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In brief

Ammonia manufacturers aim to reduce

greenhouse gas (GHG) emissions, but

economically viable pathways to net zero,

using domestic feedstocks without major

infrastructure changes, are limited. Here,

we show that partially replacing natural

gas with biomethane, combined with

carbon capture and storage (CCS), can

achieve net-zero ammonia production in

the EU. This approach, requiring an

average biomethane blend of 44%, would

use only 11.7% of the EU’s sustainable

biomethane potential and proves more

cost-effective than other net-zero

options.
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SCIENCE FOR SOCIETY Ammonia serves as the building block for a wide range of products, including syn-
thetic nitrogen fertilizers. However, its production via the Haber-Bosch process relies heavily on fossil fuels
(e.g., natural gas), making ammonia a large source of greenhouse gas (GHG) emissions. Among many miti-
gation options, sustainable biomethane, which is derived frombiomass that does not competewith food pro-
duction for land and is compatible with existing ammonia facilities, is gaining momentum. With its plan to
expand biomethane production and its role as a large ammonia producer, the EU has a unique opportunity
to use biomethane as a pathway toward net-zero ammonia. However, the feasibility of this route in the EU
context remains unclear. Herewe demonstrate that, using only a small fraction of the sustainable biomethane
potential, the EU can cost-effectively shift to net-zero ammonia production by partially replacing natural gas
with biomethane combinedwith carbon capture and storage. A full replacement of natural gas has the poten-
tial for negative GHG emissions in ammonia production. Our findings underscore the need for policymakers
and stakeholders to give greater consideration and enhance ammonia industry’s access to sustainable bio-
methane.
SUMMARY
Ammonia is a vital industrial chemical, but its production is greenhouse gas (GHG) emissions intensive. Pre-
vailing mitigation options, such as electrification of heating, carbon capture and storage (CCS), and green
hydrogen, face challenges related to limited mitigation potential, switch to new infrastructure, and likely
high costs. Sustainable biomethane, derived from biomass that does not compete with food production
for land and can leverage existing ammonia facilities, emerges as a promising option. However, whether
and how biomethane can catalyze net-zero ammonia production remains underexplored. Here, using life-cy-
cle assessment, we show that the European Union (EU)’s ammonia production can achieve cradle-to-gate
net-zero GHG emission using, on average, a blend of natural gas (56%) and biomethane (44%) combined
with CCS. This strategy would require only 11.7% of the EU’s sustainable biomethane potential and is at least
16% cheaper than the green hydrogen option. Moreover, cradle-to-gate negative GHG emissions can be at-
tained by completely switching to biomethane coupled with CCS, but the natural gas-biomethane blend
strategy provides a sensible starting point.
INTRODUCTION

Ammonia is the basis of synthetic nitrogen fertilizers that boost

agricultural productivity and ensure global food security.1 About

70% of the 185 Mt of ammonia produced annually worldwide is

used for urea and other fertilizers, which feed approximately
One Earth 7, 2235–2249, Decem
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50% of the global population.2,3 Ammonia is predominantly syn-

thesized from nitrogen and H2 in the Haber-Bosch process,

which is energy intensive and fossil fuel dependent.4 Notably,

H2 is mostly generated on site by natural-gas-based steam re-

forming or coal gasification (70% and 26% of global production,

respectively),3 making ammonia responsible for 20% and 5% of
ber 20, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 2235
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industrial natural gas and coal demand, respectively, and for

over 1.2% of anthropogenic greenhouse gas (GHG) emissions.5

Current GHG emissions from ammonia production are not

compatible with limiting global warming to well below 2 �C above

pre-industrial levels.6,7 Ammonia manufacturers are committed

to reducing GHG emissions, aspiring to achieve even net-zero

emissions. However, prevailing mitigation options such as elec-

trification of heating in the steam reforming process and carbon

capture and storage (CCS) have demostrated limited effective-

ness.8–11 Therefore, there is a strong motivation to shift toward

renewable feedstocks that can be sourced locally with lower

emissions.12,13 One promising low-carbon alternative is running

the Haber-Bosch process with green H2 sourced from water

electrolysis powered by wind or solar energy.3,11 While the eco-

nomic barrier to producing green H2 is decreasing due to

reduced renewable energy costs and increased natural gas pri-

ces,14,15 the deployment of renewable power capacity remains a

critical bottleneck.16 Previous studies suggest that a chemical

industry largely based on green H2 could potentially exceed

the projected renewable power generation.17,18 Moreover,

achieving net-zero through water electrolysis would still require

offsetting the life-cycle GHG emissions of the required infra-

structure (e.g., emissions associated with the manufacturing of

wind turbines), potentially through energy-intensive and costly

direct air carbon capture and storage (DACCS).2,3

Biomethane, a near-pure CH4 gas produced from biomass,

emerges as a promising avenue for ammonia manufacturers to

achieve net-zero or even negative GHG emissions by utilizing a

locally sourced renewable feedstock within the conventional

steam reforming and Haber-Bosch processes. Biomethane re-

lies on well-established technologies, such as anaerobic diges-

tion for biogas production (a mixture of 50–70 vol % CH4 and

CO2) followed by upgrading, where CO2 is removed through

standard processes like water scrubbing or pressure swing

adsorption (PSA).19,20 Because this renewable gas meets the

same specifications as natural gas (e.g., >95 vol%CH4 content),

it can be injected into the gas grid and used as a direct substitute

with minimal changes to existing infrastructure.21 However, un-

like natural gas, the carbon present in biogas and biomethane

is of biogenic origin, derived from CO2 previously taken up

from the atmosphere during biomass growth through photosyn-

thesis. Thus, the permanent storage of the CO2 removed during

the upgrading process holds the potential for net removal of CO2

from the atmosphere.22,23 The utilization of biomethane for

ammonia opens new avenues for capturing and storing biogenic

carbon, considering the substantial CO2 generated in steam-re-

forming-based ammonia production. In this context, biomethane

not only serves as a substitute for natural gas but also emerges

as an appealing option for carbon dioxide removal (CDR), playing

a pivotal role in achieving climate targets.24 Despite this poten-

tial, the use of biomethane in ammonia production remains

largely unexplored, hindered by a lack of studies quantifying its

GHG emissions mitigation potential in specific applications and

shedding light on the associated environmental and economic

implications.

Although a number of life-cycle assessment (LCA) studies

have addressed the environmental impacts of biomethane,

those specifically focusing on its use in ammonia production

remain scarce and limited in scope (a review of previous works
2236 One Earth 7, 2235–2249, December 20, 2024
is provided in the section ‘‘experimental procedures’’). Previous

studies either neglected CCS,25 thus missing the potential for

CDR, or focused on emerging technologies rather than

leveraging existing infrastructure.26 Antonini et al.27 revealed

the potential for achieving negative GHG emissions in hydrogen

production through steam reforming of biomethane when com-

bined with CCS. However, this study did not explore ammonia

production and omitted the opportunity for CO2 capture from

biogas upgrading. Another limitation of prior LCAs is their focus

on specific facilities25,28 or regions (e.g., California).26,27 This nar-

row scope fails to account for regional variations, including avail-

able feedstock types and electricity mixes, which can influence

the mitigation potential. Consequently, the limited existing

knowledge makes it hard for ammonia manufacturers to deter-

mine the feasibility of switching to biomethane coupled with

CCS as a mitigation option in their respective locations. Ad-

dressing this gap requires a more comprehensive LCA encom-

passing various CCS deployment scenarios (i.e., partial vs. full

CCS deployment) and quantifying impacts across countries

with ammonia production infrastructure.

