. Similarly, Ricks et al study
production tax credits for low-carbonhydrogen in the
US, focusing on grid-connected electrolysis systems
[18]. Cheng et al focus on various clean hydrogen
production technologies and synthetic liquid fuels by
analyzing the impact of 45V and 45Q [19]. Other
studies model decarbonization scenarios for the US
ammonia production industry withmultiple produc-
tion pathways until 2050 [20]. Ueckerdt et al ana-
lyze the cost competitiveness of various production
technologies for low-carbon hydrogen and their car-
bon emissions until 2050 [21]. Although these studies
offer valuable insights, a more comprehensive eval-
uation that identifies the optimal decarbonization
pathway for the ammonia industry in the US and
Canada under the evolving policy landscape remains
underexplored and requires further attention.

We aim to provide such a study by compar-
ing various technological decarbonization pathways
and assessing costs and emissions on a facility-
by-facility basis, with consideration of the distinct
decarbonization policies in the US and Canada. First,

we quantify the carbon intensity and production
volume of each ammonia facility in both countries.
The 2022 ammonia production amount for each of
the 41 facilities in the US and Canada is estimated
based on a proprietary dataset of hydrogen producers
[11] (supplementary dataset). Second, for each facil-
ity, we quantify the LCOA today and under poten-
tial decarbonization pathways. We assess the techno-
economic feasibility of various decarbonization path-
ways, including CCS, biochemical processes that use
biomass with and without CCS, and electrification
using wind and solar [12, 13]. Finally, we determ-
ine the impact of decarbonization policies on the
economic costs of each decarbonization pathway.
Decarbonization policies considered are the 45V and
45Q tax credits in the US, and tax credit for low-
carbon hydrogen and carbon tax in Canada. Results
identify the most cost-effective strategy for low-
carbon ammonia production in each facility with and
without decarbonization policies. This study demon-
strates how these policies influence ammonia decar-
bonization pathways and provides insights on cost-
effective decarbonization strategies in theUS, Canada
and globally, offering valuable guidance for policy-
makers and industry stakeholders alike.

2. Results

2.1. Facility-specific carbon-intensity of ammonia
To ensure that our framework adheres to current
regulations, we calculated the well-to-gate carbon
intensity of ammonia for each facility (Methods:
Carbon Intensity). This calculation encompasses (i)
Scope 1 or direct emissions reported by each ammo-
nia facility to the Environmental Protection Agency
[22] and to the Canadian government [23], (ii) Scope
2 or indirect emissions from electricity use, and
(iii) upstream emissions, from leakages in natural
gas transportation—commonly referred to as partial
Scope 3 [5]. We excluded embedded life cycle emis-
sions, such as those from the production of materials
for the construction of a facility, in line with existing
regulatory frameworks in the US and Canada [2, 3,
5]. However, we discuss the impact of including these
emissions in the section ‘Cost-optimal decarboniza-
tion pathway’.

Figure 1 categorizes the US and Canadian ammo-
nia production facilities based on their location,
production volumes, and their corresponding car-
bon intensities in 2022. Figure 1(a) shows that
three facilities located in North Dakota, Oklahoma,
and Nebraska, collectively contributing to 8% of
ammonia production in the US, rely on coal as
their primary feedstock for ammonia production.
These facilities exhibit carbon intensities exceeding
3.2 tCO2/tNH3—the minimum carbon intensity that
coal-based ammonia production can achieve using
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Figure 1. Carbon intensity and estimated production volume of ammonia facilities in the US and Canada. (a) Geographic
overview of all ammonia production facilities. Each circle represents one facility and its annual ammonia production volume in
MtNH3/y. The color indicates the carbon intensity in tCO2e/tNH3. (b) Displays the carbon intensity for each facility, ranking
facilities from highest to lowest carbon intensity along with their estimated production capacity in MtNH3/y.

the best available technology [9]. Conversely, all other
38 facilities utilize natural gas as feedstock for ammo-
nia production and have a carbon intensity between
1.96 and 3.07 tCO2e/tNH3 (figure 1(a)). Figure 1(b)
ranks facilities in the US and Canada by carbon
intensity, from highest to lowest, and includes their
production volumes.

2.2. LCOA across various production pathways
We calculated the LCOA for each facility and decar-
bonization pathway by dividing the cumulative cap-
ital and operating expenses (CAPEX and OPEX) over
a 30 year lifetime by the total amount of ammo-
nia produced by each facility during that period. We
assumed that each facility would maintain its 2022

annual ammonia production volume, regardless of
the production pathway.

Figure 2(a) shows the business-as-usual (BAU)
LCOA for each ammonia production facility. Here,
BAU assumes that existing ammonia facilities main-
tain their operational practices and production tech-
niques that are currently standard across the industry,
based on 2022 ammonia production data. With a
median production cost of US$236 per tNH3, the
BAU pathway serves as a benchmark. We considered
state-specific natural gas prices for 2013–2023 show-
ing how natural gas prices vary greatly between
states, affecting LCOA (figure 2(a)). The facility with
the lowest production cost, located in Saskatchewan,
Canada, produces ammonia at US$178 per tNH3

(figure 2(a)). In stark contrast, a facility in California

3



Environ. Res. Lett. 19 (2024) 114064 Y Schueler et al

Figure 2. Levelized cost of ammonia (LCOA) across various production pathways. (a) LCOA in US dollars per metric ton of
ammonia (US$/tNH3) over the cumulative production volume measured in million metric tons of ammonia per year (MtNH3/y).
The bars are color-coded to represent different carbon intensity levels in tons of CO2 per ton of NH3. The facilities are ranked
from lowest LCOA to highest. (b) LCOA for each production pathway. Every box plot shows LCOA distribution among the 41
ammonia facilities considered in this study in the US and Canada. Box plots show the median, 25%, and 75% quartiles, and the
minimum and maximum for each production pathway. (c) Comparative analysis of the average LCOA across all production
pathways, with cost categorized into different components including feedstock, operation, capital expenses, transport and storage.
Each color in the stacked bars represents a different cost component, providing a distinction of the cost structure associated with
each ammonia production method. This figure does not include the impact of any decarbonization policies on LCOA.

