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Alternatives to fossil fuels as energy carriers are required to reach global climate targets. Hydrogen and ammonia
are promising candidates that are carbon emission-free at point of combustion. Ammonia is critically important
for fertiliser production and thus global food production. Additionally, low-carbon ammonia is a potentially
valuable fuel for shipping, power generation, and industry. However, ammonia production today accounts for
about 2% of total global carbon dioxide emissions. Conventional ammonia production based on methane
reforming can be decarbonised by using carbon capture and storage, creating so-called blue ammonia.
Alternatively, low-carbon electricity from additional clean energy sources can be used for electrolytic (green)
hydrogen and ammonia production. Production tax credits (PTC) for clean hydrogen production via the 45V
and carbon sequestration via the 45Q under the Inflation Reduction Act (IRA) in the United States have
sparked interest in large-scale commercial low-carbon ammonia projects. In this work, we analyse different
blue and electrolytic low-carbon ammonia production processes under economic and practical
considerations. We propose and evaluate two novel designs: integrating a biomethane supply into the
reformer; and combining blue and green ammonia production processes. Results show that all low-carbon
ammonia plants can significantly reduce emissions compared to the conventional process. With the
production tax credits, blue ammonia is likely to be the most economical production route in the near-term,
being cheaper than conventional ammonia which is not eligible for any credits. The economics of electrolytic
ammonia depend heavily on the price of reliable low-carbon electricity. A levelised cost of electricity of
about 35 $/MWh and lower is required for electrolytic ammonia to be competitive with blue ammonia at
average gas prices and upstream emissions. Of the two novel process designs, blending in biomethane
shows promise as it can lead to carbon-neutral or even carbon-negative ammonia with a near-zero cost of
production when supported by 45V. Blue—green ammonia on the other hand can improve economics if
upstream emissions are small and low-carbon electricity is cheap. Overall, the IRA tax credits improve the
economics of low-carbon ammonia production significantly and result in it being competitive with
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a combination of burner design and upgraded selective catalytic
reaction (SCR) systems to clean the exhaust gas.

Most of the nearly 180 Mt of ammonia produced globally
every year are generated via reforming of natural gas (72%) or
coal (26%), resulting in approximately 500 Mt of carbon dioxide
(CO,) emissions.” The ammonia industry alone accounts for
almost 2% of global CO, emissions, 90% of which are associ-
ated with the production of the hydrogen (H,) required for the
ammonia synthesis.® Proposed low-carbon ammonia produc-
tion routes involve either capturing and storing CO, emissions
from natural gas reforming (blue ammonia), electrolytic
hydrogen production using renewable energy sources (green
ammonia), or novel electrochemical ammonia synthesis
routes.®® An overview of different ammonia synthesis routes
compiled based on academic literature®™ is provided in Fig. 1.

Traditionally, ammonia is synthesised from nitrogen and
hydrogen via the thermochemical route using the Haber-Bosch
process. The Haber-Bosch technology is mature. It has been
continuously optimised over the last century and is commer-
cially used at the megatonne scale.” Conventional Haber-Bosch
reactors use an iron-based catalyst and require pressures of 15
to 25 MPa and temperature of 400 to 450 °C. Typical single-pass
conversion efficiencies are only about 15%, thus a large recy-
cling loop is required.” Improved Haber-Bosch reactors mainly
use improved catalysts to achieve higher conversion efficiencies
at lower pressures and temperatures. Ruthenium-based cata-
lysts, especially in combination with different transition metals
and metal hydrides show high catalytic activity at pressures of 1
to 10 bar and temperatures of 200 to 350 °C."* However, such
advanced designs account for less than 5% of global ammonia
production, as they either yield ammonia at very low partial
pressures, making the separation challenging, or are more
energy- and cost-intensive than the conventional process.”

Various electrochemical ammonia production routes are
being pursued as potential low-carbon alternatives to the
traditional thermochemical synthesis. The ambition is to utilise
clean energy directly for ammonia synthesis rather than using
green hydrogen as an intermediate product. Key technologies
under development include low-temperature, molten-salt or
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Fig.1 Overview of conventional and novel ammonia synthesis routes.
The various hydrogen production routes involve steam methane
reforming, autothermal reforming, or partial oxidation reforming of
natural gas with or without carbon capture and storage; electrolytic
hydrogen production using grid electricity, renewable energy sources,
or nuclear power.
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solid-state electrolysis as well as non-thermal plasma synthesis.
However, these technologies are still in research or early
development stage and not yet commercially mature. For
detailed reviews the reader is referred to Ghavam et al® and
Dincer et al'® The focus of this work lies on low-carbon
ammonia production projects for the near future; hence we
focus on commercially available technologies.

Key to decarbonising Haber-Bosch ammonia is the
hydrogen supply, which is normally sourced from a steam-
methane reformer (SMR) (see Fig. 2 for a simplified process
flow diagram). Natural gas and steam are reformed at high
temperatures in an SMR to syngas containing hydrogen (H,),
carbon monoxide (CO), and carbon dioxide (CO,). In
a secondary reformer, air is introduced to the system for further
reforming and to provide the nitrogen required for the
ammonia synthesis. A water gas shift (WGS) reactor further
converts CO and steam to more H, and CO,. The CO, is then
separated from the product gas stream and vented. It accounts
for about two-thirds of process emissions.> The SMR reactor
requires heat input to attain the high temperatures required for
the process, which is typically provided by natural gas furnaces.
The flue gas stream from these furnaces constitutes the largest
share of the remaining process emissions.?

Since the CO, from the process stream is already being
separated during normal operation of the hydrogen production
plant (but typically simply vented), storing it in secure under-
ground storage is a relatively low-cost solution to reduce emis-
sions associated with ammonia production. This is a low-
hanging fruit to reduce emissions by about two thirds.
However, for deep decarbonisation it is necessary to also
capture and store CO, emissions from the flue gas stream.
Large-scale systems can use chemical absorption of CO, by
solvents with high CO, capture rates to reduce the concentra-
tion of CO, in the flue gas. However, the costs of the required
carbon capture facility are likely to be significant.