Additional considerations critical to the successful adoption of

biomethane with CCS include addressing supply constraints,

economic viability, and potential burden shifting to other im-

pacts. A notable concern revolves around the availability of

biomass feedstocks for large-scale biomethane production,29

with global projections indicating that biomethane may only be

able to substitute about 29% of the demand for natural gas.30

This indicates that a complete switch to biomethane could be

challenging. Alternatively, ammonia manufacturers might

consider incorporating a blend of natural gas and biomethane

alongside the deployment of CCS. The pivotal question lies in

whether this blending strategy could effectively achieve net-

zero life-cycle GHG emissions. Consequently, determining the

required share of biomethane across locations and assessing

the broad environmental and economic implications of such a

net-zero scenario become essential. Prior techno-economic

analysis (TEA) studies consistently emphasized the key role of

policy incentives in rendering biomethane economically

appealing (see the literature review within the section ‘‘experi-

mental procedures’’). However, recent market analyses suggest

that, amid the escalating energy prices in Europe, biomethane

could emerge as a cost-effective alternative to natural gas.31

Moreover, previous economic analyses have not compared

net-zero ammonia production scenarios, which would likely

require expensive offsetting of residual GHG emissions (in

contrast to the use of biomethane coupled with CCS as feed-

stock). Similarly, the potential burden shifting (i.e., collateral

damage caused when attempting to combat climate change)

of such net-zero scenarios remains largely unexplored.

Here, we explore the potential of sustainable biomethane—

produced from feedstocks that do not compete for land with

food production—coupled with CCS to mitigate GHG emissions

in ammonia production within Europe (Figure 1). We apply LCA

to quantify the carbon footprint of ammonia production on a

country level, considering various CCS deployment scenarios

and regional specificities. We further determine the natural

gas-biomethane blend ratio required to achieve net-zero GHG

emissions in each country and compare the impact on 15 indica-

tors and production costs of this blending strategy with two



Figure 1. Overview of ammonia production from biomethane coupled with CCS and the associated carbon flows

Biodegradable feedstocks undergo anaerobic digestion (1) to produce biogas (2), which is subsequently upgraded to biomethane. The biomethane is injected

into the gas grid (3) and used at the ammonia production facility as a direct substitute for natural gas (4). The carbon content of the biodegradable feedstocks

comes from the CO2 previously taken up from the atmosphere via photosynthesis during biomass growth (5). Emissions of biogenic CO2 and CH4 occur at every

production stage (6), either as fugitive emissions (at anaerobic digestion, upgrading, and gas grid) or as direct emissions due to biogas or biomethane combustion

(at anaerobic digestion and ammonia production facility). CO2 is captured at the biogas-to-biomethane upgrading (7) and at the ammonia production facility (8),

and it is compressed and permanently stored in underground geological formations. Flow (8) includes two streams, namely the capture of the CO2 removed from

the syngas stream after the water gas shift reactor plus the capture of the CO2 in the flue gas resulting from the combustion of methane in the steam reforming

process. Moreover, GHG emissions are associatedwith the background system (9) (e.g., electricity generation). Overall negative GHGemissions can be achieved

if (5) is higher than the sum of (6) and (9).
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alternative net-zero scenarios: one based on natural gas and the

other on green H2, both with residual emissions offset by

DACCS. Findings show that using biomethane with CCS enables

cradle-to-gate negative GHG emissions in ammonia production

across all the studied European countries, ranging from�0.23 to

�2.04 kg CO2-eq kg�1 ammonia. The biomethane ratio required

to achieve net-zero GHG emissions ranges from 14% to 87% by

volume across countries, with an average of 44%. The European

Union (EU) would require only 11.7% of its sustainable bio-

methane potential to make ammonia production levels (as of

2021) net zero. We also show that this approach would represent

a cheaper net-zero alternative, as it does not require offsetting

residual emissions while avoiding the use of expensive electro-

lytic hydrogen. Additionally, readily available options exist to

mitigate the burden-shifting risks associatedwith the large-scale

deployment of biomethane. A blend of natural gas and bio-

methane, coupled with the deployment of CCS, is a feasible

strategy that should be regarded as a complementary mitigation

option for the ammonia industry.

RESULTS

Carbon footprint of ammonia production
We start by assessing the carbon footprint of alternative

ammonia production scenarios in Europe, comparing the
Haber-Bosch process fed with natural gas, green H2, and bio-

methane (a detailed description of the scenarios assessed is

provided in the section ‘‘experimental procedures’’ and

Table S1). The average carbon footprint of ammonia production

from natural gas is 2.7 kg CO2-eq kg ammonia�1 (Figure 2).

About 53% of the impact is due to the direct emission of the

concentrated stream of CO2 from syngas generated from natural

gas via steam reforming. Another 28% is due to the flue gas

generated by burning natural gas for heating the reformer.

Thus, capturing and storing the CO2 from both the syngas and

flue gas streams can reduce the carbon footprint to 0.92 kg

CO2-eq kg�1. Alternatively, running the Haber-Bosch process

with green H2 obtained from water electrolysis powered by

wind would reduce GHG emissions even further to 0.28 kg

CO2-eq kg�1, with 56% of the impact coming from H2

production.

Despite the important mitigation potential, neither CCS nor

green H2 can achieve ammonia production with net-zero GHG

emissions. Conversely, biomethane could enable even negative

emissions (on a cradle-to-gate basis) provided that CCS is sys-

tematically deployed. The average carbon footprint of ammonia

production in the biomethane scenario without CCS is 1.81 kg

CO2-eq kg�1, equivalent to a 33% reduction over the natural-

gas scenario. Notably, biomethane coupled with CCS at the

ammonia production facility (capturing and storing the CO2
One Earth 7, 2235–2249, December 20, 2024 2237



Figure 2. Carbon footprint of ammonia production in Europe using natural gas, green H2, and biomethane

Green H2 is obtained from water electrolysis powered by on-shore wind turbines. Biomethane is obtained by upgrading the biogas from anaerobic digestion. In

the scenarios with CCS, CO2 is captured from three sources: biogas-to-biomethane upgrading (CCSUpgrading), syngas (CCSSyngas), and the flue gas generated by

burning natural gas for heating the reformer (CCSFlueGas). Description of the scenarios can be found in the section ‘‘experimental procedures’’ and Table S1.

Negative values indicate a net removal of CO2 from the atmosphere due to the capture and storage of CO2 previously taken up via photosynthesis during biomass

growth. ‘‘Direct emissions’’ refers to emissions from steam reforming and/or Haber-Bosch processes; ‘‘feedstock supply chain’’ to the production and supply of

natural gas, green H2, or biomethane; ‘‘heating’’ to the natural gas or biomethane combusted to provide heat to the reformer; and ‘‘electricity’’ to the overall

electricity consumed by the process. ‘‘Other’’ includes the remaining contributions (e.g., infrastructure, water supply, or CO2 transport and storage).
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from syngas and flue gas, i.e., stream 8 as in Figure 1) would

achieve near net-zero emissions (0.05 kg CO2-eq kg�1), while

CCS at both biogas-to-biomethane upgrading and ammonia fa-

cility (i.e., streams 7 and 8 as in Figure 1) would achieve a large

negative carbon footprint; �0.74 kg CO2-eq kg�1 if capturing

CO2 from upgrading and syngas and �1.18 kg CO2-eq kg�1 if

also capturing CO2 from flue gas.

The negative emissions indicate that the captured CO2 largely

offsets the climate impacts associated with methane leakage

and other emissions throughout the biomethane supply chain.

This remains valid up to a 1.84- to 2.32-fold increase in methane

leakage rates (see Figure S1). For example, themethane leakage

rate of anaerobic digestion would need to increase from the

assumed 3.2% (average value from the literature) to 5.86%–

7.42% for ammonia to become net zero, which align with the up-

per bound values reported in the literature.32–35 These findings

highlight the importance of reducing methane losses in the bio-

methane supply chain.