registers the highest production cost of US$476 per
tNH3, showcasing the wide variability in LCOA
(figure 2(a)). California’s LCOA can be attributed to
high natural gas prices, whichwere∼80%higher than
the average natural gas price in the US in 2013–2023
[24]. Louisiana and Texas had approximately 15%
lower natural gas prices than the US average over the
2013–2023 period [24], resulting in ammonia with
the lowest LCOA (figure 2(a)).

Figure 2(b) shows various pathways for ammo-
nia production, comparing their LCOA to BAU. In
the CCS pathway, costs increase by 33% compared
to BAU, with a median cost of US$315 per tNH3

(figure 2(b)). The biomass pathway shows a substan-
tial cost increase of 113% compared to BAU and 71%
compared to CCS, with a median cost of US$502
per tNH3 (figure 2(b)). In particular, the cost of
biomethane production from biomass significantly
increases the LCOA (figure 2(c)). Combining biomass
with CCS further increases costs by 19% compared
to the biomass-only pathway (figure 2(b)). Our res-
ults align with the literature, as other studies found
the production costs for biomass around US$550
per tNH3 [25] and between US$430-US$1418 per
tNH3 [26]. Wind-powered electrification varies in

cost depending on regional wind resources, with a
median cost of US$508 per tNH3 (figure 2(b)). Solar-
powered electrification is the most expensive option,
with amedian cost of US$704 per tNH3, 197% higher
than BAU (figure 2(b)). There is a broad range of
LCOA due to factors like variable feedstock (natural
gas, electricity and biomass) prices and diverse tech-
nological efficiencies that impact costs (figures 2(b)
and (c)). Geographic location plays a significant role
in the final LCOA, as regions differ in renewable
resource availability and feedstock costs.

Figure 2(c) offers a breakdown of cost compon-
ents for each production pathway. In most ammonia
production pathways, the primary cost driver is the
feedstock used for hydrogen production (figure 2(c)).
However, BAU using coal has significantly lower feed-
stock costs but higher CAPEX and OPEX for hydro-
gen production (figure 2(c)). In the BAU with SMR
pathway, natural gas accounts for 64% of costs, while
in the CCS pathway, it contributes to 48% of costs
(figure 2(c)). Biomethane costs are substantial in the
biomass and biomass with CCS pathways, contrib-
uting to 80% and 69% of the total LCOA, respect-
ively (figure 2(c)). Electricity accounts for 60% and
58% of the LCOA for wind and solar, respectively
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(figure 2(c)). In these pathways, where electricity
powers hydrogen production via water electrolysis,
costs differ due to variations in the capacity factors
of wind and solar energy sources. The higher capa-
city factor of wind power compared to solar results
in lower electricity costs, leading to an approximate
total cost reduction of $151 per tNH3 in the US and
Canada when compared to solar-powered electrolysis
(figure 2(c)).

2.3. Impact of policies on decarbonization costs
Based on 2013–2023 historical natural gas prices,
the BAU scenario has the lowest LCOA, and it is
themost cost-effective ammonia production pathway
(figure 2(b)).However, the urgency to address climate
change requires transformativemeasures in ammonia
production [27]. To stay competitive in global mar-
kets, US and Canadian operators need to embrace
low-carbon ammonia production strategies. This is
paramountwith importing regions like Europe enact-
ing strict regulations on hydrogen and ammonia car-
bon intensity [28], setting a standard that industries
must meet to maintain competitiveness. New legisla-
tion can function as a catalyst for this transformative
shift in production methods.

Figure 3(a) shows LCOA under current US legis-
lation. According to the 45V incentive, electrolytic
pathways powered by wind and solar, and bio-
mass with CCS qualify for the highest tax credit
of US$3/kgH2. Except for biomass, all low-carbon
production pathways are more cost-effective than
the BAU approach considering current tax credits
(figure 3(a)). The CCS pathway shows a signific-
ant reduction in production costs, with a median
cost of US$143/tNH3, less than half of BAU pro-
duction costs. Biomass alone is the most expensive
option at US$397/tNH3, whereas biomass + CCS,
leveraging the full tax credit, costs US$73/tNH3.
Wind-based production has a negative LCOA at
US$0.80/tNH3 due to substantial tax credits under
the 45V, while solar-based production has a median
cost of US$150/tNH3. Therefore, the 45V incent-
ive greatly reduces costs for biomass + CCS and
electrolysis (wind and solar) by 88%, 100%, and
79%, respectively (figure 3(a)). Both CCS and bio-
mass + CCS pathways benefit from the 45V and
45Q incentives, with biomass + CCS receiving the
most from the US$3/kgH2 45V tax credit, while CCS
is more competitive with the 45Q, qualifying for a
US$1/kgH2 subsidy when capturing more than 95%
of CO2e emissions (figure 3(a)).

