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ABSTRACT: Methods to produce ammonia from air, water, and
renewable electricity are necessary to transition ammonia
production away from the CO,-emitting Haber-Bosch process.
In this vein, a fully electric process in which water-splitting-
derived hydrogen and air-separation-derived nitrogen are
reacted in an electrochemical process to produce ammonia is
attractive. Herein, we evaluated the cost-effectiveness of large-
scale fully electric ammonia production relying on renewable
electricity sources in conjunction with different types of storage
and flexible operation using a mixed-integer linear programming
framework. We found that ammonia can be produced in an
economically competitive manner, i.e., at costs < 1 $/kg, at large
scales if the electrochemical reactor can produce ammonia at
partial currents exceeding 400 mA cm2, energy eficiencies
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exceeding 30%, and process lifetimes of several years. In light of this, alternative chemistries that can reduce nitrogen at high
rates and moderate (<2.5 V) overpotentials are necessary for economical, fully electrochemical ammonia production.

wing to its high volumetric energy density and facile

liquefaction at moderate temperature and pressure

conditions,® renewably generated ammonia is a
compelling low-carbon fuel for the heavy transportation
sector.”? The conventional method for producing ammonia,
the Haber—Bosch process, however, consumes fossil fuels and
emits CO,. On the other hand, fully electrified ammonia
synthesis approaches utilizing electrochemical nitrogen reduc-
tion present a viable, emission-free alternative. These
processes, consuming only nitrogen, water, and renewable
electricity, have received a great deal of recent interest in
academic research, as they can operate at near-ambient
conditions and respond dynamically to power supply
intermittencies.>*

However, despite laboratory-scale reports of fully electro-
chemical ammonia generation processes of all stripes,® 7 these
approaches are nearly universally assessed to lack the eficiency
and robustness required to produce ammonia economically at
scale in their present form. Techno-economic analyses of
renewable ammonia production have been performed, though
most focus on thermochemical ammonia synthesis using
hydrogen derived from renewable-energy-powered electroly-
sis.18722 Far fewer analyses have assessed the techno-economic
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fundamentals of fully electrochemical ammonia production
which utilizes electrochemical nitrogen reduction to produce
ammonia;> those that have either assume continuous operation
or model intermittent operation under heavily simplifying
assumptions.”

In this work, we carry out a holistic techno-economic
analysis (TEA) of the cost-optimal design and operation of a
fully electrochemical ammonia generation process that utilizes
intermittent renewable energy sources, setting out to identify
key productivity metrics that are necessary for economic
viability. These metrics are used to motivate a discussion of key
operating parameters and concrete technical goals for
researchers working on electrochemical nitrogen reduction
efforts.
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Figure 1. Process flow diagram of the fully electric ammonia production process evaluated in this study. Major unit operations and their mass
connections are depicted. Most units have an electrical energy input, depicted by a green arrow. The full length of some electrical
connections is omitted for clarity. Reproduced with permission from ref 27. Copyright 2021 Massechusetts Institute of Technology (MIT).

First, we will describe some of the assumptions made to
model the process. Fully electrochemical ammonia production
from air, water, and renewable electricity can, in theory, be
modeled in a single unit operation. However, due to the
dificulty of electrochemical nitrogen reduction, especially in
the presence of water,”® and for reasons discussed in detail in
the Supporting Information, we believe that a practical fully
electrochemical ammonia production process would need a
minimum of four unit operations: separation of N, from air,
synthesis of H, from water, synthesis of NH, from N, and H,,
and separation of NH, from side products. Following this,
technologies for the unit operations were selected on the basis
of a combination of projected costs and technological maturity;
the full selection process is described in the Supporting
Information. Briefly, H, is produced using proton exchange
membrane (PEM) water electrolysis, N, is produced from air
via pressure swing adsorption (PSA), and NH, is purified from
unreacted N, and H, via low-temperature liquefication.
Because the ammonia synthesis unit is the one being studied in
detail in this work, a chemistry-agnostic black-box model was
used, the main governing equations of which are described in the
Supporting Information (SI). A process flow diagram for the
ammonia production process considered here is depicted in
Figure 1. By recycling the anode and cathode streams,
higher mass conversion of N, and H, to ammonia can be
achieved even at low Faradaic eficiencies.*®

We formulated the least-cost design and operation of the
ammonia production process as a mixed-integer linear
programming (MILP) model, which is described in detail in
the Supporting Information. The goal of the model is to
minimize the levelized cost of ammonia production by
determining optimal sizing and utilization of process
components such that hourly variations in electricity supply
and annual and hourly plant-level production requirements are
respected. Thus, our design optimization approach allows us to
estimate the least-cost plant design for ammonia production
for varied input power availabilities and electrochemical
ammonia productivity metrics.