Alternatives to conventional SMRs are autothermal
reformers (ATRs), which introduce pure oxygen in the reformer
to partially oxidise the feed and provide heat, thereby elimi-
nating the need for external firing."* One key benefit of ATRs is
that the CO, is contained in the process gas stream at higher
partial pressures and concentrations and the nitrogen is only
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co; N,
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H-B Cooler
reformer reformer
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A
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Fig. 2 Simplified process flow diagram of the conventional ammonia
synthesis process. “WGS" is the water gas shift reactor, "H-B" the
Haber—Bosch reactor and “Comp” are compressors. The process has
two main sources of CO, emissions: process CO, from the scrubber,
and CO,; from the flue gas stream of the firing. The former is associated
with lower capture costs as the CO, is at high partial pressure, it is
already separated from the process gas stream during normal opera-
tion. Capturing and storing CO, from the flue gas however will incur
higher costs, as the partial pressure of the CO, is lower and an addi-
tional carbon capture plant is required.
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introduced at a later stage, thereby reducing the size of the
carbon capture unit. On the other hand, ATRs require an air
separation unit (ASU) to provide the oxygen. However, the
availability of nitrogen from the ASU, which is required for the
ammonia synthesis, can be an advantage. Large-scale ATR-
based ammonia production facilities are already commercially
available, which can reduce emissions by up to 99%.***
While process emissions from natural gas-based ammonia
production can be significantly reduced using carbon capture
and storage (CCS), upstream methane emissions from natural
gas production and transportation can still be a concern.” In
contrast, water electrolysis using e.g., alkaline electrolysers,
solid oxide electrolyser cells (SOECs) or polymer electrolyte
membrane (PEM) electrolysers, can produce emission-free
hydrogen, if power from renewables or nuclear is used.
Nosherwani and Costa Neto'® performed a techno-economic
assessment of commercial ammonia production in Germany,
considering conventional SMR-based ammonia production
without CCS as well as green ammonia production using an
onshore wind farm and PEM or alkaline electrolysers. It was
found that either capital cost reductions or an increase in
carbon tax is required for the low carbon processes to be cost-
competitive. A variety of techno-economic assessments of
non-fossil-based ammonia production have been published,
focussing for example on green ammonia production from
unspecified renewable energy in Chile,"” offshore wind in the
US,"™ wind and solar in Chile, Denmark and Australia'® and
Iran,® and integrated biomass gasification.® Tuna et al.>
compared ammonia production from water electrolysis using
renewable energy, steam reforming of biogas from anaerobic
digesters, and biomass gasification, finding the latter to
perform best economically, but none of the processes to be
competitive with conventional ammonia production. Bose
et al.”® investigate the spatial variation of green ammonia
production in the US, while Salmon and Banares-Alcantara®
map offshore green ammonia production costs globally.
Arnaiz del Pozo and Cloete® performed a techno-economic
assessment of blue and green ammonia production,
comparing blue ammonia production using KBR, Linde and gas
switching reforming processes with green ammonia production
from wind and solar with battery and hydrogen storage in
Germany, Spain and Saudi Arabia. They found green ammonia
to be 70 to 150% more expensive than the best blue ammonia
process. Mayer et al.*® conducted a techno-economic analysis
and life-cycle assessment of an SMR-based blue ammonia plant
and a PV-based green ammonia plant in Saudi Arabia, though
the green hydrogen production is not explicitly modelled for the
technoeconomic assessment. The results show favourable
economics for the blue ammonia process, but also highlight
that the climate change impact of the blue ammonia process is
very sensitive to methane leakage rates. At low methane leakage
rates, blue ammonia was found to be an attractive and
commercially available solution to mitigate environmental
impacts of commercial ammonia production.
Studies in literature highlight that low-carbon ammonia
production processes struggle to compete with the conventional
process economically. However, new investment incentives in
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the form of tax credits for carbon sequestration under section
45Q of the US tax code and hydrogen production under section
45V of the US tax code have sparked significant interest in low-
carbon ammonia production in the United States (US). These
incentives, further explained below, are meant to improve the
economic competitiveness of low-carbon technologies
compared to the incumbent. However, the extent to which
different incentives can make low-carbon ammonia processes
commercially attractive compared to the conventional grey
ammonia production needs to be evaluated.

In this study, we present a comparative analysis of various
methane reforming-based (blue) and water electrolysis-based
(green) low-carbon ammonia production pathways under
economic and practical considerations, considering perfor-
mance metrics such as capital and operational costs, effective
ammonia production costs and carbon intensity of the
processes. We also discuss the practicality of implementing
such low-carbon ammonia processes and discuss how to best
utilise available subsidies. Finally, we propose and investigate
two novel processes: (i) integrating biomethane into blue
ammonia production processes to further reduce emissions
and to potentially create carbon-negative ammonia; and (ii)
using synergies between blue and green ammonia processes in
a combined blue-green ammonia production process.

Key contributions of this work are a comprehensive techno-
economic assessment and comparison of conventional, blue
and electrolytic ammonia production processes, explicitly
considering the newly available tax credits. We study the
economic and emissions characteristics of the different
ammonia production pathways with a focus on practical
applications in the next few years and explore how the available
tax credits can be best utilised. Additionally, we propose two
novel processes that may improve the economics and environ-
mental impact of commercial low-carbon ammonia production.

The investigation is carried out for a representative 3300 tons
per day ammonia production facility located in Texas, United
States. Texas is a promising location for ammonia production
and export, as it offers low natural gas prices,* significant
existing oil and gas infrastructure and expertise, good poten-
tial for CCS,”® and a high availability of renewable energy
sources.” Four different systems are considered: conventional
SMR-based ammonia production, SMR-based ammonia
production with CCS, ATR-based ammonia production with
CCS, and electrolytic ammonia production. Additionally, the
two novel processes introduced above are investigated. Details
on the methodology are provided in the following section.

Methodology
Ammonia production process models

Techno-economic models of five
processes were developed:

(1) Conventional SMR-based ammonia production without
CCs.

(2) SMR-based blue ammonia production with process and
flue gas CCS.

(3) ATR-based blue ammonia production with CCS.

ammonia production
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(4) PEM electrolyser based (green) ammonia production.

(5) ATR & PEM electrolyser based blue-green ammonia
production.

The techno-economic models were developed in Microsoft
Excel, using the CoolProp package® to calculate all thermo-
physical properties. Underlying are rate-based models for the
SMR and ATR reactions,*** and an assumed single-pass effi-
ciency for the Haber-Bosch reactor as outlined in the following
subsection.