In addition to a tax credit, Canada has also
introduced a carbon tax. Their emissions account-
ing includes Scope 1, Scope 2, and some Scope 3
emissions, such as those from transporting natural
gas, but excludes Scope 3 emissions from techno-
logy manufacturing, resulting in zero emissions for

solar and wind electrolysis. Figure 3(b) shows the
impact of Canada’s carbon tax policy on the LCOA
for each production pathway, under three scenarios,
namely with and without carbon taxes, and with
Canadian tax credits for low-carbon hydrogen. The
CCS pathway is cheaper than BAU in Canada, with
a median LCOA of US$288/tNH3 with carbon taxes
and US$226/tNH3 with tax credits, illustrating the
impact carbon taxes and tax credits can have on
decarbonization strategies. However, Canadian facil-
ities receive significantly less tax credits compared to
the US. The CCS pathway is 55% more expensive in
Canada than in the US, and the cheapest electrific-
ation pathway in Canada (wind) is over four times
more expensive than the most expensive pathway in
the US (solar).

2.4. Cost-optimal decarbonization pathway
Policy interventions significantly reshape the land-
scape of cost-optimal decarbonization pathways in
the US and Canada. Currently, decarbonization
policies focus on well-to-gate emissions or partial
Scope 3 emissions. However, future policies might
encompass all emissions throughout the hydrogen
and ammonia supply chains, including those from the
manufacturing of machinery and materials (Scope
3 embedded technology emissions). Incorporating
these full Scope 3 emissions substantially impacts
the evaluation of wind and solar pathways, given
the significant infrastructure required to power large-
scale ammonia plants with renewables (supplement-
ary table 1). Our results illustrate the cost-optimal
ammonia production pathway without decarbon-
ization policies (figure 4(a)); with decarbonization
policies and partial Scope 3 emissions (figure 4(b));
and with decarbonization policies and full Scope 3
emissions, accounting for the entire life cycle emis-
sions (figure 4(c)).

Figure 4(a) shows the cost-optimal scenario
without any decarbonization policies. For all facilit-
ies in the US and Canada, BAU has the lowest over-
all cost. Among the decarbonized production path-
way, CCS emerges as the most cost-effective option,
except in California, where high natural gas prices
make the biomass pathway the least expensive choice.
Figure 4(b) shows the cost-optimal decarbonization
route for facilities when accounting for the 45V
and 45Q tax credits in the US and the tax credits
in Canada for well-to-gate emissions. The analysis
underlines two distinct outcomes shaped by the dif-
ferent policies. In the US, tax credits enable electro-
lytic hydrogen production fromwind energy to be the
most cost-competitive pathway for ammonia produc-
tion. However, in regions with a higher wind energy
cost, biomass with CCS becomes the most cost-
competitive method. Conversely, Canada’s tax cred-
its make CCS technologies more cost-competitive.
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Figure 3. Levelized cost of ammonia (LCOA) with and without tax credit and carbon taxes. (a) LCOA for all ammonia production
pathways with and without 45V and 45Q tax credits in the US. (b) LCOA with and without carbon taxes, and with tax credit for
low-carbon hydrogen in Canada. All results are in United States dollars per ton of ammonia (US$/tNH3). Every box plot shows
LCOA distribution among the 41 ammonia facilities in the US and Canada. Box plots show the median, 25%, and 75% quartiles,
and the minimum and maximum for each production pathway.

Canada’s tax credits for low-carbon hydrogen are
not as substantial as those in the US, leading to
higher costs compared to hydrogen production with
CCS. When full lifecycle emissions are factored in
(figure 4(c)), biomass with CCS emerges as the path-
way with the lowest LCOA across all facilities since
it is the only pathway that qualifies for the 3$/kg H2

tax credit (figure 4(c)). This regulatory change, how-
ever, would not alter the cost advantage of CCS in
Canada, where it would remain the most economical
option. For the US, figure 4(c) shows the importance
of the scope of the emissions that is defined for tax
credits. For sustainable, long-termdecarbonization of
ammonia production, lifecycle emissions should be
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Figure 4. Cost-optimal low-carbon ammonia production pathway with and without carbon tax and tax credits in the US and
Canada. (a) Visualization of cost-optimal decarbonized ammonia production pathways without decarbonization policies. (b)
Geographical distribution of the cost-optimal decarbonized ammonia production pathways, illustrating the impact of tax credits
and carbon tax in Canada and 45V and 45Q in the US accounting for partial Scope 3 emissions, as in the current legislation. (c)
Map showing cost-optimal decarbonized ammonia production with tax credits and carbon tax factored into full lifecycle
emissions, or Scope 3 emissions.

accounted for. However, including all Scope 3 emis-
sions as a requirement for the tax credit would reduce
the cost-competitiveness of low-carbon ammonia.
Biomass+ CCS is the only pathway that would qual-
ify for the full credit; however, securing a sustain-
able, reliable, and affordable biomass feedstock in
the quantities needed to replace current ammonia
production at scale remains a significant challenge
[29, 30].

3. Discussion

Ammonia-based nitrogen fertilizers are essential for
feeding half of the global population, and their
demand is expected to rise by 25% by 2050 due
to population growth and increased food needs [9].
Ammonia’s role as a zero-carbon fuel and hydro-
gen carrier is also driving its use in various indus-
trial processes [9]. However, ammonia production
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in 2021 accounted for 1.3% of global greenhouse
gas emissions and consumed 2% of global energy
[9], with 90% of these emissions resulting from the
energy-intensive hydrogen production for theHaber–
Bosch process [10, 31]. This process, which com-
bines hydrogen and nitrogen at high pressure and
temperature to produce ammonia, relies heavily on
fossil fuels. The industry’s dependency on fossil-based
hydrogen, long-distance transportation, and complex
logistics has causedmajor disruption to the food sup-
ply chain [12]. Therefore, diversifying hydrogen pro-
duction pathways for ammonia synthesis is a crucial
strategy for decarbonization and reducing fossil fuel
dependence [12].