GHG emissions associated with biomethane production and

supply are largely influenced by local conditions. To further

explore such regional variability, we calculated the country-spe-

cific carbon footprint of ammonia production from biomethane

for EU countries (excluding Cyprus, Malta, and Luxemburg due

to data availability and their relatively minor biomethane poten-

tial) plus Norway, Switzerland, and the United Kingdom. Our

analysis considers factors such as the available types of biode-

gradable feedstocks in each country or the respective national

electricity mix (Figure 3). Notably, we find that all countries could

produce ammonia with negative GHG emissions under a full

CCS deployment (i.e., streams 7 and 8 in Figure 1), with the

impact ranging from �0.23 kg CO2-eq kg�1 in Poland to

�2.04 kg CO2-eq kg�1 in Sweden. Germany, themajor ammonia

producer in the EU in 2021,36 would exhibit a carbon footprint of

�1.06 kg CO2-eq kg�1. Other ammonia producers—Croatia,

France, Lithuania, Romania, Slovakia, and Spain—show similar
2238 One Earth 7, 2235–2249, December 20, 2024
carbon footprints (i.e., between �1.07 and �1.55 kg CO2-eq

kg�1). Some countries provide the required conditions to

achieve negative emissions even under a partial CCS deploy-

ment. For example, Sweden and Finland could already produce

ammonia with negative emissions if CO2 is captured either from

syngas or from biogas-to-biomethane upgrading. Furthermore,

13 out of the 27 studied countries would only require CCS at

the ammonia production facility.

Our results clearly show the huge potential of biomethane as a

GHG emissions mitigation strategy in ammonia production. It is

important to acknowledge, however, that the application of

ammonia to soil as a fertilizer or its utilization as shipping fuel in-

troduces additional emissions of N2O, with large implications for

achieving negative GHG emissions on a cradle-to-grave basis

(see Figure S2). Since effectively reducing these emissions

without eliminating the use of fertilizers seems challenging,3 it

is crucial to clarify that the claim of negative or net-zero emis-

sions is valid exclusively on a cradle-to-gate basis.

Blending strategy for net-zero ammonia production
Currently, the EU produces around 3 billion cubic meters (bcm)

year�1 of biomethane,29 with the European Commission’s

REPowerEU plan targeting 35 bcm year�1 by 2030.37 The sus-

tainable potential of biomethane by anaerobic digestion in the

EU is estimated at 38 bcm year�1 in 2030.29 The EU’s ammonia

production has shown stability over time,36 with the exception of

2022 when more than half of Europe’s ammonia production ca-

pacity was shut down due to surging energy prices following the

Russian invasion of Ukraine.38 Therefore, for our analysis, we

consider the EU’s ammonia production levels as of 2021, totaling

11.3 Mt year�1.36 To produce this volume of ammonia from bio-

methane, approximately 10 bcm year�1 of biomethane would be

needed, equivalent to 26.7% of the total sustainable potential

(see Table S2). The demand for biomethane in ammonia produc-

tion would vary significantly among countries, with Germany



Figure 3. Country-specific carbon footprint of ammonia production using biomethane in Europe

Biomethane is obtained by upgrading the biogas from anaerobic digestion. In the scenarioswith CCS, CO2 is captured from three sources: biogas-to-biomethane

upgrading (CCSUpgrading), syngas (CCSSyngas), and the flue gas generated by burning natural gas for heating the reformer (CCSFlueGas). Description of the sce-

narios can be found in the section ‘‘experimental procedures’’ and Table S1. Negative values indicate a net removal of CO2 from the atmosphere due to the

capture and storage of CO2 previously taken up via photosynthesis during biomass growth. All the studied countries could produce ammonia with negative GHG

emissions under a full CCS implementation (i.e., scenario Biomethane + CCSUpgrading + Syngas + FlueGas).
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requiring 26.5% of their sustainable biomethane potential,

Poland requiring 60.7%, France 7.7%, Romania 17.5%, Spain

7.1%, and Lithuania, Slovakia, and Croatia >100%. The switch

from natural gas to biomethane with full CCS implementation

would result in cradle-to-gate net-negative emissions of �13.3

Mt CO2-eq year�1, compared with 30.3 Mt CO2-eq year�1 under

the current scenario (see Table S3).

The total sustainable biomethane potential appears to be suf-

ficient to sustain the current ammonia production levels,

although countries like Lithuania or Slovakia will not be able to

completely switch to biomethane. Moreover, the exploitation of

this potential entails serious technical and socio-economic chal-

lenges39,40 and the competition with other uses (e.g., transport)

should not be disregarded. While the optimal use of biomethane

lies beyond the scope of our study, here we explore theminimum

volume of biomethane required to achieve net-zero GHG emis-

sions in ammonia production. More specifically, we propose a

natural gas-biomethane blending strategy under which the

negative emissions of biomethane (with CCS) compensate the

residual emissions from using a share of natural gas. We find

that, under the full CCS deployment scenario, the required

average biomethane blend ratio would be 44% by volume,

ranging from 14.4% in Norway to 86.5% in Poland (Figure 4).

Other producers could achieve net-zero ammonia at biomethane

blend ratios of 48.2% in Germany, 34.2% in France, 42.7% in

Romania, 43.5% in Spain, 48.3% in Lithuania, 53.7% in Slovakia,

and 50.2% in Croatia. Notably, the EU would require 4.5 bcm
year�1 of biomethane to attain the ammonia production levels

as of 2021 at net-zero GHG emissions. This figure is similar to

the current biomethane production level (3 bcm year�1), while

representing only 11.7%of the sustainable biomethane potential

(Table S4).

Environmental impacts of net-zero ammonia production
We next compare the environmental implications in 15 impact

categories of producing net-zero ammonia using natural gas

with CCS (Net-zero blue scenario), green H2 (Net-zero green

scenario), and a natural gas-biomethane blend with an average

biomethane content of 44% by volume and CCS (Net-zero bio-

methane scenario). In the Net-zero blue and Net-zero green sce-

narios, residual GHG emissions are offset via DACCS.41 We

consider the amount of CO2 that needs to be removed from

the atmosphere to achieve overall net-zero GHG emissions,

i.e., to offset both emissions from ammonia production and

from deploying the DACCS system (considering a low-tempera-

ture DAC technology based on solid sorbents).42 Consequently,

the Net-zero blue scenario requires removing from the atmo-

sphere 1.69 kg CO2 kg ammonia�1, while the Net-zero green

scenario requires removing 0.51 kg CO2 kg ammonia�1.

We find that none of the three net-zero scenarios perform best

in all of the 15 impact categories (Figure 5). In other words, due to

inherent trade-offs between categories, there is no absolute

winner when looking at the whole spectrum of impacts. The

Net-zero biomethane scenario has the highest impact in
One Earth 7, 2235–2249, December 20, 2024 2239



Figure 4. Natural gas-biomethane blending strategy to attain net-zero GHG emissions in ammonia production under a full CCS deployment

CO2 is captured and stored from three sources: biogas-to-biomethane upgrading, syngas, and the flue gas generated by burning natural gas/biomethane for

heating the reformer. On average, net-zero GHG emissions are achieved at a biomethane blend ratio of 44%, ranging from 13.5% in Norway to 83.2% in Poland.

The results for the other scenarios with partial CCS deployment can be found in Figures S3–S6.
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six categories, namely acidification, marine eutrophication,

terrestrial eutrophication, photochemical oxidant formation, par-

ticulate matter formation, and land use. The use of biomethane

contributes more than 60% to the impact in these categories.