Conventional SMR-based ammonia production process. In
the conventional ammonia synthesis process (see Fig. 2 for
a simplified process drawing), natural gas is assumed to enter the
system at 15 °C and 42.4 bar (615 psi). The pre-reformer that
converts higher hydrocarbons into methane is not explicitly
modelled, but it is assumed that pure methane enters the primary
reformer. In the primary reformer, methane and steam are
reformed to H,, CO and CO, at a temperature of 871 °C.** The
temperature is achieved by external natural gas firing. The product
gas stream containing all five components then enters the
secondary reformer which operates under autothermal condi-
tions. Here, air is introduced into the system. The oxygen is used
to reform remaining methane to H,, CO and CO,, while the
nitrogen remains in the system for the ammonia synthesis. The
CO/CO, ratio in the product stream is assumed to be 1.85 mole CO
per mole CO,. The secondary reformer operates at about 1230 °C.

Primary and secondary reformer are designed to yield a sto-
chiometric H,-N, ratio in the product suitable for ammonia
production. This corresponds to a methane conversion rate of
about 82% in the primary reformer. The steam-to-methane ratio
is assumed to be 3.1 mole H,O per mole CH,. The steam is
available as saturated steam at 42.4 bar, which corresponds to
a temperature of 255 °C. The air for the secondary reformer is
compressed from ambient conditions to 42.4 bar and then pre
heated using heat from the primary reformer to attain the high
temperature in the secondary reformer.

Auxiliary systems such as the natural gas desulphurisation,
the pre-reformer, and feedwater treatment systems are not
explicitly modelled or shown in the simplified process draw-
ings, but considered in the costing of the SMR system.

Following the reformers, the syngas stream containing H,,
N,, CO, CO,, and steam is cooled down in syngas coolers before
entering the water gas shift (WGS) reactors at 315 °C. The heat
from the syngas coolers is integrated into the steam generation
system described below.

In the WGS reactors, any remaining CO is reacted with steam
to H, and CO, to increase hydrogen yield. At the outlet, the
stream is further cooled down to condense out the water, which
is recycled to the steam generation system. The process stream
then enters the CO, separation unit where all CO, is removed. It
remains a stochiometric stream of H, and N, which is fed into
the ammonia synthesis loop.

The Haber-Bosch reactor is assumed to operate at 450 °C
and 194 bar. The single pass conversion efficiency is assumed to
be 15%,>” while the pressure loss over the reactor is assumed to
be 30 bar. The feed stream is compressed to reactor pressure
using two compressors with intercooling and then mixed with
the recycling stream. After the Haber-Bosch reactor, the
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product stream is cooled down in a heat exchanger, heating up
the feed. It is then refrigerated to —33 °C to condense and
separate the ammonia. A recycling compressor makes up for the
pressure drop over reactor and coolers.

SMR-based blue ammonia production process. The SMR-
based blue ammonia production process is mostly identical to
the conventional ammonia production process. The two
important modifications are that (i) the process CO, is stored
rather than vented and (ii) a post combustion CO, capture unit
is fitted in the flue gas stream of the firing. The first modifica-
tion does not incur any significant changes to the ammonia
synthesis process, as CO, is already separated from the stream
in the conventional process.

The flue gas capture system is modelled as an amine
scrubber. In an absorber column, the flue gas is contacted with
a lean amine solution which absorbs the CO,. The rich solution
then passes through a stripper column, where steam is used to
regenerate the solvent. A stream of concentrated CO, is avail-
able from the stripper, which can then be compressed and
pumped to storage sited. A water lean solvent with a reboiler
duty of 2.35 GJ per tCO, captured* is used, representing best-
available technology. In line with industrial best practice, the
default flue gas CO, capture rate is assumed to be 95%, though
this is varied throughout the analysis. The steam for the solvent
regeneration is provided by the steam system and additional
firing, if necessary.

ATR-based blue ammonia process. In addition to the SMR-
based blue ammonia production process, a blue ammonia
process using an ATR is investigated. A simplified process
drawing is shown in Fig. 3. First, 30% of the methane is
reformed with steam in a gas heated reformer (GHR).** Then,
oxygen is fed into the ATR to partially burn the reactants and to
reform more methane. The operating temperature of the ATR is
about 1200 °C.

Not all methane is reformed in GHR and ATR, it is assumed
that about 3.5% unreacted methane remains in the off gas.*®
This unreacted methane in the off gas is burned in auxiliary
burners, resulting in residual emissions. However, 96.5% of
carbon is contained in the process gas stream and then sepa-
rated and stored, as in the SMR-based blue ammonia process.

The O, required in the ATR and well as the N, required for
the ammonia synthesis are provided by an air separation unit
(ASU). 1t is sized according to the O, demand and produces
excess N,. The specific power demand of the ASU, which is
assumed to be a cryogenic unit, is 0.37 kWh/kgy,.*®

Fig. 3 Simplified process drawing of the ATR-based blue ammonia
synthesis process. "GHR" is the gas heated reformer, "ATR" the auto-
thermal reformer, "WGS" is the water gas shift reactor, "H-B" the
Haber—Bosch reactor, "ASU" the air separation unit, and "Comp” are
COMpressors.

This journal is © The Royal Society of Chemistry 2024
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PEM-based (green) ammonia production process. In the
PEM-based ammonia process (see Fig. 4), power is used to split
water into H, and O,, and to separate air into N, and O,. H, and
N, are produced in a stochiometric ratio and mixed, then
compressed and fed into the ammonia synthesis loop as before.
The electrolyser is assumed to operate at 21 bar with a specific
power demand of 55.5 kWh/kgy,,*” the ASU is a cryogenic unit
as described above in the ATR case.

We distinguish between “electrolytic” and “green” hydrogen
and ammonia in this paper. “Electrolytic” refers to any
hydrogen and ammonia produced via electrolysis, using any
electricity input. “Green” hydrogen and ammonia on the other
hand is explicitly produced using renewable energy.

Blue-green ammonia production process. The blue-green
ammonia production process combines the ATR-based process
and the PEM-process, as shown in Fig. 5. Excess O, from the
electrolyser is used in the ATR, reducing the required size of the
ASU. The model is designed such that the share of blue and
green hydrogen can be varied. The extreme case of 0% green
hydrogen corresponds to the ATR-based blue ammonia
production process, while 100% green hydrogen corresponds to
the PEM-based green ammonia production process. Depending
on the share of green hydrogen, the ASU is sized for either the
O, or the N, demand to make sure that both are sufficiently
available in any case.