We show that regulatory frameworks can signific-
antly alter which ammonia decarbonization pathway
is cost-optimal (figure 4). In a scenariowithout decar-
bonization policies, BAU has the lowest overall cost,
while CCS emerges as the cheapest low-carbon option
for almost all facilities (figure 4(a)). However, under
the incentives provided by the Inflation Reduction
Act tax credits, electrolytic hydrogen production from
wind energy and biomass + CCS have the lowest
LCOA in the US (figure 4(b)). In a scenario that
accounts for full lifecycle emissions (figure 4(c)),
wind does not qualify for a full 45V tax credit and
biomass + CCS becomes the most economical path-
way. In Canada, the prevailing carbon tax structure
tends to favor the adoption of CCS. However, the pro-
duction costs for Canadian ammonia producers are
significantly higher compared to the US, threatening
their ability to compete with US facilities (figures 3
and 4(b); supplementary dataset). This could lead to
a potential shift in production locations to maintain
cost competitiveness. The findings suggest a dicho-
tomy between the impact of tax credits and car-
bon taxes, namely tax credits appear to support the
transition to low-carbon production methods, while
carbon taxes seem to encourage existing facilities to
upgrade to CCS technology.

Upgrading ammonia plants with CCS offers cost-
effectiveness and reduced water, land, and energy
usage [12]. However, it does not fully eliminate green-
house gas emissions. To achieve net-zero ammonia
production, the use of negative emission technolo-
gies is necessary [12, 32]. Its reliance on fossil fuels
and related supply chain shocks positions it as a
potential transitional technology rather than a long-
term solution [12]. Renewable-based water electro-
lysis eliminates natural gas dependency but requires
large installations and faces higher costs compared
to fossil-based production [33, 34]. Biochemical pro-
cesses using sustainably sourced biomass can elim-
inate fossil fuel dependency and potentially achieve
negative emissions when coupled with CCS [29].
However, challenges include costly biomass infra-
structure, securing sustainable supply, and extens-
ive land and water requirements [29, 30, 35]. The

transformation of biomass to biomethane is a com-
plex and resource-intensive process, and biomass
transport is challenging [13]. We estimated that an
average-sized ammonia facility would need approx-
imately 12 300 MWh of biomethane for hydrogen
production (supplementary dataset). Given that a
liquefied natural gas transport truck has a capacity of
142 MWh [36], 86 daily truck deliveries are required
to meet the biomethane demands of an ammonia
plant.

Steady hydrogen supply, fluctuating energy gen-
eration from wind and solar, and land constraints are
the key challenges for the wind and solar pathway
[14]. An alternative to address the intermittent issue
is to use grid electricity as a backup to main-
tain operations [37]. However, this can cause indir-
ect Scope 2 emissions, which may reduce the tax
credit if the electricity is not low-carbon. Hence,
the tradeoff between ensuring continuous produc-
tion and maintaining a low-carbon footprint should
be carefully considered [38]. Another promising dir-
ection is the development of a more flexible Haber-
Bosch process to better accommodate intermittent
renewable energy by reducing ramp-up times and
improving operational flexibility [39]. Although this
can provide interesting benefits, and technology
licensors claim that new generations of plants can
have quick dynamics [40–42], current plants still
require steady-state conditions in the Haber–Bosch
loop [43]. Research is underway to explore alternat-
ive technologies to the traditional Haber–Bosch pro-
cess for ammonia production [33]. These include
electrochemical synthesis and plasma-activated pro-
cesses, which utilize light instead of high temperature
and pressure to convert nitrogen into ammonia [33].
Electricity-driven ammonia synthesis holds prom-
ise for low-carbon fertilizer distribution and reduced
reliance on imports [33]. However, further optimiza-
tion and scalability are necessary to assess their viab-
ility as a solution.

Given these challenges, no single technology or
pathway emerges as the universal solution for every
location and facility. As such, a variety of pathways
will be necessary to realize a decarbonized ammonia
industry. The International Energy Agency [9] states
that low-carbon technologies like electrolyzer and
CCS are required to meet the 2050 climate goal. To
address these challenges and accelerate the commer-
cial scalability of hydrogen technologies, the US gov-
ernment has introduced seven hydrogen hubs [44].
The six largest hydrogen hubs are close to at least
one ammonia facility, potentially serving as hydro-
gen suppliers. Qualifying for 45V or 45Q, this could
significantly reduce hydrogen prices and impact the
ammonia market.

This study models the impact of decarboniza-
tion policies on ammonia production without incor-
porating the proposed hourly matching requirement
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for 45V eligibility, which has been proposed as an
additional criterion for the tax credit [3]. Future
studies should include this temporal matching in
plant-by-plant decarbonization models, as it could
enable facilities to effectively reduce emissions by
using grid electricity that is matched with addi-
tional clean energy generation [18]. The insights can
informpolicymakers and industry stakeholders about
cost-effective strategies for reducing greenhouse gas
emissions.

4. Methods

This study leverages novel data on operative ammo-
nia production facilities in the US and Canada [11].
This dataset contains industrial information about
location, production capacity, and emissions of 41
ammonia producing facilities in the US and Canada.
Mimicking the methods of Rosa and Gabrielli [12],
the carbon intensity of 2022 ammonia production
facilities was calculated and compared with five
decarbonization pathways, including (i) CCS, (ii)
biomass, (iii) biomass coupled with CCS, and elec-
trolysis powered by (iv) wind, and (v) solar energy.
For each pathway and facility, the study estimates
LCOA with and without existing tax credits and car-
bon taxes. All input parameters used in the analysis
are listed in supplementary table 2 and supplement-
ary dataset.