More specifically, biogas-to-biomethane upgrading via chemical

scrubbing is largely responsible for the impact in acidification,

terrestrial eutrophication, photochemical oxidant formation,

and particulate matter formation. This technology separates

the CO2 present in the biogas through chemical absorption

using mono-ethanolamine (MEA), whose degradation releases

ammonia and acetaldehyde, which contribute significantly to

the aforementioned impact categories. In this study, we

assumed an upgrading technologies mix composed by water

scrubbing (32% of the mix), chemical scrubbing (31%), mem-

branes (24%), and PSA (13%), based on current market

shares.43 A sensitivity analysis reveals that a switch towardwater

scrubbing, membranes, or PSA could reduce these impacts

below the Net-zero blue scenario (see Figures S7 and S8). More-

over, the higher impact in marine eutrophication in the Net-zero

biomethane scenario is primarily caused by nitrate emissions

from the use of nitrogen fertilizers for sequential cropping (repre-

senting about 22.6%of the biogasmarket in this study), while the

higher land use is mainly due to the land requirements for the

construction of the anaerobic digestion facilities.

Compared with the Net-zero blue scenario, the natural gas-

biomethane blending strategy is advantageous in several impact

categories, including freshwater eutrophication, ozone deple-

tion, ecotoxicity, non-carcinogenic human toxicity, ionizing radi-

ation, non-renewable energy resources depletion, mineral and

metals resources depletion, and water use. However, the Net-

zero green scenario performs similarly to or better than the
2240 One Earth 7, 2235–2249, December 20, 2024
blending strategy across all the impact categories but mineral

and metal resources depletion. Finally, it is important to note

that the robustness of the impact assessment methods varies

across categories. The highest uncertainties are associated

with ecotoxicity, human toxicity, resources depletion, land use,

and water use. For these categories, the underlying impact

assessment methods are recommended but either need further

improvements or should be applied with caution (see Table S2

for an overview of impact assessment methods and their

robustness).

Economic implications of net-zero ammonia production
We next assess the ammonia production cost in each net-zero

scenario for two reference years: (1) 2019, just before the sharp

increase in prices caused by the COVID-19 pandemic, skyrock-

eting inflation, and the Russian invasion of Ukraine15; and (2)

2022, considering the surge in energy prices experienced in Eu-

rope (details on the economic assessment are provided in the

section ‘‘experimental procedures’’). For the reference year

2019, the Net-zero biomethane scenario shows the lowest pro-

duction cost at 0.65 USD kg ammonia�1, compared with 1.00

and 1.61 USD kg�1 in the Net-zero blue and Net-zero green sce-

narios, respectively (Figure 6). Here, we consider a natural gas

price of 16 USD MWh�1, corresponding to the average spot

price in Europe in 2019.44 While the biomethane price is signifi-

cantly higher (ranging from 59 to 106 USD MWh�1, with an

average of 83 USD MWh�1),43 it arises as a cheaper alternative

for net-zero ammonia production since it does not require offset-

ting residual GHG emissions via DACCS. Even under the highest

biomethane price and the most optimistic DACCS cost, the pro-

duction cost in the Net-zero biomethane scenario would be 16%



Figure 5. Life-cycle environmental impacts of ammonia production under three net-zero GHG emissions scenarios in Europe

Net-zero blue: ammonia production from natural gas with CCS plus residual emissions offset by DACCS. Net-zero green: ammonia production from green H2

obtained fromwater electrolysis powered by on-shore wind turbines plus residual emissions offset by DACCS. Net-zero biomethane: ammonia production from a

natural gas-biomethane blend with an average biomethane content of 44% and CCS. Results are normalized considering the maximum impact across the three

options in each category. Each impact category shows the quality level as recommended by the European Commission’s Joint Research Centre (further details

on the impact categories and impact assessment methods and their robustness can be found in Table S5).
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lower than in the net-zero blue scenario (0.75 and 0.88 USD

MWh�1, respectively). Finally, producing net-zero ammonia

based on green H2 is the most expensive scenario due to the

cost-intensive water electrolysis step, accounting for 75% of

the production cost.

Natural gas spot prices in Europe have experienced a steady

increase since 2020, reaching an average of 134 USD MWh�1

in 202244 with large implications for the economic competitive-

ness of the chemical industry.15 In comparison to 2019, the pro-
duction cost of net-zero ammonia in 2022 is 3.3 times higher in

the net-zero blue scenario and 2.6 times higher in the Net-zero

biomethane scenario. Conversely, the Net-zero green scenario

is less vulnerable to natural gas price volatility since the major

cost contributor is H2 production via wind power. Overall, the

natural gas-biomethane blending scenario remains the

most favorable, with a production cost of 1.66 USD kg�1, in

contrast to 1.86 USD kg�1 in the net-zero green scenario and

3.28 USD kg�1 in the net-zero blue scenario.
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Figure 6. Production cost of ammonia under three net-zero GHG

emissions scenarios in Europe

Net-zero blue: ammonia production from natural gas with CCS plus residual

emissions offset by DACCS. Net-zero green: ammonia production from green

H2 obtained from water electrolysis powered by on-shore wind turbines plus

residual emissions offset by DACCS. Net-zero biomethane: ammonia pro-

duction from a natural gas-biomethane blend with an average biomethane

content of 44% and CCS. Costs are provided for two reference years: (1) 2019

just before the sharp increase in prices caused by the COVID-19 pandemic,

skyrocketing inflation, and the Russian invasion of Ukraine; and (2) 2022,

considering the drastic increase in energy prices experienced in Europe. The

stacked bars provide the cost breakdown into feedstock and fuel (i.e., natural

gas, biomethane, or H2), DACCS, and ammonia production (including capital,

fixed, and utilities costs). Error bars show the minimum and maximum cost

estimates based on the range of costs for biomethane, H2, and DACCS found

in the literature (see section ‘‘experimental procedures’’).
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DISCUSSION

Substantially reducing GHG emissions from ammonia produc-

tion is imperative for transitioning the chemical industry to net-

zero16 and has large implications for achieving more sustainable

food and energy systems.5,6 Our analysis demonstrates that

European ammonia production can achieve cradle-to-gate

negative GHG emissions (i.e., a net removal of CO2 from the at-

mosphere) by switching to biomethane coupled with CCS. This

is possible across all studied European countries, including

those with heavily fossil fuel-reliant energy systems, provided

that CCS is fully deployed at both the biomethane and ammonia

production sites. We further show that achieving net-zero GHG

emissions is feasible with a natural gas-biomethane blend with

an average of 44% biomethane by volume, ranging from 14%

to 87% depending on the country.

The natural gas-biomethane blending strategy offers several

advantages over other net-zero alternatives. Biomethane has

essentially the same composition as natural gas, enabling the

continued use of existing ammonia production facilities. This

prevents the costly standing of these assets and avoids the sub-

stantial initial investment required for alternatives like green H2.

While previous studies suggested that biomethane lacks eco-

nomic appeal without policy incentives,30,45,46 our findings

indicate that a natural gas-biomethane blend and CCS can yield

net-zero ammonia at a reduced cost. This superiority lies on the
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capacity to achieve net-zero without relying on offsetting mech-

anisms. As shown in our analysis, the costs associated with

offsetting residual GHG emissions through DACCS substantially

increase production costs in natural gas- and green H2-based

net-zero scenarios. Moreover, during the peak natural gas prices

experienced by Europe in 2022, the price of biomethane was

comparable to that of natural gas, with the advantage of being

less prone to fluctuations since it relies on local resources. Look-

ing into the future, as decarbonization becomes a key factor in

policymaking, more stringent carbon taxes and incentives by

governments will further enhance the appeal of biomethane.

For example, the European Commission’s REPowerEU plan en-

visions financing support for innovative technologies for the up-

grading of biogas to biomethane and its subsequent injection

into the gas grid.37 Moreover, shifting to biomethane in ammonia

production, a key chemical to feed future generations, will help

cope with the future likely volatility of natural gas prices linked

to geopolitical conflicts.