Heat integration, steam generation system, compressors,
and auxiliary systems. Significant amounts of heat are available
from the coolers and exothermic reactors in the blue ammonia
production processes, which is integrated to pre heat other
streams, to generate steam, and in the reboiler of the post
combustion CO, capture unit as much as possible.

To be independent of electricity price assumptions in the
blue ammonia processes, it is assumed that all power for
compressors and the ASU, if present, is generated from steam
onsite. For that purpose, the saturated steam at 42.4 bar and
255 °C is superheated and then expanded.

In the SMR-based processes, all required additional energy is
provided from the natural gas firing of the SMR. In the ATR case
however, additional natural gas firing is to be avoided to reduce
emissions. For that reason, a share of about 19% of the
produced hydrogen is used for additional firing with the off gas.

All compressors are modelled as turbomachines with a fixed
isentropic efficiency of 90%. A variety of additional components
are not explicitly modelled but accounted for in the costing as
much as possible.

450°C,
194 bar

H-B

15% single-
pass efficiency

33°C,
164 bar

Fig. 4 Simplified process drawing of the PEM-based electrolytic
ammonia synthesis process. "H-B" is the Haber—Bosch reactor, "ASU"
the air separation unit, and “Comp” are compressors.
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Fig. 5 Simplified process drawing of the blue—green ammonia
synthesis process. “"GHR" is the gas heated reformer, "ATR" the auto-
thermal reformer, "WGS" is the water gas shift reactor, "H-B" the
Haber—Bosch reactor, "ASU" the air separation unit, and "Comp" are
COMpressors.

Cost assumptions. Cost models are essential for any
economic evaluation. For consistency, the costing of the blue
ammonia processes is largely based on the recent extensive blue
hydrogen report by the National Energy Technology Laboratory
(NETL).** A summary of costs of different components of the
SMR and ATR systems is shown in Table 1.

The study by Ganzer and Mac Dowell*® is used for the costing
of Haber-Bosch process and ASU. The capital costs of the
Haber-Bosch system are:

CHaber—Bosch = 5 103000 ($) + 4220
($/(kgnp,/hour)) x capacity

While those of the ASU are:

Casu = 6777000 ($) + 789 ($/(kgn,/hour)) x capacity

For both, annual fixed operation and maintenance costs are
assumed to be 4% of capital costs.

Estimates of electrolyser costs vary widely in literature, and
costs are expected to fall significantly in future. The Interna-
tional Energy Agency (IEA) reports current PEM electrolyser
costs of 1100 to 1800 $/kW,* while the US Department of
Energy (DOE) estimates current uninstalled costs of 975 to
1200 $/kW, but expects these costs to fall to 380 to 450 $/kW by
2030.* Another DOE report puts “current central” electrolyser
capital costs at 515.2 $/kW with fixed operational costs of 31.65
$/kw, which includes a stack replacement every 7 years.*” The
latter values are used in our analysis, though it should be noted
that they are likely closer to nths of a kind (NOAK) costs than
first of a kind (FOAK) costs.

General assumptions, feedstocks, and project finance

The analysis is based on 3300 t NH; per day production trains
situated in Texas, US. The process is assumed to operate
constantly throughout the year, yielding an annual ammonia
production of 1.2 Mt NH;. The project is assumed to be 30%
equity financed, costed at 12%, and 70% debt financed, costed
at 3%, yielding a weighted-average cost of capital of 5.7%. The
construction time is assumed to be 4 years, and capital recovery
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Table 1 Assumed capital costs (CAPEX) and operational costs (OPEX) of different components of the SMR and ATR systems®*

CAPEX

Fixed OPEX Variable OPEX

SMR reactor without CCS, including auxiliary systems
SMR reactor with CCS, including auxiliary systems
ATR with CCS, including auxiliary systems

Water-gas shift

Process CO, removal

is required within 12 years of project start. The effective
ammonia production costs calculated in this work are the
revenues required to reach a net present value (NPV) of 0. These
figures will vary with variations in the project lifetime, and the
financing conditions (debt-equity splits, interest rates, etc.). In
line with the NETL report,* a December 2018 cost basis is used.

Natural gas is a key feedstock to the blue ammonia
processes. The average Henry Hub natural gas price was about
3.5 $/MMBTU," which is used as a baseline for the analysis.
However, recognising that fuel prices are very volatile, the
effect of gas prices varying from 0 to 8 $/MMBTU on
effective ammonia production costs is investigated. A gas price
of 0 $/MMBTU is not practical, the lowest historical monthly
average Henry Hub prices were around 1.6 $/MMBTU. However,
it establishes a theoretical lower bound and shows how much
capital and maintenance costs contribute to overall production
costs.

Another important parameter are upstream emissions from
natural gas production, which are emissions associated with
blue ammonia processes that cannot be reduced by any carbon
capture mechanism at the plant. As baseline value of 0.28 kgco,
eq. per kgcy,, the average value for US natural gas,* is assumed
in the analysis. However, the actual value of fugitive methane
emissions will depend highly on the location, the equipment
used and the maintenance. By locating the ammonia plant close
to natural gas production sites and applying measures to reduce
methane leakage, upstream methane emissions can be reduced
significantly. On the other hand, long transport distances and
leaky equipment can result in higher emissions. Recognising
this, values from 0 to 0.5 kgco, €q. per kgcy, are considered in
the analysis.

Electricity for the electrolytic ammonia process should
ideally be supplied from renewables or low-carbon electricity
sources. However, as reference, average values from the ERCOT
grid in Texas are considered as well. The average industrial
electricity price from January 2018 to January 2021 was just over
50 $/MWh.** The monthly average industrial electricity prices
were stable for most of the time period, with a distinct spike to
about 70 $/MWh during the heat wave in August 2019, and
another spike to 120 $/MWh during the winter crisis in February
2021. At the same time, the emissions intensity of the Texas
power grid in 2021 was 427 kgco, eq. per MWh.** With (mostly)
renewable electricity supply to the electrolytic ammonia
process, the emission intensity would be significantly lower,
but, depending on capacity factors, cost may be significantly
higher.
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453 $/(kgyy,/day)
1233 $/(kgy,/day)
929 $/(kgyy,/day)
26 $/(kgy,/day)
60 $/(kgy,/day)

22.0 $/(kgy /day)/year
48.3 $/(kgy,/day)/year
37.5 $/(kgy,/day)/year
4% of CAPEX
4% of CAPEX

0.087 $/kgy,
0.242 $/kgu,
0.36 $/kgu,

The carbon dioxide separated in the blue ammonia
processes needs to be compressed for transport, piped to
a suitable location, and injected into secure geological storage.
The energy demand of the CO, compressors is accounted for in
the process simulation. It is assumed that the CO, must be
compressed to a pressure of 150 bar. To account for transport
and storage costs, effective costs of 20 $/tCO, are assumed in
the model. This value may be on the conservative side for CCS
projects in the US and specifically Texas, which are often quoted
with transport and storage costs of around 10 $/tCO,.*>*® On the
other hand, it may be optimistic for new, first-of-a-kind
projects.*” A true carbon transport and storage costs will again
strongly depend on the siting, transport distances and local
geography, as well as permitting.