4.1. Carbon intensity
For each facility, carbon intensity is calculated as
the ratio of total annual CO2e emissions to annual
ammonia production, measured in tCO2e/tNH3.
CO2e represents a metric used to compare the emis-
sions of various GHG based on their global warming
potential relative to carbon dioxide [45]. The annual
CO2 emissions from US facilities are reported to
the Environmental Protection Agency, as per regulat-
ory requirements [22]. Likewise, Canadian facilities
have to report their CO2e emissions to the Canadian
government [23].

A critical component in assessing the carbon
intensity of these operations is the accurate estim-
ation of the ammonia production volumes. Despite
knowing the nominal capacities of these facilities,
actual ammonia production is lower than production
capacity. Notably, a capacity factor of 86% has been
documented for US operations [8]. Additionally,
the best available technology carbon intensity for
the production of ammonia from coal and nat-
ural gas is known [9]. Utilizing these information,
along with various production reports from oper-
ating companies [46–52], it is possible to estimate
the carbon intensities of each facility (supplementary
methods).

In the US, 92% of the feedstock used for ammo-
nia production is derived from natural gas [53].
An ammonia production facility that utilizes natural

gas (CH4) as its primary feedstock, requires approx-
imately 0.38 tCH4/tNH3 [9] with carbon emissions
of 1.8 tCO2/tNH3 [9]. Most of these emissions are
related to SMR to produce hydrogen, responsible
for approximately 9.13 kgCO2/ kgH2 produced [54].
Using natural gas, ammonia synthesis consumes an
average of 0.18MWhof electricity per tNH3 produced
[9]. The consumption can be as low as 0.08 MWh per
tNH3 with SMR [9]. For coal-based ammonia pro-
duction, the electricity usage averages 0.91 MWh per
tNH3 [9].

The production of ammonia via theHaber–Bosch
synthesis process critically depends on a continu-
ous supply of pure hydrogen and nitrogen to enable
the formation of ammonia [10]. The predominant
method of nitrogen production in large-scale plants
is cryogenic distillation, accounting for more than
90% of the global supply [55]. Considering the dens-
ity of nitrogen (N2) at standard temperature (0 ◦C)
and pressure (1 bar) as 1.23 kg m−3, the electricity
consumption amounts to 162 kWh per ton of N2

produced [55, 56]. A contemporary, streamlined, nat-
ural gas-based, and highly efficientHaber–Bosch pro-
cess utilizing methane requires 26 gigajoule (GJ) per
tNH3 produced [57].

Given that hydrogen production accounts for
approximately 90% of both the energy use and emis-
sions in ammonia [10, 31], this study consequently
explores five decarbonization pathways for hydrogen
production while maintaining the Haber–Bosch pro-
cess for all ammonia production methods. A plant-
specific analysis is conducted for each pathway to
ascertain the most economic pathway to decarbon-
ize ammonia under existing and proposed regulatory
frameworks. Each pathway is scrutinized to determ-
ine its viability in the context of cost, resource effi-
ciency, and capacity to meet decarbonization targets.
All pathways are depicted in supplementary figure 1.
CCS, biomass, and biomass with CCS utilize SMR for
hydrogen generation. In contrast, the wind and solar
pathways derive hydrogen through water electrolysis
(supplementary figure 1).

4.2. Technological pathways for decarbonization
The LCOA is calculated for each facility and path-
way. The LCOA estimates the long-term cost implica-
tions of adopting each decarbonization strategy. This
metric can be a benchmark for decision-making pro-
cesses, allowing for an informed evaluation of the
economic viability of transitioning to low-carbon
ammonia production.

The LCOA encompasses all capital expenditures
required for various technologies involved in ammo-
nia production, including electrolyzer, hydrogen stor-
age, compressors, SMR, air separation unit (ASU)
for nitrogen production, and the Haber–Bosch pro-
cess. Since this study focuses on existing facilities,
these technologies, except for renewable installations,
electrolyzer, hydrogen storage, and compressors, are
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already in place and operational. Retrofitting existing
facilities eliminates the need to construct new plants
entirely. It is important to note that this study does
not incorporate financial costs for capital expendit-
ures (cost of capital or discount rate).

4.3. CCS pathway
The emissions for the CCS pathway were determined
by using emissions data reported by the governments
[22, 23], in addition to considering emissions from
the production of merchant hydrogen and leakage of
natural gas (supplementary methods). The natural
gas leakage rate is assumed between 0.75% and 9.63%
[58]. A geospatial analysis is employed to determine
the CO2 transport distance from each ammonia facil-
ity to the nearest CO2 storage location. CO2 storage
location are from a dataset that determines potential
CO2 storage sites [59]. In scenarios where an ammo-
nia facility is sited directly on top of a prospective CO2

storage location, the transportation costs are nomin-
ally set to zero, considering the absence of transport
requirements. Given the high volumes of CO2 emis-
sions produced by ammonia facilities, it is assumed
that pipelines will serve as the primary modality for
CO2 transport to the storage sites. The associated
transportation expenses of CO2 by pipeline, encom-
passing both capital and operational expenditures, are
between $0.008 and $0.029 per tCO2 per km [60].
Given the high (>98%) [61] purity of CO2 in ammo-
nia production [62], CO2 capture is cheaper than in
other industries with lower CO2 purity [63]. CO2

capture costs are estimated to be between $22 and $32
per tCO2 [64]. Storage expenses are an additional cost
ranging from $2 to $12 per tCO2 [65]. Therefore, for
ammonia facilities, which are located directly above
a potential storage location, the costs for CCS are
therefore between $24 and $44 per tCO2. The LCOA
calculation includes merchant hydrogen costs. Based
on the dataset [11] 12 facilities purchase a signific-
ant amount (>50%) of their hydrogen demand from
external producers. This study assumes thatmerchant
hydrogen has an additional 25% sales margin. In
other production pathways, this study assumes that
all hydrogen is produced onsite.