Ammonia manufacturers would have to compete with other in-

dustries to secure a stable supply of biomethane. Thanks to its

versatility, biogas has various other potential applications

beyond its upgrading to biomethane, including electricity gener-

ation and heating. Additionally, biomethane could substitute

natural gas in various other industrial applications such as high

temperature heating or could be used as a transport fuel. How-

ever, ammonia production might arguably be one of the most

efficient ways of harnessing the climate change mitigation po-

tential of biomethane coupled with CCS. Ammonia stands out

as particularly appealing since it is carbon free, allowing for the

capture and permanent storage of most of the biogenic carbon

content in the original feedstock. Capturing the high-purity CO2

stream separated from the syngas at ammonia production incurs

lower costs compared to capturing CO2 from more diluted

streams, like the flue gas generated by combusting biogas/bio-

methane for electricity generation or heating.47 Using bio-

methane as a transport fuel would not enable the capture of

the CO2 from combustion, thereby overlooking its full CDR

potential. Moreover, certain alternative uses may be limited by

infrastructure availability, as, for example, the large-scale

deployment of biomethane as transport fuel is hindered by the

scarce refueling infrastructure.48

Notwithstanding these evident benefits, the proposed solution

is not without its challenges. Limited availability of resources

(e.g., biowaste) or the potential impact of climate change on

biomass productivity have been acknowledged as limitations

to the large-scale deployment of biomethane.39,40,49 Conse-

quently, achieving the share of biomethane in the gas grid

required for net-zero ammonia (e.g., 44% on average) appears

to be highly ambitious. For example, the International Energy

Agency forecasts a 2.5%–10% share of biomethane in the Euro-

pean gas grid by 2040.21 A more realistic approach would entail

the use of guarantee of origin (GO) certificates, which enable bio-

methane producers to market biomethane as a renewable gas

and allow ammonia manufacturers to claim the use of bio-

methane in their facilities. For example, the chemical company

BASF has been employing biomethane in one of its existing

methanol production facilities in Germany.50 Here, the bio-

methane share is certified according to the REDcert standard,

which is recognized under the Renewable Energy Directive.
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The BASF methanol facility reports that approximately 15% of

their annual production is derived from biomethane.50 However,

this performance must be contextualized within the early stages

of the biomethane market’s development, where only about 9%

of EU-produced biogas is upgraded to biomethane.51 The immi-

nent expansion of the EU biomethane market, propelled by the

REPowerEU plan,37 alongside the maturation of GO registries

across Europe, is anticipated to markedly improve accessibility

to biomethane.52

At the European level, the overall biomethane potential does

not appear to be a critical bottleneck. Converting the EU’s

ammonia production levels to net zero through a natural gas-bio-

methane blend and CCS would require only 11.7% of the overall

sustainable biomethane potential or 13% of the EU’s bio-

methane target by 2030. However, regional aspects should be

carefully considered. Germany could transition to net-zero

ammonia with just 12% of its national sustainable biomethane

potential. In contrast, other major producers like Poland and

Croatia would needmore than 50%,while Lithuania and Slovakia

would require more than 80%. It seems highly unlikely that these

countries could exploit such a high percentage of their potential

exclusively for ammonia production. Instead, the ammonia in-

dustry in Poland, Croatia, Lithuania, and Slovakia could rely on

cross-border trade of biomethane. This would be facilitated by

the European Renewable Gas Registry (ERGaR), which enables

the transfer of ownership of biomethane certificates between es-

tablished national GO registries within Europe. Potential bio-

methane suppliers may include France, Spain, and Italy, which

have a large biomethane potential but low or non-existent

ammonia production capacities. While these countries could

allocate their biomethane production to other national applica-

tions, it could be argued that a European common goal toward

climate neutrality should involve prioritizing applications where

biomethane can have the highest benefits. Although our study

already underscores ammonia’s standout potential, achieving

this vision requires future research to systematically compare

all potential applications across European countries to deter-

mine an optimal biomethane network that maximizes contribu-

tions to European climate goals.

Further development and establishment of CO2 storage sites

in Europe, along with a European CO2 transportation network

and appropriate regulatory frameworks and social acceptance,

are essential to unlocking the CDR potential of biomethane.53

Currently, there are only 10 CO2 geological storage sites in use

or planned in Europe, with all but one located in northern Eu-

rope.22 Although none of the ammonia-producing countries

have CO2 storage sites within their territories, Germany and

Poland offer favorable conditions due to their proximity to stor-

age projects in the North Sea. However, challenges arise from

the fact that biomethane production is typically distributed

across small-scale plants spread throughout the national terri-

tory. For example, in 2021, Germany had 238 biomethane plants,

with many more planned for the next decade.54 Developing the

pipeline infrastructure to connect these small CO2 sources with

storage sites is therefore essential. Moreover, future develop-

ments of GO certificates should consider including specification

regarding the deployment of CCS.

It is equally imperative not to overlook the potential for burden

shifting. Our findings revealed that transitioning from natural gas
to biomethane in ammonia production could exacerbate the

impact on acidification, marine and terrestrial eutrophication,

photochemical oxidant formation, particulate matter formation,

and land use. All these are critical impacts intricately connected

to various planetary boundaries, including biodiversity integrity

(acidification, eutrophication, photochemical oxidant formation,

and land use), nutrient cycles (acidification and eutrophication),

and land-system change (land use).55,56 The increase in impacts

associated with ammonia emissions—comprising acidification,

terrestrial eutrophication, photochemical oxidant formation,

and particulate matter formation—could be curtailed by avoiding

chemical scrubbing for biogas-to-biomethane upgrading (see

Figures S7 and S8). Moreover, impacts onmarine eutrophication

could beminimized by reducing the use of sequential cropping in

favor of waste and residual feedstocks that do not necessitate

fertilizers, thereby avoiding nitrate emissions. Therefore, readily

available options exist to mitigate the burden-shifting risks asso-

ciated with the large-scale deployment of biomethane. Future

research can focus on assessing whether the adoption of

mitigation options could facilitate a transition to biomethane

that improves all environmental aspects. Moreover, future work

could further address the fundamental question of whether

ammonia production from biomethane could operate within

the assigned safe operating space defined by the planetary

boundaries.

We should remark that we do not advocate for expanding the

conventional steam reforming and Haber-Bosch infrastructure,

as new fossil fuels-related infrastructure may hinder the transi-

tion toward renewable energies due to its long lifetime.57 There-

fore, we only considered the use of biomethane as a substitute

for natural gas in existing infrastructure. For the same reason,

we do not advocate for a complete shift away from other

ammonia production options, such as green H2 or novel ap-

proaches such as the ammonia leaf technology.58,59 The transi-

tion toward more sustainable ammonia production (and all

chemicals in general) calls for a portfolio of alternatives opti-

mized considering regional advantages.18 Within this context,

we argue that a natural gas-biomethane blend along with CCS

is a sensible starting point that deserves further consideration

by the industry. The use of biomethane as a renewable carbon

source could also have implications for future research direc-

tions on alkane functionalization (C–H activation) through the

biomethane platform. These strategies could benefit from

the low cost of biomethane and the avoidance of expensive

electrolytic hydrogen when relying on captured CO2 as a source

of renewable carbon. To make this approach successful, it is

crucial to establish regulatory frameworks that grant chemical

companies access to biomethane with assurance of its

origin, including whether CCS has been implemented at the

biomethane facility.