The model seeks to maintain a constant 250 tonnes of NH,
day™? outflow from the plant while allowing intermittent
operation of all unit operations and storage of energy and
materials. The plant capacity chosen stores energy in the form
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of NH, at a rate of @60 MW; this power is comparable to the
power generation of large-scale renewable energy projects
being developed for hydrogen and ammonia synthesis in
2021-2026.>* This is a relatively small scale plant when
compared to conventional thermochemical ammonia synthesis
plants, which have scales of 600-3300 tonnes day %’
However, we believe modeling larger scales of production
above a certain threshold is unlikely to change the conclusions
of the study, as the costs of most parts of a fully
electrochemical ammonia synthesis plant increase linearly
with scale: additional identical electrolysis or power production
units are deployed at larger scales instead of scaling up single
unit operations.?®

The electrochemical reactor was modeled by two compart-
ments representing the electrodes of the cell. In the anode
compartment, hydrogen gas is removed (i.e., oxidized) and
transferred to the cathode. The reaction of hydrogen oxidation
at the anode was assumed to occur with unity Faradaic
eficiency. In the cathode compartment, the transferred
hydrogen reacts with nitrogen gas to produce ammonia with
some Faradaic eficiency, AFE, which is one of the parameters
that is varied throughout the study. The remainder of the
Faradaic eficiency, 1 — AE, is assumed to go toward hydrogen
gas, which can be modeled as unreacted gas transferred from
the anode.

The power consumption of the ammonia-producing electro-
chemical is assumed to be the product of the current passing
through the reactor, which is a proxy for the production rate,
and from the voltage drop across the electrodes of the reactor.

The voltage drop is assumed to consist of thermodynamic,
overpotential, and resistive contributions. The thermodynamic
contribution is affected by stream composition, operating
conditions, and the chemistry but is relatively constant in this
study. The overpotential contribution is a combination of
Butler-Volmer kinetic overpotentials and first-order reaction
transport overpotentials. In these contributions, the exchange
limited current density, the transport limited current density,
and resistivity of the electrolyte arise as important variable
parameters. Equations detailing the mass balance and costing
of the electrochemical reactor, as well as more detailed
derivations of the power consumption terms, can be found in
the Supporting Information.
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Figure 2. Cost of ammonia production as a function energy sources available and location based on base case parameters defined in Tables S1
and S2. (a-c) Relationship between the levelized cost of electricity (LCOE) from renewable power installations and levelized cost of
ammonia (LCOA) production cost for 50 locations in the contiguous United States. The data assume that (a) only PV is used, (b) only wind is
used, or (c¢) both PV and wind can be used. (d) Breakdown of plant components to the overall cost of ammonia when using different energy

sources in West Texas.
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Figure 3. Effects of electrochemical reactor parameters on ammonia cost. (a) Effect of Faradaic eficiency and cell overpotential on the cost
of ammonia. At low overpotentials, there is some cost tolerance for low Faradaic eficiencies. (b) Effect of Faradaic eficiency and maximum
possible current density on the cost of ammonia. While the Faradaic eficiency consistently decreases the cost of ammonia, the current
density does not significantly affect ammonia cost above E700 mA cm™2.