For a high-level validation, energy intensity and emission
factors calculated from the models used in this analysis are
compared to average values estimated in the low-carbon
ammonia roadmap report,” as shown in Table 2. The process
models show good agreement with the values reported in
literature. As the reference report does not include any technical
detail, it is not possible to evaluate the reasons for the small
discrepancies, but potential reasons may be different plant
scales or process assumptions.

Results and discussion

Blue and green ammonia have significantly lower carbon
intensities compared to conventional ammonia

Both blue and electrolytic ammonia have the potential to
significantly reduce emissions associated with the ammonia
production. However, the carbon intensity depends heavily on
upstream emissions due to methane leakage (blue ammonia) or
emissions associated with the power production (electrolytic
ammonia).

Table 3 shows the estimated carbon intensity of the two blue
ammonia production processes compared to the conventional
process for different values of upstream emissions. For the
conventional process, these upstream emissions are relatively
small, as the majority of emissions stem from the process itself.
The blue ammonia processes, on the other hand, avoid process
emissions by 97% and more, such that residual emissions are
dominated by upstream emissions. Overall, the blue ammonia
processes achieve a carbon avoidance of 85% (high upstream
emissions) to 93% (low upstream emissions).

Table 3 also shows specific emissions on a hydrogen basis,
which are relevant for 45V production tax credits (PTCs) under

This journal is © The Royal Society of Chemistry 2024
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Table 2 High-level validation of the process models against average values quoted in the low carbon ammonia report®

This analysis

Low-carbon ammonia report®

Energy intensity

Emission intensity

Energy intensity Emission intensity

[GJ/tNH;) [t CO,/tNH3;] [G]/tNH;] [tCO,/tNH;]
Conventional 31.9 1.9 32 1.8
SMR + CCS 31.9 0.2 32 0.1
ATR + CCS 28.7 0.2 27.9 0.1

Table 3 Carbon intensity of conventional and blue ammonia production processes depending on upstream emissions, both on a kg ammonia
and kg hydrogen basis. US average upstream emissions are 0.28 kgco, €q. per kgcp, (ref. 42)

US average upstream +50% upstream

—50% upstream emissions emissions emissions
kgco, €q. kgco, €q. kgco, €q. kgco, €q.
kgco, €q. per kgnm, kgco, €q. per kgy, per kgnm, per kgy, per kgnm, per kgy,
Conventional ammonia 1.80 10.11 1.89 10.62 1.98 11.14
SMR-based blue ammonia 0.12 0.67 0.21 1.18 0.30 1.70
ATR-based blue ammonia 0.14 0.78 0.22 1.23 0.30 1.68

Grid-based electrolytic ammonia
(ref. 44))

the Inflation Reduction Act (IRA) in the US. These credits are
tiered depending on the carbon intensity of the produced
hydrogen, as shown in Table 4. Additionally, labour standards
such as paying workers the prevailing wage depending on
region and occupation for the first 10 years of the project and
hiring a certain number of apprentices must be met to qualify
for the full PTCs.*® It is apparent that blue ammonia projects are
unlikely to reach the highest subsidy tier due to upstream
emissions, giving more motivation to explore alternatives such
as incorporating biomethane or green hydrogen.

The solution space between upstream emissions, carbon
capture rate, and available 45V PTCs is further explored for the
SMR-based blue ammonia process in Fig. 6. It is assumed that
all the process emissions are captured, while flue gas carbon
capture rate and upstream emissions are varied. The figure
shows that reaching the highest PTC tier requires upstream
emissions less than 0.1 kgco, eq. per kgcy, and flue gas carbon
capture rates higher than 90%. At US average upstream
emissions, blue ammonia projects can comfortably reach the
1 $/kgy, range with flue gas carbon capture rates of 85% and
higher. The oil and gas climate initiative (OGCI) aims for zero

Table 4 45V production tax credits for low carbon hydrogen
depending on the hydrogen carbon intensity

Production tax credit (assuming

Hydrogen emission intensity labour requirements are met)

<0.45 kgco, €q. per kgy, 3 $/kgwy,
0.45-1.5 kgco, €q. per kgy, 1 $/kgy,
1.5-2.5 kgco, €q. per kgy, 0.75 $/kgy,
2.5-4 kgco, €q. per kgy, 0.6 $/kgy,

>4 kgco, €q. per kgy, No credit available

This journal is © The Royal Society of Chemistry 2024

4.51 (kg CO, eq. per kg NH;)/25.4 (kgco, eq. per kgy,) (assuming grid emissions of 427 kggo, eq. per MWh

methane emissions from their operations by 2030, and the
PTC tiers provide an additional financial incentive to do so, as
lower upstream emissions can lead to significantly higher PTCs
being available to projects.

Note that Fig. 6 also shows that without flue gas capture, at
US-average upstream emissions blue hydrogen projects are not
eligible for any support under 45V, while still 45Q tax credits for
carbon sequestration can be claimed. The trade-off between
saving the capital costs of the post combustion capture units vs.
only being able to claim 45Q tax credits is not further explored
here, as the focus is on very low carbon ammonia.

The carbon intensity of electrolytic ammonia depends on the
carbon intensity of the electricity used for the H, and N,
production. If carbon-free electricity is used, the electrolytic
ammonia is also carbon-free (neglecting emissions related to
construction, etc.). At grid-average carbon intensity, on the other
hand, which is around 430 kgco, eq. per MWh in Texas in 2021,*
emissions associated with electrolytic ammonia production are
4.5 kgco, eq. per kgny, (25.4 kgoo, eq. per kgy, ), much worse than
the conventional SMR-based ammonia production process
without CCS. At an electricity carbon intensity of 20 kggo, eq. per
MWh, electrolytic ammonia emissions are on par with blue
ammonia with average upstream emissions, and a maximum
electricity carbon intensity of 7 kgco, eq. per MWh is required to
reach the highest 45V subsidy tier.