EXPERIMENTAL PROCEDURES

A review of previous works

Here, we provide a review of previous research on the economic and environ-

mental performance of mitigation options for ammonia production. A number

of studies have applied LCA and TEA to compare blue ammonia (i.e., based on

natural gas coupled with CCS) with green ammonia (i.e., based on green

H2).
60,61 Another common goal has been to assess alternative pathways for

sourcing H2, including H2 from water electrolysis or biomass gasification,62–64
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various water electrolysis technologies,60,65 and different electricity sources

for water electrolysis (e.g., solar photovoltaics, wind power, hydropower,

and nuclear energy).60,66,67 These previous studies generally concur that green

H2, reliant on low-carbon electricity sources, can be the best option for

reducing GHG emissions. However, they also underscore potential bottle-

necks associated with higher production costs60 and burden shifting to other

environmental impacts (e.g., increased use of mineral and metal resources,

water, and land) linked to electrolytic H2.
61 These limitations have motivated

research on more innovative ammonia production pathways, such as decen-

tralized electrocatalytic ammonia synthesis,58 electrochemical ammonia

production,68 thermal decomposition of methane,69 and bio-oil reforming or

partial oxidation.70 These studies showcase the potential economic and envi-

ronmental benefits of these innovative concepts, which, however, still remain

far from large-scale deployment.

Conversely, LCA and TEA studies specifically investigating the utilization of

biomethane for ammonia production are scarce.Most of previous LCAsonbio-

methane have focused on its production71–73 and/or use as a fuel in road74–76

and maritime77,78 transportation. A few LCAs have explored the integration of

biomethane production and CCS. For example, Varling et al.79 considered

the permanent storage or utilization of the CO2 removed during the upgrading

process, while Styles et al.74 focused on the combustion of biomethane for

electricity generation equipped with CCS. Some LCAs have assessed the

application of biomethane in specific chemical products like hydrogen,27meth-

anol,25,80 and dimethyl ether.25 To the best of our knowledge, only two LCAs

have explored the use of biomethane for ammonia production. Moghaddam

et al.25 conducted an LCAconsidering an existing biomethane productionplant

in Sweden utilizing maize as feedstock. They reported a 30% reduction in the

life-cycleGHGemissionsof ammoniaby replacingnatural gaswithbiomethane

(without CCS). This study also assessed two additional impacts, finding that,

while biomethane could reduce acidification, it results in a notable increase

in eutrophication. Ghavam et al.26 presented an LCA of ammonia production

from biogas coupled with CCUS utilizing food waste and wastewater from a

mid-size city in California. This study focuses on an emerging technology

configuration based on an electrochemical membrane separation for H2 pro-

duction followed by electrochemical conversion of ammonia. The results indi-

cate that the proposed approach may lead to lower GHG emissions compared

to conventional steam reforming and Haber-Bosch process without CCUS.

Moreover, Antonini et al.27 assessed the European average life-cycle

environmental impacts of hydrogen production using biomethane in the conven-

tional steam reforming and autothermal reforming processes. This study ac-

counted for the adoption of CCS in the reforming process, investigating both

pre-combustionCO2capture andanovel vacuumPSA.The studyoffers valuable

insightsbyshowcasing thepotential for achieving net negativeGHGemissions in

hydrogen production, the key step preceding ammonia production. Moreover, it

highlights the potential for burden shifting, as biomethane coupled with CCS

leads to increased impacts across various other categories, including acidifica-

tion, human toxicity, respiratory effects, and land use. Likewise, Mersch et al.28

presented thecarbon intensity ofhydrogenproduction frombiomethanecoupled

with CCS for a case study in Texas, United States. This study suggests that a

share of 10%–20% of biomethane achieves hydrogen with net-zero emissions.

However, the authors extend this assumption to suggest net-zero ammonia pro-

duction without quantifying the impacts through an LCA.

The bulk of prior TEA studies concerning biomethane have focused on

determining its economic viability in comparison with natural gas, often point-

ing to the necessity for policy incentives like feed-in tariffs and power purchase

agreements.45,46 For example, Wong et al.45 found that the current climate

policy in California is already enough to incentivize the production of bio-

methane coupled with CCS. Notably, Mersch et al.28 conducted a TEA specif-

ically on ammonia production frombiomethane coupledwith CCS, focusing on

a case study in the United States. Their findings indicate that the inclusion of

production tax credits for clean hydrogen production is likely to make this

route economically competitive with the conventional natural-gas-based

route. However, this study failed to include the offsetting of residual GHGemis-

sions, which is imperative to achieve net zero in the natural-gas-based route.

Ammonia production scenarios

We evaluated 10 ammonia production scenarios by assessing three produc-

tion routes (natural-gas- and biomethane-based steam reforming and water
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electrolysis) while also considering CO2 capture and storage from various

sources (see Table S1). In all the scenarios, ammonia is synthetized from

nitrogen and H2 over an iron-based catalyst in the Haber-Bosch process,

which operates at high temperatures (400�C–500�C) and pressures above

100 bar.4

In the Natural gas scenario, H2 is obtained from natural-gas-based steam re-

forming, internal heat demand is covered by a furnace burning natural gas, and

CO2 is vented. Two variants of this scenario were assessed. In the first variant,

the concentrated stream of CO2 removed from the syngas after the water gas

shift reactor is compressed and stored (Natural gas + CCSSyngas scenario). In

the second variant, the CO2 from both the syngas generated from natural gas

and the flue gas stream resulting from the combustion of natural gas in the

steam reforming process is compressed and stored (Natural gas +

CCSSyngas + FlueGas scenario). The CO2 in the flue gas is captured through

chemical absorption using MEA, which is the most mature CO2 capture tech-

nology with a technology readiness level (TRL) of 9.81 Essentially, a lean sol-

vent stream of 10% vol. MEA is sent to an absorption column, where approx-

imately 99.7% of the input CO2 is absorbed and separated in the liquid stream.

The concentrated solvent from the absorption column is directed to a regen-

eration column with a reboiler, allowing for the recovery of lean solvent that

is subsequently recycled to the absorption column. In all the scenarios with

CCS, the captured CO2 is compressed to 110 bar and transported by pipeline

over 200 km to a geological storage site, where it is injected at 1,000 m

depth.82

The Green H2 scenario represents a low-carbon alternative in which the H2

required for the Haber-Bosch process is obtained from proton exchange

membrane (PEM) water electrolysis. The electricity demand of the electrolyzer

is satisfied by on-shore wind power, while the grid supplies the auxiliary elec-

tricity (e.g., to run compressors and pumps).60 Moreover, in this scenario, the

high-purity N2 is obtained through cryogenic distillation.

In the Biomethane scenario, biomethane is used as a direct substitute for

natural gas in the steam reforming process and the furnace. Biomethane is

obtained by upgrading the biogas generated via anaerobic digestion of biode-

gradable feedstocks. We focus on anaerobic digestion since it is a well-estab-

lished technology with a TRL of 9, whereas gasification and power-to-gas con-

cepts are much less mature and have very limited market implementation.

Only biomass feedstocks that do not compete for land with food or feed pro-

duction were considered, namely biowaste (food and green waste), industrial

wastewater, sewage sludge, animal manure, agricultural residues, and

sequential crops (i.e., the cultivation of a second crop before or after the

main crop on the same land).29 Regarding biogas-to-biomethane upgrading,

we considered the four most relevant technologies, all with a TRL of 9: water

scrubbing, chemical scrubbing, membranes, and PSA.43 Water scrubbing

separates the CO2 from biogas through dissolution in water in an absorption

column under high pressure. The CO2 is then released from the water in the

desorption column. Chemical scrubbing entails the chemical absorption of

CO2 using MEA, as previously described. In the membranes technology,

most of the CH4 contained in the biogas is retained in the membrane, while

CO2 permeates through. In the PSA, biogas undergoes compression and is

directed to an adsorption column that retains CO2. Subsequently, this CO2

is desorbed by releasing pressure.