Our model estimates that the levelized cost of ammonia
(LCOA), defined as the ratio of the annualized system cost
and the annualized production amount, is strongly dependent
on the specific mix of renewable power sources available at the
plant location (Figure 2). In general, using multiple renewable
energy sources (e.g., both wind and PV) lowers the LCOA;
this is likely due to higher capacity factors for electricity
production, which lead to less oversizing of unit operations and
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lower capital costs for ammonia production (see SI Figure S1).
In light of this, we analyzed the effect of electrochemical
reactor parameters on the LCOA while using both PV and
wind for a plant located in West Texas, which has some of the
highest power availability for both wind and solar energy in the
U.S., to assess the best-case, “lowest cost” ammonia
production. Higher costs for producing electricity will increase
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Figure 4. Metrics to estimate the contributions to the cost of ammonia. (a) Correlation between combined VRE generation and storage costs
and the energy eficiency of the ammonia production reactor. (b) Correlation between the product of the maximum partial current density
toward ammonia and the contribution of the ammonia reactor capital cost. (c) Maximum allowable overpotential in the ammonia
production reactor as a function of reactor Faradaic eficiency to allow a given combined VRE generation and storage cost. (d) Minimum
required total current density of the ammonia production reactor as a function of reactor Faradaic eficiency to allow a given reactor capital
cost. The red lines in panels a and b are meant to represent lower bounds for the cost contributions at given parameter values and are used to

compute the curves in panels c and d.

the cost of ammonia, as VRE contributes 40-60% of the total
cost of ammonia (Figure 2d).

Decreases in the electrochemical overpotential and improve-
ments in the Faradaic eficiency have a strong correlation with
decreases in LCOA (Figure 3a). The impact of decreasing FE
on LCOA is less pronounced at lower overpotentials, which
suggests that eficient kinetics could accommodate a less
selective reaction system without a major impact on the total
cost. Therefore, any technological improvements that mitigate
the kinetic overpotential or increase the Faradaic eficiency,
such as more selective catalysts or decreased proton
availability*® are desirable.

We also observe diminishing returns to increases in the
maximum current density (Figure 3b). At low maximum
current densities, the capital cost of the electrochemical reactor
is large, as it must have a large total electrode area to match a
fixed ammonia production rate. At large maximum allowable
current densities, the capital cost reduction is low and the plant
tends to not run at maximum production rate. We predict an
optimum point of @700 mA cm™2 total applied current density,
above which increases in the maximum current density do not
appreciably impact the production cost of ammonia; this value
is a possible target for economical electrochemical ammonia
production.

2630

On the basis of the above results, we sought to outline key
targets for the economic viability of an electrochemical
ammonia synthesis process. The cost target used for economic
comparisons was one for ammonia produced via the
thermochemical Haber-Bosch process using water-splitting-
derived hydrogen as a feedstock; the cost of this ammonia is
0.8-1.0 $/kg.”® The flexible, fully electrochemical approach
utilizes little high-cost battery and hydrogen storage, instead
utilizing inexpensive ammonia storage to counter the
intermittent nature of renewable electricity generation.

We found that the LCOA can be broadly split into three
contributions: energy-consumption-related (VRE and energy
storage) capital costs, ammonia-producing reactor capital and
operating costs, and capital and operating costs of other unit
operations. The water electrolysis, ammonia liquefaction, and
air separation units are mostly unaffected by changes in the
operating parameters of the chemical reactor or contribute
little to the final ammonia cost (Figures S6-S8). In total, these
units consistently contribute 0.2-0.25 $/kg to the final cost of
ammonia when both PV and wind can be used as power
sources; the contribution is higher when a single power source
is used (Figure 2d).

Changes in the total energy consumption are dominated by
differences in the consumptions of the ammonia synthesis
reactor (Figures S6-S8). A simple metric to predict the
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reactor energy consumption that is often quoted in the
nitrogen reduction literature is the effective energy eficiency of
the electrochemical reactor.**®?° This metric captures losses
due to non-unity Faradaic eficiency and excess overpotential
necessary to drive the reaction:

VAN
EER= FENH NHj,ideal

3
WNH, ideal + TR

where Wy, igeal is @ free-energy-based potential for ammonia

synthesis from air and water, assumed to be 1.18 V, and n, is
the overpotential in the reactor. Given the necessity of energy
storage, especially for energy-intensive ammonia production,
we include the cost of energy storage in the total cost of energy
when making the cost-eficiency correlation.

This energy eficiency can be correlated to the total cost of
energy generation and storage in the plant (Figure 4a). We
find that at low energy eficiencies (<30%), the cost of energy
necessary for the plant increases dramatically with losses in
eficiency. We found that an energy cost contribution of 0.6
S/kg is necessary for viable ammonia production (i.e., total
cost <1 S/kg), keeping in mind all assumptions made in the
present work.