Significant discussion®** is currently ongoing regarding the
definition of additionality of renewable energy production for
powering electrolysers. Hourly,*® weekly,”® monthly** or annual®
matching requirements of renewable energy production and
electrolyser power consumption are being deliberated. Hourly
matching is asserted to assure the lowest emissions and seems
to be gaining traction but is likely more expensive and may be
challenging to implement initially.**” Such requirements will

Sustainable Energy Fuels, 2024, 8, 1495-1508 | 1501
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Fig. 6 Carbon intensity of the blue hydrogen used for the SMR-based
blue ammonia plant depending on upstream natural gas emissions and
flue gas carbon capture rate. The IRA 45V subsidy tiers are also shown
in the figure.

likely impact the economics of any green hydrogen or ammonia
project, though it has been argued that available 45V credits are
sufficient to make up for the added costs under an hourly-
matching framework.*

Production tax credits under the inflation reduction act make
low carbon ammonia cost competitive with the conventional
production process

Available PTCs under the IRA shift the economics of ammonia
production significantly, as shown in Fig. 7. Without tax credits
(solid lines), the conventional ammonia production process is
approximately 30% cheaper than blue ammonia processes
regardless of the natural gas price. However, assuming that
a 45V credit of 1 $/kgH, is available for blue ammonia projects,
both the SMR-based and the ATR-based blue ammonia
processes become more cost-effective than the counterfactual.
With the PTCs, blue ammonia is now cheaper than the carbon-
intensive conventional process regardless of natural gas price.

The production costs of electrolytic ammonia are a first
order function of the electricity price. However, even with free
electricity, without subsidies it is always more expensive than

Electricity price [$/MWh]
20 40 60 80 100

ES
=}

Reference gas/electricity price
— Conventional NH;

1.2} —sMR-based blue NH; Average ERCOT

---SMR-based blue NH; - 45v [ISESUEREUES

—ATR-based blue NH;

= ATR-based blue NH; - 45V

—PEM-based green NH;

-+ PEM-based green NH; - 45V

1

o b 2
kY @ ®

Effective ammonia production cost [$/kg]
°

Average Henry Hub gas price

2 4 5
Natural gas price [$/MMBTU]

6 7 8

Fig. 7 Estimated effective ammonia production costs for the different
ammonia synthesis pathways depending on fuel prices, considering
45V tax credits. Note that the two x-axes should be seen as inde-
pendent. They have been aligned at the average gas and electricity
prices, but no explicit correlation between the two is assumed. Green
ammonia cost curves relate to the top x axis, while blue ammonia cost
curves relate to the lower x axis. The analysis assumes 1 $/kgy,, avail-
able for blue ammonia projects, and 3 $/kgy, available for green
ammonia projects.
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the conventional ammonia production process. Assuming
electrolytic ammonia can benefit from the highest 45V PTC tier
of 3 $/kgy, which is the case if the emission intensity of the
power is below 7 kgco,..q Per MWh, the economics of electrolytic
ammonia improve drastically. At baseline electrolyser costs,
electrolytic ammonia with 45V tax credits is cheaper than
conventional ammonia for electricity prices below about 50
$/MWh, the current average electricity price in Texas. Note
however that this electricity is required to be virtually emission-
free to access to highest PTC tier.

Blue ammonia with 45V subsidies appears to be more
economical than electrolytic ammonia for wide ranges of
natural gas and electricity prices. Only if electrolytic ammonia
can indeed access the highest 45V PTC ties and blue ammonia
is only eligible for the second-highest tier, carbon-free elec-
tricity prices below about 35 $/MWh are required for electrolytic
ammonia to be more economical than blue ammonia at average
natural gas prices.

Electrolyser capital costs are highly uncertain. According to
the International Energy Agency (IEA), today's cost of PEM
electrolysers can be as high as 1800 $/kW,, while future cost
may be as low as 200 $/kW..”® However, such cost reductions
require a scale-up of the technology, and near-term inflationary
realities suggest that declines in electrolyser cost may not be
straight-line. The impact of different electrolyser costs in
addition to different electricity prices is shown in Fig. 8. Note
that the estimated costs here include 45V PTCs of 3 $/kgH,,
which as mentioned above requires very low-carbon electricity
supply. The electricity price remains the dominant driver for
electrolytic ammonia production costs, but if electrolyser
capital cost reductions can be achieved by large scale deploy-
ment of the technology, the economics of electrolytic ammonia
production can be significantly improved.

The IRA not only offers PTCs for clean hydrogen production
under tax code 45V, but also tax credits of up to 85 $/tCO, for
permanent carbon sequestration under tax code 45Q, which
may be attractive for blue ammonia projects. As they are not
“stackable”,* this leads to the question of finding the most
suitable tax code for low-carbon ammonia producers. To
explore this question, a comparison of estimated effective
ammonia production costs with 45V tax credits and 45Q tax
credits is shown in Fig. 9. Note that the 45V eligibility period is
currently 10 years, while 45Q is available for 12 years, which may
have an impact on the longer-term financials of a project.

NH; production
cost [$/kgNHs]

3
8
3

o
8
S

o
&
3

Electrolyser capital cost [$/kW,

a
3
3

N
3
S

40 60
Electricity price [$/MWh]

Fig. 8 Estimated electrolytic ammonia production costs depending
on electricity price and electrolyser capital cost.
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Fig. 9 Comparison of 45Q and 45V subsidies for blue ammonia
production based on upstream emissions and flue gas carbon capture
rate. The colours indicate the difference in effective ammonia
production costs. The IRA 45V subsidy tiers are also shown in the
figure.

The data shows that for a wide range of upstream emissions
and flue gas carbon capture rates, and especially in the most
desirable region of low upstream emissions and high carbon
capture rates, claiming 45V credits is more economical than
claiming 45Q credits. Only when upstream emissions of the
natural gas are so high and flue gas carbon capture rates are so
low that no 45V credits are available, 45Q offers benefits to low-
carbon ammonia projects. Note that regardless of the flue gas
carbon capture rate, it is assumed that in any case all the
process emissions are captured and stored.