We further assess five scenarios of biomethane-based ammonia production

by considering CCS. The first two scenarios involve the capture and storage

of CO2 from syngas (Biomethane + CCSSyngas scenario) and CO2 from both syn-

gas and flue gas (Biomethane +CCSSyngas + FlueGas scenario) implemented at the

ammonia production facility. The process for capturing and storing the CO2 from

syngas and flue gas is the same as in the scenarios with natural gas. The third

scenario focuses on capturing and storing CO2 specifically from biogas-to-bio-

methane upgrading (Biomethane + CCSUpgrading scenario). Given that upgrading

biogas to biomethane inherently involves removing the CO2, integrating CCS is

relatively straightforward, requiring only the compression of this concentrated

CO2 stream and subsequent transportation via pipelines for underground injec-

tion. The fourth scenario combines the capture and storage of CO2 from both

syngas and upgrading (Biomethane + CCSUpgrading + Syngas scenario), while the

fifth scenariodescribes the implementationofCCSat the threeemission sources

(Biomethane + CCSUpgrading + Syngas + FlueGas scenario). The same assumptions

regarding compression, transportation, and injection as in the scenarios with

natural gas apply to the scenarios with biomethane.
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We also assessed three net-zero ammonia production scenarios. In the

Net-zero blue scenario, ammonia is produced as in the Natural gas +

CCSSyngas + FlueGas scenario, i.e., from natural-gas-based steam reforming

while considering CCS. Here, residual GHG emissions to achieve overall

net-zero emissions are offset via DACCS as described in the main text. Simi-

larly, in the Net-zero green scenario, ammonia is produced as in the Green H2

scenario with residual GHG emissions offset via DACCS. Finally, in the Net-

zero biomethane scenario, ammonia is produced from a natural gas-bio-

methane blend with an average biomethane content of 37.1% and full CCS

deployment. Here, the negative emissions from biomethane compensate for

the residual emissions resulting from the use of a share of natural gas.

LCA

Goal and scope definition

We performed an attributional LCA following ISO standards83,84 to assess

the environmental impacts of alternative ammonia production scenarios.

The specific goals are 2-fold: (1) to determine whether biomethane coupled

with CCS can enable net-zero or negative GHG emissions in ammonia pro-

duction and (2) to compare the life-cycle impacts of net-zero ammonia pro-

duction scenarios based on natural gas, green H2, and biomethane. The LCA

uses the most recent available life-cycle inventory (LCI) data and focuses on

the European context (we quantified European average as well as country-

specific impacts). We considered mainly well-established technologies

based on average market data. The functional unit has been defined as pro-

ducing 1 kg of anhydrous ammonia. We adopt cradle-to-gate system bound-

aries, including all the relevant processes in ammonia production, from raw

materials extraction and processing to synthesis and CO2 storage (see Fig-

ure S9). The required infrastructure (e.g., construction of anaerobic digestion

plants) as well as the disposal of waste generated throughout the supply

chain (e.g., waste from infrastructure construction) have been considered.

Conversely, the use and end of life of ammonia have been omitted since

the focus is on its production, and these further stages would remain unaf-

fected in the alternative scenarios. LCI modeling and LCA calculations

were performed with Brightway2, a Python-based open-source LCA soft-

ware.85 All LCI dataset are made available in a format that can be directly im-

ported into Brightway2.

Inventory analysis

The inventory analysis phase involves the compilation of the inputs and out-

puts (i.e., rawmaterials, energy, emissions, etc.) associated with the functional

unit, differentiating between the foreground and background systems. The

foreground system comprises those processes that are directly affected by

the assessed decisions.86 In our study, foreground system comprises feed-

stock collection and transport; biogas production by anaerobic digestion;

biogas-to-biomethane upgrading; ammonia production (including H2 produc-

tion via steam methane reforming [SMR] or water electrolysis, the Haber-

Bosch process, and on-site heat production); CO2 capture from point sources

and atmosphere; and CO2 compression, transport, and permanent storage.

We compiled the LCIs for these processes from the literature and our own cal-

culations, as described below. The background system comprises those pro-

cesses that are outside the direct influence of the assessed system (e.g., raw

materials extraction and processing and power generation).86 These LCIs

were obtained from the ecoinvent database v3.9.1, cutoff system model.87

In the following, we describe the modeling of foreground processes

inventories.

Anaerobic digestion is what is known as a multifunctional process as, in

addition to the waste treatment service, it co-produces biogas and digestate

(the latter can be used as a fertilizer under certain circumstances). This multi-

functionality issue needs to be addressed as in this study we are interested

only in the environmental impacts of the biogas. To ensure consistency, we fol-

lowed the allocation approach adopted in the cutoff system model of the

ecoinvent database. Accordingly, the biogas produced via anaerobic diges-

tion of biowaste, industrial wastewater, and sewage sludge is considered as

a by-product of the main activity (waste treatment) and hence free of burdens

(i.e., the environmental impacts are fully allocated to the waste treatment func-

tion). In contrast, biogas production is considered to be the single purpose of

the anaerobic digestion of animal manure, agricultural residues, and sequen-

tial crops. Consequently, the environmental impacts of collecting and treating

these feedstocks are fully allocated to the biogas.
The approach employed for allocating the environmental impacts of anaer-

obic digestion may cause a violation of the carbon balance as in some cases

the CO2 uptake from the atmosphere via photosynthesis during biomass

growth is not allocated to the biogas. As here we aim to determinewhether bio-

methane with CCS can enable ammonia production with net-zero GHG emis-

sions, the carbon balance needs to be adjusted accordingly. Following the

same approach as in Antonini et al.,27 we calculated the amount of CO2 taken

up from air based on the carbon atoms present in the biogas (assuming that

biogas is 57% methane and 43% CO2 by volume)29 and added this flow to

the LCI of biogas production. For example, the LCI for biogas production

from biowaste includes 1.98 kg of CO2 from the atmosphere per m3 of biogas.

To model the LCI for biogas production via anaerobic digestion of animal

manure, agricultural residues, and sequential crops, we assumed that 3.2%

of the biogas volume is leaked,32 10% is flared due to storage limitations

and/or low methane flux,46 10.1% is combusted to cover internal heat de-

mand, and the remaining 76.7% is upgraded to biomethane. Hence, 1.23 m3

of biogas needs to be produced in order to supply 1 m3. This efficiency and

the physicochemical properties of the feedstock determine the input mass

of feedstock, which was estimated to be 3.76, 9.75, and 25.60 kg wet feed-

stock m�3 of biogas for agricultural residues, sequential crops, and animal

manure, respectively. Electricity consumption ranges from 0.13 kWh m�3 of

biogas for animal manure to 0.17 kWh m�3 of biogas for agricultural residues

and sequential crops.88 The average European biogas productionmix consists

of 34% biogas from animal manure, 26% from agricultural residues, 23% from

sequential crops, 10% from industrial wastewater, 5% from biowaste, and 2%

from sewage sludge.29

For biogas-to-biomethane upgrading, we considered a mix of the four most

relevant technologies according to their Europeanmarket shares: water scrub-

bing (32% of the market), chemical scrubbing (31%), membranes (24%), and

PSA (13%).43 We assumed a biomethane purity of 97% for water scrubbing,

99% for chemical scrubbing, 97% for membranes, and 96% for PSA.89

Methane leakage rates range from 0.10% by volume for chemical scrubbing

to 1% for membranes, 2% for water scrubbing, and 3% for PSA.89 Based

on these parameters, we estimated the volume of biogas required per m3 of

biomethane as follows: 1.74m3 of biogas for water scrubbing, chemical scrub-

bing, and PSA, and 1.72 m3 of biogas for membranes. Electricity consumption

for upgrading and compression to 24 bar (to meet the natural gas grid require-

ments) is 0.55, 0.34, 0.55, and 0.51 kWh m�3 of biomethane for water scrub-

bing, chemical scrubbing, membranes, and PSA, respectively.89 Chemical

scrubbing also consumes 3.44 MJ of heat m�3 of biomethane as well as other

chemicals such as MEA. Moreover, water scrubbing requires 0.17 kg water

m�3 of biomethane.89

The LCI for ammonia production via natural gas- or biomethane-based

steam reforming has been adapted from the ecoinvent database. The process

consumes about 0.90 m3 of natural gas or biomethane per kg of ammonia,

including both feedstock and fuel. The LCI for the supply of high-pressure nat-

ural gas is from the ecoinvent database. Methane leakage from natural gas or

biomethane distribution has been considered equal to the average losses in

the European high-pressure natural gas networks based on the ecoinvent

database (i.e., 1% by volume).87 Ammonia production from H2 obtained by

water electrolysis is mainly based on data from D’Angelo et al.,60 comple-

mented with data from the ecoinvent database and Bareiß et al.90

As for CCS, LCIs were obtained from Volkart et al.82 for CO2 capture through

chemical absorption and from Antonini et al.27 for CO2 transportation to the

geological storage site where it is injected. Furthermore, the LCI for the DAC

system is from Terlouw et al.42 The low-temperature DAC technology consid-

ered here consumes about 1.13 kWh electricity kg�1 CO2 removed from the

atmosphere.