The LCOA in $/tNH3 without decarbonization
policies for the CCS pathway is calculated by the fol-
lowing equation:

LCOACCS

=
1

VNH3

(∑
k∈K

(CAPEXk +OPEXk)+
∑
l∈L

(cldl)

)
(1)

∀k ∈ K= {SMR,ASU,HB,C,TCO2,SCO2} ,
∀l ∈ L= {f,m,e}

where VNH3 is the annual ammonia production
volume, CAPEX and OPEX are capital and opera-
tional expenditures, c is costs, d is the demand, SMR,

ASU for nitrogen production, HB is theHaber–Bosch
process, C is the CO2 capture, TCO2 is the CO2 trans-
portation, SCO2 is the CO2 storage, f is the feedstock
for hydrogen production, m is the merchant hydro-
gen, and e is the total electricity for the ammonia pro-
duction process. The detailed values for each plant
and variables are shown in supplementary dataset and
table 2.

4.4. Biomass pathways
This study assumes the conversion of waste biomass,
such as livestock manure and crop residues, into bio-
methane through anaerobic digestion [29, 30, 66].
The reason for focusing on anaerobic digestion rather
than gasification is that biomass gasification is typic-
ally too expensive, as it requires building new infra-
structure. In contrast, biomethane can be used as a
drop-in replacement for fossil natural gas [29], allow-
ing existing steam methane reforming (SMR) infra-
structure to be utilized for hydrogen production. This
approach enables ammonia plants to maintain oper-
ations while transitioning to a renewable feedstock
without the need for costly new units.

To produce one ton of ammonia, 0.176 tons
of hydrogen are required [67]. The efficiency of
the biomethane to hydrogen conversion is 0.29 kg
of hydrogen per kg of biomethane[29]. Geospatial
information of producible biomethane in the US and
Canada was taken from a study that assessed bio-
methane potential from waste biomass [30]. To meet
biomethane demand for each ammonia facility, we
quantify the required biomethane by linking hydro-
gen consumption to biomethane yields, then calcu-
late distances to biomethane sources until annual
demand is satisfied. This analysis shows that US and
Canadian ammonia facilities would require between
467 and 98 652 MWh of biomethane per day aver-
aging at 12 297 MWh d−1. The demand can be met
through the potentially available biomethane. The
distances from the ammonia facilities to the bio-
methane demand are between 26.5 and 291.6 km,
with an average of 80.6 km. This study focuses on
the potential of biomethane and does not analyze
existing biomethane refinery plants. The predomin-
ant expenses in the biomethane pathway are attrib-
uted to the procurement of biomass, its conver-
sion into biogas, and the subsequent upgrading into
biomethane [30]. Collectively, these processes incur
costs of $41.3 to $55.1 per MWh [68]. The biomass
pathway still results in CO2e emissions ranging from
1.2 to 8.6 kg CO2e/kgH2 [29]. These emissions are
further increased by biomethane leaks and additional
emissions generated during the transportation of bio-
methane from its source to the ammonia production
facility (between 1.08 and 6.012 gCO2e/kWh [69]).
The Haber–Bosch process and the nitrogen air separ-
ation require 0.5–0.86MWh/tNH3 [10], which results
in additional emissions.
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Based on our geospatial analysis that match bio-
methane available [30] with each ammonia facil-
ity, we find that for each facility there is enough
biomethane within a radius of 100 kilometers.
Therefore, biomethane is assumed to be transported
by truck, primarily due to the short transport dis-
tances. Transportation costs range from 0.00975$ to
0.018$ per cubic meter per kilometer [70]. The emis-
sions associated with truck transport are estimated at
0.73 kg CO2e/km [71].

Another pathway is biomass coupled with CCS,
where CCS is adopted to capture CO2 emissions
from SMR during hydrogen production. Although
CCS increases production costs, it offers the benefit
of potentially reaching negative carbon emissions, as
the CO2 captured from biomethane is biogenic and
originates from biological sources [72]. Producing
hydrogen from biomethane with CCS can remove
between 8.84 and 11.6 tCO2e/tNH3 [72]. This range
underscores the potential for this pathway to not just
reduce GHG emissions but to actively contribute to
carbon dioxide removal. The LCOA in US$/tNH3 for
the biomass and biomass+ CCS pathway can be cal-
culated using the following equation:

LCOABiomass(Biomass + CCS)

=
1

VNH3

(∑
k∈K

(CAPEXk +OPEXk)+
∑
l∈L

(cldl)

)
(2)

∀k ∈ K= {TB,SMR, ASU, HB(C,TCO2,SCO2)} ,
∀l ∈ L= {f,e}

where TB is the biomethane transportation cost.

4.5. Wind and solar energy pathways
Hydrogen can be produced using electrolyzers instead
of SMR, powered by either grid electricity or renew-
able energy. Given the high energy requirements of
ammonia synthesis and the current carbon intensity
of the US energy grid (0.376 tCO2/MWh) [73], using
only grid electricity would increase the carbon foot-
print of ammonia production by 3.5 times compared
to the BAU scenario. In Canada the grid greenhouse
gas intensity is 0.137 tCO2/MWh [74] so the elec-
trolytic pathway would have 1.27 times higher emis-
sions than BAU. Additionally, the significant energy
demand makes the cost of electricity the primary
expense in the electrification pathway. With an aver-
age electricity price of $77.3 MWh−1 [75], the LCOA
using only grid electricity would be US$1,041.60 per
ton of NH3. For Canada with an average electricity
price of US$95.24 MWh−1 [76], the LCOA would
be US$1,181.49/tNH3. Consequently, this study does
not consider grid electricity alone as a viable path for
decarbonizing ammonia production in the near term.
To address these challenges, we propose that ammo-
nia production facilities operate their own renew-

able wind or solar energy parks, leveraging renewable
energy to reduce both the carbon footprint and over-
all production costs.