Incorporating a share of biomethane can lead to better
economics and carbon neutral or carbon negative ammonia

Fig. 6 shows how challenging it is to reach the highest 45V PTC
tier with blue ammonia production processes. One potential
way to reach this subsidy tier and to improve the carbon
intensity of the ammonia as well as the economics of blue
ammonia projects is to incorporate a share of biomethane into
the natural gas supply.

Biomethane is typically produced from anaerobic digestion
(AD). AD takes agricultural residues, animal waste, food waste,
wastewater sludge or other organic matter as feedstock and
converts it into biogas, which is then upgraded to biomethane.
This involves a desulphurisation step as well as the removal of
water and CO, among other elements.*” Biomethane from
different sources is already readily available in the US, though
the market is still growing. According to the US Department of
Energy, as of mid-2022, 538 biogas from landfill projects were
operational in the US, as well as 330 anaerobic digesters
producing biogas from livestock farms and 1200 anaerobic
digesters installed at wastewater treatment facilities.®

The costs of biomethane vary depending on feedstock and
location. Based on the global biomethane supply curve devel-
oped by the International Energy Agency (IEA),*> a biomethane
price of 15 $/MMBTU is assumed for the initial analysis pre-
sented here, which is about 4 to 5 times higher than the base-
line natural gas price.** Regarding emissions, based on the
median whole-site measurements presented by Bakkaloglu
et al.®® upstream biomethane emissions are assumed to be 1.37
kgco,eq. per kgcy,. However, the CO, arising from the
combustion of biomethane is carbon neutral, as the biomass

This journal is © The Royal Society of Chemistry 2024
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has absorbed carbon over its lifetime which would otherwise
also be released during the decomposition. Any carbon
captured from biomethane and stored in geological reservoirs is
therefore counted as negative emission.®*

Fig. 10 shows how increasing the share of biomethane in the
feedstock to blue ammonia plants can drastically reduce the
carbon intensity of the hydrogen and ammonia. A share of 10 to
20% biomethane, depending on upstream emissions, results in
carbon-neutral ammonia. Beyond that, carbon-negative
ammonia is being generated with considerably greater costs.
These negative emissions can potentially be monetised by
selling carbon removal credits on voluntary carbon markets.
However, this option is not evaluated in the analysis presented
here.

The figure also shows that blending in a share of biomethane
can allow blue ammonia projects to comfortably reach the
highest 45V subsidy tier. At US default upstream emissions,
a share of about 15% biomethane can reduce emissions suffi-
ciently. For the reference 3300 tNH; per day ammonia plant,
this corresponds to about 270 t of biomethane per day, which
likely requires access to multiple AD facilities.

Despite the significantly higher price and upstream emis-
sions of biomethane, economics of blue ammonia projects can
be improved if the higher-tier 45V PTCs are reached. An analysis
of effective ammonia production costs depending on the share
of biomethane and for US average upstream natural gas emis-
sions is shown in Fig. 11. The costs drop suddenly at 15%
biomethane blend as the highest 45V PTC tier is reached.
Increasing the biomethane share beyond that point offers no
obvious monetary benefits, effective ammonia production costs
increase as more and more expensive biomethane is used.
However, if indeed carbon-negative ammonia is being
produced, carbon dioxide removal (CDR) credits sold on
voluntary carbon markets may become available as an addi-
tional revenue stream, which has not been considered in the
analysis presented here.

Biomethane leakage values vary widely between sites.®® In
addition to median leakage values, 25% and 75% percentiles of
leakage were also investigated. The biomethane blending cost
curve of the former coincides with the one of the median
leakage case, while the latter is also plotted in Fig. 11. In that
case, due to the high biomethane leakage the highest 45V PTC
tier is only reached at 100% biomethane. While the 100%

o

H, carbon intensity
[kgCO,eq/kgH]

<

1$/kgH, 1

Upstream emissions [kgCO,eq/kgCH,4]

60

40
Biomethane share [%]

Fig. 10 Carbon intensity of blue hydrogen used for ammonia
production depending on upstream emissions and biomethane share.
The IRA 45V subsidy tiers are also shown in the figure.
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Fig. 11 Estimated effective blue ammonia production costs with 45V
production tax credit depending on biomethane share. As biomethane
leakage values vary significantly between facilities, results from 25%
and 75% biomethane leakage percentiles were also analysed in addi-
tion to the median biomethane leakage values. The 25% case yields the
same cost curve as the median, but the 75% case is also plotted. All
leakage values are based on Bakkaloglu et al.%®* The resolution of the x
axis is 5 percentage points of biomethane share.

biomethane blend still achieves lower effective production costs
than the baseline natural gas-only case, for any other bio-
methane blend percentage production costs are significantly
higher. Additionally, sourcing sufficient biomethane to run the
entire ammonia production may prove challenging. Fig. 11
shows that reducing biomethane leakage is crucial not just to
reduce emissions, but also to improve the economics of the
ammonia production.

Blue-green ammonia can use synergies to improve economics
under specific conditions

Another way to reduce the carbon intensity of blue ammonia
production is to use a share of electrolytic hydrogen production.
Additional potential synergies are using oxygen from the elec-
trolyser in the ATR and thus reducing the size of the ASU
required by the ATR process. For the analysis presented here, it
is assumed that the electrolyser only runs on carbon free elec-
tricity, hence no emissions are associated with the green
hydrogen. Further, it is assumed that the blue-green ammonia
plants run baseload with a fixed share of green hydrogen
production. Allowing for the share of green hydrogen to vary
with e.g., the availability of renewable energy sources could
unlock significant added benefits which are not evaluated here
but are an interest topic for future work.

Fig. 12 shows the overall carbon intensity of the hydrogen
used for blue-green ammonia production depending on
upstream emissions and share of green hydrogen, as well as the
45V PTC tiers. At US average upstream emissions, a blend of
about 60% green hydrogen and 40% blue hydrogen is required
to reach overall emissions low enough to claim 3 $/kgy,. The
required share of green hydrogen reduces with reducing the
emissions from the gas supply chain, but nonlinearly, such that
upstream emissions of half the US average still require about
40% green hydrogen.