In addition to the European average, we have created country-specific LCIs

for ammonia production from biomethane. The biogas production mixes for

European countries were derived from the types of biodegradable feedstocks

available in each country, as reported in Alberici et al.29 (country-specific

shares are provided in the supplementary dataset). Beyond changing the

biogas production mix, we relinked the country-specific LCIs to the back-

ground LCI datasets for the same location, whenever possible. Based on avail-

able LCIs within the ecoinvent database, this relinking primarily applied to the

electricity mix, waste treatment, and industrial heat production. All other back-

ground LCIs as well as the performance of processes along the biomethane
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supply chain (e.g., methane leakage rates) remain unaltered due to the lack of

country-specific data. The potential implications of this assumption have been

thoroughly assessed through sensitivity analysis (refer to the ‘‘interpretation’’

section below).

Impact assessment

Wecomputed the carbon footprint using the global warming potentials (GWPs)

according to the Intergovernmental Panel on Climate Change (IPCC) Sixth

Assessment Report (AR6)91 as implemented in the ecoinvent database. The

default implementation of the IPCC method assigns a GWP of zero to both

CO2 taken up from air and biogenic CO2 emissions, under the assumption

that these flows offset each other. However, this approach does not allow

for a correct carbon balance in systemswith biogenic CO2 capture and perma-

nent storage.27,92 Hence, we used a modified version of the IPCCmethod that

assigns a GWP of�1 to CO2 taken up from air and a GWP of 1 to biogenic CO2

emissions. This approach would result in negative CO2 emissions when the

amount of biogenic CO2 emitted is lower than the amount of CO2 that was pre-

viously removed from the atmosphere. Moreover, given that biogenic and fos-

sil CO2 are treated equally (i.e., with a GWP of +1), we assigned the sameGWP

to both fossil and biogenic CH4 as suggested byMuñoz and Schmidt.93 Finally,

in order to evaluate potential trade-offs, we also assessed the other 15 impact

categories included in the Environmental Footprint (EF) v3.1 methods recom-

mended by the European Commission’s Joint Research Centre.94 Further de-

tails on the impact categories and impact assessment methods and their

robustness can be found in Table S5. Note that our study does not involve im-

pacts due to land-use changes since we consider only biomass feedstocks

that do not compete for land with food or feed production.

Interpretation

The interpretation is the last phase of an LCA and involves a critical analysis of

the results and overall conclusions alongside a thorough discussion of under-

lying assumptions. We performed a perturbation analysis to identify the most

sensitive LCI flows concerning the carbon footprint of ammonia production

from biomethane coupled with CCS. For each LCI flow within the foreground

system, we systematically varied it one at a time by ±20% around its default

value, while keeping the other flows constant at their default values. A sensi-

tivity ratio was then computed as the ratio between the relative change in

the carbon footprint and the relative change in the specific LCI flow value.95

We found that the LCI flows exerting the largest variation in the carbon foot-

print include (1) the amount of CO2 uptake from air during biomass growth,

(2) biogas consumption in biogas-to-biomethane upgrading, (3) electricity

consumption in ammonia production, (4) biomethane consumption in

ammonia production, and (5) methane leakage from anaerobic digestion and

upgrading (see Figure S10). LCI flows (1) and (2) depend on the type of feed-

stock, while LCI flow (3) is strongly linked to the electricity mix. These flows

were addressed in the country-specific analysis, revealing their variability

across countries as a significant factor in shaping the carbon footprint of

ammonia production from biomethane. Despite this, overall net-negative

emissions were achieved across all countries (see Figure 3). In the case of

flow (4), we performed an additional sensitivity analysis on the choice of the

biogas-to-biomethane upgrading technology, finding minor implications for

the carbon footprint but potential significance in other impact categories

(see Figures S7 and S8). Lastly, for the methane leakage rates, our sensitivity

analysis unveiled the potential to undermine achieving negative or net-zero

emissions via biomethane, but this would require a twice increase in leakage

rates (see Figure S1). Additional discussion on the main LCA methodological

limitations and assumptions can be found in Note S1 of the supplemental in-

formation, complementing the sensitivity analyses presented above.

Economic assessment

We estimated the unitary ammonia production cost in each net-zero scenario

from the respective capital and operating expenditures (CAPEX and OPEX,

respectively). The CAPEX accounts for the necessary infrastructure and the

associated costs of purchased equipment, while the OPEX accounts for fixed

OPEX (e.g., labor, maintenance, overhead expenses, and interests) and vari-

able OPEX (e.g., energy and raw materials consumption).

The CAPEX for the ammonia production facility is taken from D’Angelo

et al.60 Thus, the CAPEX was assumed to be equal to 0.13 USD2019 kg�1

ammonia in the net-zero blue and net-zero biomethane scenarios and

0.08 USD2019 kg�1 in the net-zero green scenario. These costs were taken
2246 One Earth 7, 2235–2249, December 20, 2024
for the reference year 2019 and updated for inflation using the Chemical Engi-

neering Plant Cost Index (CEPCI) for the year 2022. The levelized cost of the

hydrogen used in the net-zero green scenario (i.e., hydrogen from PEM water

electrolysis powered by on-shore wind) was assumed to be equal to 6.88 USD

kg�1 in 2019 (with a minimum and maximum of 5.23–8.48 USD kg�1) and

6.21 USD kg�1 in 2022 (with a minimum and maximum of 5.19–7.29 USD

kg�1).15 Moreover, the cost of the DACCS system, excluding electricity ex-

penses, was assumed to be equal to 281 USD t�1 captured CO2 (with a min-

imum and maximum of 220–405 USD t�1 captured CO2) based on Sendi

et al.96 We further estimated the total cost of DACCS in Europe in 2019 and

2022 by applying an electricity consumption of 2.2 MWh t�1 captured CO2
96

and the annual average electricity prices in Europe for these years (see below).

For the fixed OPEX, we assumed 0.07 USD2019 kg�1 ammonia in the Net-

zero blue and Net-zero biomethane scenarios and 0.05 USD2019 kg�1 in the

Net-zero green scenario, based on D’Angelo et al.60 The variable OPEX was

estimated from the mass and energy balances, as derived from the respective

inventories and the average prices of commodities and utilities in 2019 and

2022. We considered the average natural gas spot prices and electricity prices

in Europe for 2019 and 2022 based on the Dutch Title Transfer Facility (TTF)

index44 and EMBER European power price tracker,97 respectively. For bio-

methane, we considered an average price of 83 USDMWh�1, with a minimum

andmaximum value of 59 and 106USDMWh�1.43Moreover, a price of 90 USD

t�1 has been considered for the high-purity nitrogen obtained through cryo-

genic distillation.98 Further discussion on the assumptions for the economic

assessment is included in Note S1 of the supplemental information.
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