While the electrolysis process does not directly
emit GHG emissions, there are indirect life cycle
emissions from electricity production (supplement-
arymethods and supplementary table 1). Solar energy
has full life cycle GHG emissions estimated to be
between 0.008 and 0.083 CO2e/MWh, while wind
energy has life cycle GHG emissions that range from
0.0078 to 0.016 CO2e/MWh [77]. Producing one ton
of ammonia via electrolysis requires between 8.6 and
10 MWh of energy [9, 10, 67], resulting in a car-
bon intensity of 0.07–0.83 tCO2e/tNH3 and 0.07–0.16
tCO2e/tNH3 for solar and wind, respectively.

The costs for solar and wind energy are based on
the levelized cost of energy (LCOE) for wind and solar
for each state [78] (see supplementary dataset). The
LCOE provides a comprehensive measure of the aver-
age net present cost of electricity generation for a gen-
erating plant over its lifetime, incorporating capital
costs, taxes, capacity factors, and operational costs.

The capital expenditure for an alkaline electro-
lyzer is assumed to be $950 kW [79]. Additionally, the
operational expenditures are estimated to be approx-
imately 2% of the capital expenditures [80]. The
installed capacity of electrolyzers is calculated based
on the daily demand on hydrogen and the capacity
factor for wind and solar.

Wind and solar dependency on weather condi-
tions means that without wind or sunlight, power
generation halts, which is problematic for continuous
processes like the Haber–Bosch that require a steady
hydrogen supply. To maintain continuous produc-
tion in large-scale plants hydrogen storage is neces-
sary. This study assumes that hydrogen is stored for
one day to ensure constant ammonia production, and
the associated costs account for an additional 6.6% of
the LCOA on average (supplementary methods).

We use the average capacity factor for solar and
wind energy in the US [81] to estimate the required
amount of installed wind and solar energy. The aver-
age capacity factor of solar for the US is 24.4% while
wind has a capacity factor of 35.9% in 2022 [81]. The
LCOA for the wind and solar pathway is calculated as:

LCOAWind/Solar

=
1

VNH3

(∑
k∈K

(CAPEXk +OPEXk)+
∑
l∈L

(cldl)

)
(3)

∀k ∈ K= {R,ALK,ASU,HB,SH2} ,∀l ∈ L= {f}

where R is the renewable energy source, ALK is the
electrolyzer, and SH2 is the hydrogen storage.
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4.6. Modeling policies
The regulations for the 45V tax credit are still being
finalized, with decisions on implementation cur-
rently in progress. The full subsidy ‘three pillars’—
additionality, hourly matching, and deliverability
[82], with hourly matching being a particularly con-
tentious point—are at the key areas of ongoing debate
(supplementary methods). The mechanisms to claim
45V benefits, which include direct payments and tax
credits [83, 84] provide significant financial incent-
ives for ammonia production facilities. Direct pay-
ments towards low-carbon hydrogen production are
estimated at $5.3 billion, with the total cost projec-
ted at $13.2 billion [85]. Following the approach of
Ricks et al [18] andMersch et al [17], this studymod-
els the regulation as a production credit (as of April
2024), thereby subtracting the tax credits from overall
expenses to assess economic impact, though this may
not fully reflect actual cash flow or pricing dynamics.
Canadian dollar (C$) was converted into US$ using
the exchange rate as of 0.72 in April 2024.
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Techno-economic viability of islanded green ammonia as a
carbon-free energy vector and as a substitute for
conventional production Energy Environ. Sci.
13 2957–66

[17] Mersch M, Sunny N, Dejan R, Ku A Y, Wilson G, O’Reilly S,
Soloveichik G, Wyatt J and Mac Dowell N 2024 A
comparative techno-economic assessment of blue, green,
and hybrid ammonia production in the United States
Sustain. Energy Fuels 8 1495–508

[18] Ricks W, Xu Q and Jenkins J D 2023 Minimizing emissions
from grid-based hydrogen production in the United States
Environ. Res. Lett. 18 014025

[19] Cheng F, Luo H, Jenkins J D and Larson E D 2023 Impacts of
the inflation reduction act on the economics of clean
hydrogen and synthetic liquid fuels Environ. Sci. Technol.
57 15336–47