Depending on electricity price and upstream emissions,
blue-green ammonia can be more cost-effective than blue
ammonia in specific cases. The added costs from the green

hydrogen production compete with the increase in
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Fig.12 Carbon intensity of blue—green hydrogen based on natural gas
upstream emissions and share of green hydrogen. The IRA 45V subsidy
tiers are also shown in the figure. The dotted line corresponds to US
average upstream emissions.

available subsidies. Fig. 13 shows estimated effective
ammonia production costs for electricity prices of 50 $/MWh
and 150 $/MWh depending on upstream emissions and share of
green hydrogen. The former value is indicative of the levelised-
cost-of-energy of onshore wind and utility-scale PV projects
without storage,® while the latter represents the cost of reliable
renewable energy production with storage at 90% capacity
factor, determined using the y-AWE tool developed by Ganzer
and Mac Dowell.*®

In the case of low electricity price (approximately on par with
current wholesale prices in Texas), the blue-green ammonia
process offers marginal cost savings over the ATR-based blue
ammonia process at US average upstream emissions, but shows
significantly lower costs with decreasing upstream emissions,
as less and less expensive green hydrogen is required. At the
higher electricity price however, which is more representative of
reliable renewable energy production with storage, the blue-

(2) 50 $/MWh electricity price

Effective NH; cost
[$/kgNHs]

2

US average upstream emissions

3
3$/kgH, 15

B =-0.02 $/kgNH;

Green hydrogen share [%]

A=-0.30 $/kgNH; o
0.75 $/kgH,

(b) 150 $/MWh electricity price

Effective NH; cost
[$/kgNH3]

US average upstream emissions

3 $/kgH, 8

1$/kgH,
D =+1.72 $/kgNH,

Green hydrogen share [%]

A =+0.19 $/kgNH;

0.75 $/kgH, o
0 0.1 0.2 0.3 0.4 0.5
Upstream emissions [kgCO,eq/kgCH,]

Fig. 13 Effective blue—green ammonia production cost depending on
upstream emissions and green hydrogen share for an electricity price
of (a) 50 $/MWh and (b) 150 $/MWh. The IRA 45V subsidy tiers as well
as cost savings and increases of the blue—green process compared to
the blue ammonia production process are also shown in the figure.
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green ammonia process offers no cost savings over the ATR-
based blue ammonia process, as the electrolytic hydrogen
production is too expensive.

The real value of the proposed blue-green ammonia process
likely lies in a more flexible operation, using cheap renewable
electricity for green hydrogen production when available and
higher shares of blue hydrogen at times of low wind and solar
availability. A more flexible operation of the ammonia synthesis
reactor might add additional benefits. The drawback of more
flexible operation is that the benefits from using oxygen from
the electrolyser for the ATR are reduced, as a backup system is
needed for times when the electrolyser is running at lower load
or shut off. Additional analysis is required to explore this trade
off further.

Conclusions

A variety of mature blue and electrolytic low carbon ammonia
production processes has been compared and evaluated under
economical and practical considerations, considering large
scale production facilities in Texas, US. Additionally, two novel
processes, one integrating biomethane into blue ammonia
production and one combining blue and green hydrogen for
blue-green ammonia production, have been proposed and
evaluated.

Results show that both blue and electrolytic ammonia
production processes can significantly reduce carbon emissions
compared to the conventional process, which can be a major
contribution to global decarbonisation. As process emissions
from blue ammonia production are reduced, natural gas
upstream emissions start to become dominant in the emission
profile and should be reduced as much as possible. However,
even with US average upstream emissions, blue ammonia
plants are about 90% less carbon intensive than conventional
ammonia plants. For electrolytic ammonia production, the
emissions associated with the electricity production are key.
With the current grid mix in Texas, electrolytic ammonia
production is significantly more carbon intensive than the
conventional process. With purely renewable electricity
however, green ammonia has the potential to be carbon neutral
(neglecting construction emissions).

Production tax credits for low carbon hydrogen under the
inflation reduction act change the economics of low carbon
ammonia production significantly. While blue ammonia is
estimated to be about 50% more expensive than conventional
ammonia without the subsidies, it becomes the cheapest
production pathway even if only the second highest credit tier of
1 $/kgH, is reached. Electrolytic ammonia production costs are
very sensitive to the cost of low carbon electricity, but higher
than blue ammonia production costs for many combinations of
gas and electricity prices.

Blending a share of biomethane into the feedstock of blue
ammonia production plants can lead to carbon neutral or even
carbon negative ammonia and improve economics further. A
share of 10 to 20% biomethane is likely sufficient to reach the
highest production tax credit tier and lead to a significant
reduction in effective ammonia production costs despite

This journal is © The Royal Society of Chemistry 2024
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biomethane being much more expensive than natural gas.
Higher shares of biomethane can have additional climate
benefits of carbon dioxide removal, which may also enable
additional revenue streams from selling carbon dioxide removal
credits.

Blue-green ammonia uses synergies between green
hydrogen production and ATR-based blue ammonia produc-
tion. This can lead to lower emissions compared to blue
ammonia plants when renewable electricity is used, and lower
costs than pure green ammonia plants. Compared to pure blue
ammonia plants, economic benefits may be achieved by
reaching the highest production tax credit tier. These benefits
depend on the natural gas upstream emissions, which deter-
mine the share of green hydrogen production required, as well
as the electricity price. Additional benefits may be enabled by
operating the plant more flexibly, however further analysis is
required to quantify this.

The analysis shows that low carbon ammonia production in
Texas is possible and, thanks to the production tax credit
provided by the IRA, also economical. The emission reduction
potential is significant, though it comes at a cost to US
taxpayers. On the other hand, it appears that IRA will enable
significant investments in low carbon industry in the US.

Limitations of the study

In this conceptual analysis, process flow diagrams have been
simplified and many auxiliary systems are not explicitly
modelled, though their costs were included in the analysis.
Chemical reactions are not modelled in detail, but typical
product compositions have been assumed. The plants are
assumed to operate constantly at nominal capacity and under
steady state conditions.

Estimating costs of chemical plants is difficult, and costs will
naturally vary depending on the project. It was attempted to use
representative data from literature, and as natural gas and
electricity prices are volatile, a range of values was explored.
Still, the estimated ammonia production costs are indicative
only. Front end engineering design (FEED) studies, which are
much more detailed than the work presented here, are required
to evaluate the economics of specific projects.

Emissions from biomethane supply chains vary widely
between facilities and were shown to have a strong impact on
the overall emissions associated with ammonia production
incorporating a share of biomethane. For any application this
needs to be considered carefully on a case-by-case basis.
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