For the energy costs to contribute <0.6 $/kg, the energy
eficiency of the ammonia production reaction must be >32%
(Figure 4c). In order to achieve this energy eficiency, the
Faradaic eficiency toward ammonia must be >32% in the
absence of any overpotentials. This result implies that many
reported chemistries utilizing aqueous electrolytes, while
claiming low overpotentials,®°3? cannot be used for
economically viable fully electrochemical ammonia production
due to low FEs alone. At unity (100%) Faradaic eficiencies,
the overpotential of the reaction must be <2.45 V to maintain
energy eficiencies 2 32%. This finding implies that lithium-
mediated nitrogen reduction, which often demonstrates high
FEs but requires overpotentials in excess of 3 V,”*317:2033 3l50
requires fundamental modifications to decrease the over-
potential for economic viability of the chemistry.

While the simple definition of energy eficiency as described
above can be correlated to the energy cost for producing
ammonia relatively well, it may not capture all sources of
energy loss. An example of modified energy eficiency which
appears to more accurately predict energy costs ( Figure S15) is
described in the Supporting Information.

We found that the capital cost of the electrochemical
reaction, while being a more complex function of parameters,
can be bound by the product of the maximum obtainable
current density and Faradaic eficiency, i.e, the maximum
partial current density for ammonia production (Figure 4b). If
the reactor experiences a large amount of resistive losses at
high current densities, the total capital cost will be elevated,
which may explain the observed spread in reactor capital costs
(Figure 4b). At partial current densities above @400 mA cm?,
the capital cost contribution of the reactor does not change as
significantly as at lower production rates (Figure 4b,d) and
reaches a value of 0.1-0.2 $/kg. In light of this, we suggest that
an approximately 400 mA cm™2 ammonia partial current
density is likely necessary for economic viability of electro-
chemical ammonia production. At the moment, no nitrogen
reduction chemistry has reported production rates of this
magnitude. This suggests that breakthrough improvements to
the electrolyte, chemistry, and architectures are critical for the
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electrochemical nitrogen reduction approach to be econom-
ically viable.

Taken together, the cost of ammonia for a system that
reaches the above-mentioned minimum viable production
metrics can approach 0.9-1.0 $/kg when using both PV and
wind power in West Texas. These costs are competitive with
second generation, semielectrochemical ammonia synthesis
methods.*

The plant lifetime was assumed to be 20 years when
computing the capital cost of the electrochemical reactor
(Table S2). If parts of the reactor require replacement at more
rapid intervals, then the capital cost of the reactor will increase
proportionately. The lifetime of the reaction is important to
consider in electrochemical nitrogen reduction, as few reports
report operation for longer than a few hours.’>3%35 |n light
of this, significant improvements must be made to the lifetime
of the process for economic viability of fully electrochemical
nitrogen reduction.

It is important to note that the present analysis assumes low-
cost yet intermittent renewable electricity sourced in West
Texas. The cost of ammonia may be lower when using
electricity sources with higher capacity factors such as
hydroelectric or nuclear power due to a lower need for
oversizing of unit operations (see Figure S1), assuming the
overall cost of electricity is lower. On the other hand, if PV- or
wind-based electricity is used in areas with lower power
availability, the costs of ammonia may be significantly higher
(Figure 2a-c). For this reason, the productivity metrics
outlined in the present work should be treated as minimum
economic viability targets for use with intermittent power
sources, as they may be more stringent under harsher
conditions.

In summary, we developed a model to assess the costs of
producing ammonia at large scales in a centralized process
using a flexible, fully electric method utilizing wind and PV
energy resources. Using the model, we found that the energy
eficiency and partial current density toward ammonia are key
parameter groupings that can be used to assess the viability of
electrochemical methods for producing ammonia. The energy
eficiency must be >30% for cost-competitive ammonia
production. An ammonia partial current density of approx-
imately 400 mA cm™ is necessary for economical ammonia
production. In addition, the lifetime of the reaction must
exceed several years, based on the assumptions made when
obtaining cost estimates. In light of this, radical changes to
either the chemistries currently studied or the approach to
ammonia synthesis are likely necessary for fully electrochemical
ammonia production to be economically competitive in a
large-scale centralized process.
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