12

https://orcid.org/0000-0001-9379-2980
https://orcid.org/0000-0001-9379-2980
https://orcid.org/0000-0001-9379-2980
https://orcid.org/0000-0002-1280-9945
https://orcid.org/0000-0002-1280-9945
https://orcid.org/0000-0002-1280-9945
https://www.energy.gov/sites/default/files/2023-11/IRA%2520and%2520Carbon%2520Management%2520Opportunities%2520in%2520Texas%2520Nov%252014%25202023%2520v2%2520reduced%2520file%2520size.pdf
https://www.energy.gov/sites/default/files/2023-11/IRA%2520and%2520Carbon%2520Management%2520Opportunities%2520in%2520Texas%2520Nov%252014%25202023%2520v2%2520reduced%2520file%2520size.pdf
https://www.energy.gov/sites/default/files/2023-11/IRA%2520and%2520Carbon%2520Management%2520Opportunities%2520in%2520Texas%2520Nov%252014%25202023%2520v2%2520reduced%2520file%2520size.pdf
https://www.energy.gov/sites/default/files/2023-11/IRA%2520and%2520Carbon%2520Management%2520Opportunities%2520in%2520Texas%2520Nov%252014%25202023%2520v2%2520reduced%2520file%2520size.pdf
https://www.budget.canada.ca/2023/report-rapport/chap3-en.html
https://www.budget.canada.ca/2023/report-rapport/chap3-en.html
https://www.energy.gov/articles/clean-hydrogen-production-tax-credit-45v-resources
https://www.energy.gov/articles/clean-hydrogen-production-tax-credit-45v-resources
https://www.energy.gov/articles/clean-hydrogen-production-tax-credit-45v-resources
https://www.congress.gov/bill/117th-congress/house-bill/5376
https://www.congress.gov/bill/117th-congress/house-bill/5376
https://www.iea.org/reports/towards-hydrogen-definitions-based-on-their-emissions-intensity
https://www.iea.org/reports/towards-hydrogen-definitions-based-on-their-emissions-intensity
https://sgp.fas.org/crs/misc/IF11455.pdf
https://sgp.fas.org/crs/misc/IF11455.pdf
https://laws-lois.justice.gc.ca/PDF/G-11.55.pdf
https://doi.org/10.5066/P9WCYUI6
https://doi.org/10.5066/P9WCYUI6
https://www.iea.org/reports/ammonia-technology-roadmap
https://www.iea.org/reports/ammonia-technology-roadmap
https://doi.org/10.1039/C9EE02873K
https://doi.org/10.1039/C9EE02873K
https://doi.org/10.1088/1748-9326/aca815
https://doi.org/10.1088/1748-9326/aca815
https://doi.org/10.1016/j.oneear.2023.05.006
https://doi.org/10.1016/j.oneear.2023.05.006
https://doi.org/10.1038/s41467-024-48145-z
https://doi.org/10.1038/s41467-024-48145-z
https://doi.org/10.1016/j.apenergy.2020.116170
https://doi.org/10.1016/j.apenergy.2020.116170
https://doi.org/10.1039/D0EE01707H
https://doi.org/10.1039/D0EE01707H
https://doi.org/10.1039/D3SE01421E
https://doi.org/10.1039/D3SE01421E
https://doi.org/10.1088/1748-9326/acacb5
https://doi.org/10.1088/1748-9326/acacb5
https://doi.org/10.1021/acs.est.3c03063
https://doi.org/10.1021/acs.est.3c03063


Environ. Res. Lett. 19 (2024) 114064 Y Schueler et al

[20] Jabarivelisdeh B, Jin E, Christopher P and Masanet E 2024
Achieving net-zero US ammonia: technology and policy
options and their emissions, investment, and cost tradeoffs J.
Cleaner Prod. 469 143144

[21] Ueckerdt F, Verpoort P C, Anantharaman R, Bauer C, Beck F,
Longden T and Roussanaly S 2024 On the cost
competitiveness of blue and green hydrogen Joule 8 104–28

[22] U.S. Environmental Protection Agency Office of
Atmospheric Protection 2023 Greenhouse gas reporting
program (GHGRP) (available at: www.epa.gov/
ghgreporting)

[23] Greenhouse Gas Reporting Program (GHGRP) 2023
Greenhouse gas reporting: facilities (available at: www.
canada.ca/en/environment-climate-change/services/climate-
change/greenhouse-gas-emissions/facility-reporting.html)

[24] U.S. Energy Information Administration 2024 Natural gas
prices (available at: www.eia.gov/dnav/ng/
ng_pri_sum_a_EPG0_PIN_DMcf_a.htm)

[25] Martín M and Sánchez A 2024 Biomass pathways to produce
green ammonia and urea Curr. Opin. Green Sustain. Chem.
47 100933

[26] Sánchez A, Martín M and Vega P 2019 Biomass based
sustainable ammonia production: digestion vs gasification
ACS Sustain. Chem. Eng. 7 9995–10007

[27] Rosa L and Gabrielli P 2023 Achieving net-zero emissions in
agriculture: a review Environ. Res. Lett. 18 063002

[28] European Commission 2024 Renewable hydrogen (available
at: https://energy.ec.europa.eu/topics/energy-systems-
integration/hydrogen/renewable-hydrogen_en#:~:text=
To%20ensure%20that%20the%20hydrogen,renewable%
20hydrogen%20to%20the%20EU)

[29] Rosa L and Mazzotti M 2022 Potential for hydrogen
production from sustainable biomass with carbon capture
and storage Renew. Sustain. Energy Rev. 157 112123

[30] Feng Y and Rosa L 2024 Global biomethane and carbon
dioxide removal potential through anaerobic digestion of
waste biomass Environ. Res. Lett. 19 024024

[31] Innovation for Cool Earth Forum 2022 Low-carbon
ammonia roadmap (available at: www.icef.go.jp/pdf/
summary/roadmap/icef2022_roadmap_Low-
Carbon_Ammonia.pdf)

[32] Terlouw T, Bauer C, Rosa L and Mazzotti M 2021 Life cycle
assessment of carbon dioxide removal technologies: a critical
review Energy Environ. Sci. 14 1701–21

[33] Tonelli D et al 2024 Cost-competitive decentralized
ammonia fertilizer production can increase food security
Nat. Food 5 469–79

[34] Tonelli D, Rosa L, Gabrielli P, Caldeira K, Parente A and
Contino F 2023 Global land and water limits to electrolytic
hydrogen production using wind and solar resources Nat.
Commun. 14 5532

[35] Beltran-Peña A, Rosa L and D’Odorico P 2020 Global food
self-sufficiency in the 21st century under sustainable
intensification of agriculture Environ. Res. Lett. 15 095004

[36] Public Utilities Regulatory Authority 2024 What is LNG?
(available at: https://portal.ct.gov/PURA/Gas-Pipeline-
Safety/What-is-LNG.#:∼:text=LNG%20Trucks&
text=The%20trailers%20are%20approximately%2042,
to%2013%2C000%20gallons%20of%20LNG)
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